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ABSTRACT 24 

Understanding regional migration, residency dynamics, and associated trophic ecology can 25 

inform recovery strategies for pelagic species such as Pacific bluefin tuna Thunnus orientalis 26 

(PBFT). PBFT residency duration in the eastern Pacific is uncertain, particularly for larger 27 

individuals (here, >100 cm or ~3+ years of age). We applied a previously tested “chemical tracer 28 

toolbox (Fukushima-derived radiocesium and 13C and 15N stable isotope signatures) to examine 29 

migratory and residency patterns and dietary inputs of 428 age 1–6+ PBFT, collected from 2012 30 

to 2015 in the eastern Pacific Ocean. Age 1–3 individuals were a mix of residents and recent (≤ 31 

500 d) migrants, while 98% of age 3–4 and 100% of age 4–6.3 years old PBFT were resident for 32 

>500 days in the eastern Pacific. Zooplanktivorous forage (e.g., sardine, anchovy, pelagic red 33 

crab, and trophically similar species) of the California Current Ecosystem constituted 57–82% of 34 

diet across PBFT sizes. Migration timing estimates show that PBFT may spend two to five years 35 

in the eastern Pacific Ocean before returning to the western Pacific.  36 
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INTRODUCTION 37 

Tuna species support global fisheries and are subjected to variable fishing pressures. 38 

Some species have been resilient to fisheries exploitation, while others have experienced marked 39 

population declines (Collette et al. 2011; Juan-Jordá et al. 2011). The bluefin tunas (Atlantic 40 

Thunnus thynnus, Pacific T. orientalis, and southern T. maccoyii) have experienced the most 41 

severe declines. Pacific bluefin tuna (PBFT) was recognized to be overfished in 2012 (ISC 42 

2012), and the current estimated spawning stock biomass is 2–6% of unfished levels (ISC 2014, 43 

2016). Insufficient understanding of the age/size structure, timing, and duration of migrations to 44 

and from the eastern Pacific Ocean limits informed, basin-wide recovery strategies for PBFT. A 45 

lack of information on temporal patterns of PBFT foraging ecology limits characterization of 46 

essential habitat, a critical component to ecosystem-based management (Pikitch et al. 2004). 47 

Here, we use two complementary migration tracers (radiocesium and stable isotope signatures) 48 

to assess trans-Pacific migration timing and eastern Pacific residency duration of PBFT captured 49 

in the eastern Pacific Ocean. We provide previously unavailable estimates of the migratory 50 

history of older PBFT (age classes 3–6), and use δ13C and δ15N values of PBFT and prey species 51 

to assess the general prey base that supports PBFT in the eastern Pacific Ocean.  52 

The first large-scale studies of PBFT migration, using landings and conventional tagging 53 

data, showed that PBFT use both sides of the North Pacific Ocean as well as regions of the South 54 

Pacific Ocean (Bayliff et al. 1991; Bayliff 1994). The only known spawning grounds are in the 55 

western North Pacific Ocean, with spawning occurring in both the Sea of Japan to waters south 56 

of Japan and around the Nansei/Ryukyu Islands northeast of Taiwan to waters off the Philippines 57 

(Okiyama 1974; Kitagawa et al. 1995; Rooker et al. 2001). Conventional and electronic tagging 58 

studies revealed that some juvenile PBFT remain in waters around Japan in their first year 59 
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Bayliff 1994; Furukawa et al. 2016), while an unknown proportion of juvenile PBFT migrates to 60 

the eastern Pacific where they remain for several years before returning to the western Pacific 61 

(Bayliff et al. 1991; Bayliff 1993, 1994; Boustany et al. 2010). PBFT larger than 160 cm (≳5 62 

years old) are caught primarily in the western North Pacific (Foreman & Ishizuka 1990), 63 

although some are caught in the South Pacific (Smith et al. 2001) and occasionally, with high 64 

temporal variability, in the eastern North Pacific (Foreman & Ishizuka 1990). Conventional tags 65 

provided the first insights into the migratory patterns and pathways of PBFT, but these studies 66 

included only smaller size classes, relied on fisheries for tag release and recapture, and provided 67 

no information on movements between tagging and recapture.  68 

The development and use of electronic tags expanded understanding of tuna migrations, 69 

providing detailed information on movements over short and long timeframes (Kitagawa et al. 70 

2000; Block et al. 2001; Fromentin & Powers 2005; Boustany et al. 2010; Block et al. 2011; 71 

Hartog et al. 2011; Furukawa et al. 2016). Electronic tagging of PBFT in the western Pacific 72 

provided some insight into eastward trans-Pacific migration (Kitagawa et al. 2009), although 73 

most western-tagged PBFT remained in the west Pacific, foraging around Japan and in the 74 

waters associated with the Kuroshio and Oyashio currents (Inagake et al. 2001; Kitagawa et al. 75 

2002; Itoh et al. 2003b; Furukawa et al. 2016). In the eastern Pacific, electronic tags showed that 76 

PBFT largely remained within the eastern Pacific for a number of years, migrating in a seasonal 77 

north-south pattern (Domeier et al. 2005; Boustany et al. 2010). These data demonstrated that 78 

once in the eastern Pacific, age 1–4 PBFT show a high degree of residency in the region before 79 

returning to the western Pacific (Boustany et al. 2010).  80 

While conventional and electronic tags have provided important information on PBFT 81 

movements and habitat use, they have provided only limited information on the dynamics of 82 
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migration to the eastern Pacific. This is due to few recoveries of western-tagged PBFT in the 83 

east, and thus far only one electronically tagged individual has made the eastward trans-Pacific 84 

migration (Itoh et al. 2003a; Kitagawa et al. 2009). PBFT tagged in the eastern Pacific provide 85 

no insight into migratory history prior to tagging. As a result, there are data gaps in our 86 

understanding of west-east movements, how these movements relate to size structure and catch 87 

in the eastern Pacific, and the environmental forcing mechanisms associated with trans-Pacific 88 

migration. Since PBFT are subject to different size-dependent fishing pressures in the eastern 89 

versus western Pacific Ocean, the amount of time spent in the eastern Pacific will affect fisheries 90 

mortality for juvenile PBFT (Aires-da-Silva et al. 2009). 91 

In recent years, a number of chemical tracers have been developed that allow scientists to 92 

assess the migratory history of captured individuals. This approach can be viewed as a tag-93 

recapture study with 100% recapture rate over the life of the tracer, as every fisheries-captured 94 

individual provides ‘tag location’ (inferred region of origin), recapture location, and in some 95 

cases, estimated time-at-large (using turnover rates of the intrinsic chemical tracer). Isotopic 96 

clock techniques (Phillips & Eldridge 2006; Buchheister & Latour 2010; Klaassen et al. 2010) 97 

allow estimates of time-of-entry into a new marine ecoregion. For PBFT, complementary 98 

chemical tracers in the form of radiocesium isotopes (134Cs and 137Cs, or 134,137Cs) released in 99 

2011 from the damaged nuclear power plant in Fukushima, Japan, have been combined with 100 

stable isotope ratios of carbon and nitrogen (δ13C and δ15N) (Madigan et al. 2014). Similar 101 

information has been obtained from otolith microchemistry, albeit for a limited number (n = 25) 102 

of PBFT thus far (Baumann et al. 2015). The complementary radionuclide and stable isotope 103 

tracers were used to understand migration patterns and to differentiate migrant and resident 104 

PBFT in the eastern Pacific (Madigan et al. 2012a, 2013, 2014), though these studies were 105 
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largely limited to 1–3 year old PBFT. A recent study also used δ15N values of PBFT in the 106 

western Pacific to identify eastern Pacific migrants that had recently returned to the Sea of Japan 107 

(Tawa et al. 2017). 108 

 In addition to its use as a migration tracer, stable isotope analysis (SIA) has been used to 109 

assess trophic dynamics in aquatic systems (Post et al. 2000; Clementz & Koch 2001; Davenport 110 

2002; Revill et al. 2009; Graham et al. 2010; Carlisle et al. 2012; Madigan et al. 2012b). 111 

Ecological drivers (e.g., prey availability) have been suggested for both PBFT emigration from 112 

the western Pacific (Polovina 1996) and retention within the highly productive eastern Pacific 113 

(Boustany et al. 2010). The ability to identify migratory history increases the value of SIA as a 114 

tool for inferring trophic patterns. Separating PBFT migrants from residents, coupled with 115 

quantified stable isotope turnover and diet-tissue discrimination factors in PBFT (Madigan et al. 116 

2012c; Bradley et al. 2014), allows for analytical tools such as Bayesian stable isotope mixing 117 

models (Phillips & Gregg 2003; Moore & Semmens 2008) to be used to describe the foraging 118 

ecology of PBFT while resident in the eastern Pacific. 119 

Past studies using chemical tracers in PBFT (Madigan et al. 2012a, 2013, 2014) provided 120 

new information on PBFT migration dynamics in the eastern Pacific, but were limited to age 1–3 121 

PBFT. Here we use chemical tracers to describe migration timing and trophic dynamics of 428 122 

PBFT migrating to the eastern Pacific, spanning sizes 61−192 cm (age classes 1 to 6) for more 123 

robust estimates of west-to-east migration and ecology across PBFT age. Results advance efforts 124 

to understand the ecological drivers underlying PBFT movement to and residency in the eastern 125 

Pacific Ocean. 126 

 127 

MATERIALS & METHODS 128 
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 129 

Ethics Statement 130 

All research and associated tissue sampling was carried out under the State of California 131 

Department of Fish and Wildlife permit #SC-12372 issued to the National Oceanic and 132 

Atmospheric Administration Southwest Fisheries Science Center (NOAA SWFSC). 133 

 134 

Sampling and Analysis of PBFT and Prey Tissues 135 

PBFT were caught in waters off central and southern California, USA and northern Baja 136 

California, Mexico between 2012 and 2015. All available size classes were sampled for muscle 137 

tissue, and largest and smallest PBFT were targeted when available to maximize the represented 138 

size range. Fish were sampled in all months that they were available. Samples were primarily 139 

obtained from fish captured by recreational anglers and landed in San Diego, CA, as part of an 140 

ongoing effort by NOAA SWFSC. PBFT were also caught by experimental deep set long-line 141 

during research cruises conducted by NOAA aboard F/V Ventura II. Approximately 20 g of 142 

white muscle tissue was collected for SIA, and when possible, 300 g for gamma-analysis of 143 

134,137Cs. Length (fork length or FL: length from tip of snout to fork of tail, cm) was measured 144 

directly or calculated from operculum length (length from tip of snout to posterior edge of gill 145 

plate) following the regression in Madigan et al. (2013). Measured or calculated FL, date, and 146 

capture location were recorded for all individuals. Length (cm) was used to estimate age in years 147 

using the fixed growth curve reported in Shimose et al. (2009). All ages reported hereafter are 148 

calculated from length, and are therefore size-based estimates of PBFT age.  149 

White muscle tissue was immediately stored and frozen at -5°C. Samples were then 150 

frozen at -80°C for 24h, lyophilized for 72h, and homogenized using a Wig-L-Bug (Sigma 151 
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Aldrich). Activity levels of Fukushima-derived radionuclides (134,137Cs) were measured in all 152 

PBFT for which sample tissue was sufficient for analyses in 2012 and 2013. 134,137Cs activity (Bq 153 

kg-1 dry mass) was analyzed using broad-energy germanium detectors (Canberra). 134,137Cs 154 

activities were decay-corrected to angler-estimated catch date for each fish. Lower limits of 155 

detection were sample dependent and ranged from <0.01 to 1.0 Bq kg-1 dry wt for both 134Cs and 156 

137Cs. See Madigan et al. (2012a, 2013, 2014) for full description of sample preparation and 157 

gamma-analysis methodology. 158 

Collection of appropriate prey items was informed by published descriptions of PBFT 159 

diet in the eastern Pacific (Pinkas 1971; Madigan et al. 2012b, 2015; Shimose & Wells 2015) 160 

(see Table S1 for sampled prey species). Pelagic prey species including fish, cephalopods, and 161 

crustaceans were collected whole, either from NOAA sampling cruises or sampled from stomach 162 

contents of tunas (T. orientalis, T. albacares, and T. alalunga) and opah (Lampris guttatus) 163 

collected in the eastern Pacific. Only intact, recently consumed prey were sampled for muscle 164 

tissue (5-20 g). For prey fish, white muscle was sampled from the dorsal musculature. For 165 

squids, a section of mantle tissue was collected. Small crustaceans (krill and amphipods) were 166 

analyzed whole; larger pelagic red crab Pleuroncodes planipes were subsampled for tail white 167 

muscle tissue as described in Madigan et al (2012b). 168 

Analyses of δ13C and δ15N were performed at the University of Hawaii using an on-line 169 

C-N analyzer coupled with a Delta XP isotope ratio mass spectrometer. Replicate reference 170 

materials of atmospheric nitrogen and V-PDB were analyzed every 10 samples, and analytical 171 

precision was <0.2‰ for δ13C and δ15N. δ13C values of PBFT and prey were arithmetically lipid-172 

normalized based on mass C:N ratios using taxon- or species-specific lipid normalization 173 

algorithms (Logan et al. 2008). δ13C and δ15N values are reported in parts per mille (‰). 174 
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 175 

Migration classification and timing estimates 176 

Presence of 134Cs in PBFT muscle was demonstrated previously as an unequivocal tracer 177 

of migration from the western to eastern Pacific (Madigan et al. 2013, 2014). Accordingly, all 178 

fish with detectable activity of 134Cs were categorized as recent migrants (within ~ 1.5 yr) from 179 

the western Pacific. Since lack of 134Cs cannot definitively rule out recent migration, we used 180 

SIA to secondarily characterize all PBFT. PBFT analyzed for both 134Cs and SIA were used to 181 

determine the δ15N values of migrants, and all PBFT were secondarily categorized based on their 182 

δ15N values. Following Madigan et al. (2014), δ15N values from PBFT containing 134Cs (known 183 

migrants) and δ15N values of yellowfin tuna (known to be eastern residents; Madigan et al. 184 

2012b) were used as training data. This approach requires δ15N values of yellowfin and PBFT at 185 

isotopic steady-state in the eastern Pacific to be similar, which was demonstrated in Madigan et 186 

al. (2014). Discriminant analysis assigned a classification (migrant or resident) for each PBFT 187 

and reported a classification error value indicating the proportion of individuals with inconsistent 188 

classification assignments (Klecka 1980). The timeframe of a ‘recent’ migrant, used throughout, 189 

refers to ~500 days which represents three muscle δ15N half-lives in captive PBFT (Madigan et 190 

al. 2012c) as applied in previous studies (Madigan et al. 2014, 2015). This timeframe (~500 191 

days) likely varies with PBFT size, as positive allometric scaling of turnover rate has been shown 192 

in fish (Weidel et al. 2011). While allometric scaling of turnover rate with size will influence 193 

estimated length of time since migration, it will not affect categorization of migrants and 194 

residents. We used the same timeframe across sizes due to the narrow size range of observed 195 

migrants (see Results) and the lack of a quantitative allometric relationship specific to large 196 
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pelagic fish. PBFT age was estimated and individuals grouped into discrete age classes based on 197 

length-at-age relationships reported in Shimose et al. (2009).  198 

Bootstrap analysis was used to generate a distribution of estimated residency times (time 199 

between PBFT entry to eastern Pacific waters and time of capture/sampling) for each individual 200 

PBFT. For bootstrap analysis, we used an isotopic clock for δ15N based on Klaassen et al. 201 

(2010). This method has been applied previously to PBFT in the eastern Pacific (Madigan et al. 202 

2014), and assumes similar end-member values across small PBFT in the western and eastern 203 

Pacific as well as isotopic turnover parameters. The bootstrapping approach (in contrast to single 204 

estimates for each PBFT) allowed the analysis here to account for variability in end-member 205 

values and turnover rate of δ15N. Assumptions based on smaller PBFT were deemed appropriate 206 

here as isotopic clock calculations were applied only to migrants, and all but one migrant were 207 

<3 yr (see Results). PBFT δ15N values, estimated end-member values for the eastern and western 208 

Pacific, and turnover parameters for 15N in PBFT were used in isotopic clock estimates (see 209 

below). As isotopic clock techniques can only be used during transition between diets, and 210 

cannot be used once consumers have reached steady-state with the new diet, the isotopic clock 211 

was used to estimate the period of residency only for migrant PBFT. Since isotopic clock 212 

approaches estimate time since shift to feeding in sampling region, these estimates reflect time 213 

since entry in the eastern Pacific Ocean and not estimated time of departure from the western 214 

Pacific Ocean. 215 

Isotopic clock estimates use the following equation from Klaassen et al. (2010) 216 

�� 	= 		
ln �	
� −		
�	� 	− 	
� �

�� 	
 

                                                                                                                                        (1)                             217 
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 218 

where t = time (days) in the eastern Pacific, i = number of iterations, λ is the first-order rate 219 

constant for turnover of 15N in PBFT muscle, and δ0, δf, and δt  represent the initial δ15N end-220 

member from the western Pacific, the final δ15N end-member from the eastern Pacific, and the 221 

measured δ15N at time t, respectively. For isotopic clock calculations, we used the tissue turnover 222 

rate for PBFT (λ = 0.00415 ± 0.001) from Madigan et al. (2012). We used δ15N values 223 

representative of PBFT in equilibrium with western Pacific prey (11.0 ± 1.1 ‰), assuming 224 

similar feeding across small PBFT (Madigan et al. 2014) as the initial δ15N value endmember 225 

(δ0). The δ15N value from 109 yellowfin tuna residential to the eastern Pacific (15.4 ± 0.8 ‰; 226 

Madigan et al. 2014) was used as the final endmember (δf) in the isotopic clock model (Klaassen 227 

et al. 2010). Due to the uncertainty around estimating PBFT age from size (Shimose et al. 2009), 228 

we also bootstrapped age estimates using measured PBFT length and the length-age algorithm 229 

and associated error values reported in Shimose et al. (2009). For each PBFT, isotopic clock 230 

estimates of the period of residency were bootstrapped (1000×) by randomly sampling from 231 

mean (±SD) starting endmember and the mean (± SD) δ15N turnover rate of muscle. 232 

Bootstrapped isotopic clock estimates of residency time were used to estimate age at arrival by 233 

subtracting clock estimate from bootstrapped size-estimated age at capture for all migrant fish. 234 

Since resident PBFT are at steady-state with isotopic conditions of the eastern Pacific, isotopic 235 

clock techniques could not be applied. Therefore, we estimated residency time of resident PBFT 236 

by resampling the distribution of estimated age of migrant arrival (1000×) and subtracting those 237 

values from estimated age at capture for each resident. This approach assumes the distribution of 238 

age at arrival of migrants to be representative of the likely migratory history of residents. We 239 

then fit a linear regression (based on maximizing adjusted R2 compared to other fits) to the 240 

Page 11 of 44
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

H
A

R
V

A
R

D
 U

N
IV

E
R

SI
T

Y
 o

n 
04

/1
3/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



12 

 

relationship between age at capture and estimated residency time in the eastern Pacific. Analyses 241 

were performed using Matlab R2013b. 242 

 243 

Trophic analyses 244 

The relative proportion of four prey groups (pelagic macrozooplankton, pelagic forage 245 

prey, larger pelagic prey, and coastal prey) in PBFT diet was assessed using the Bayesian mixing 246 

model MixSir (Moore & Semmens 2008). These prey groupings were based on both common 247 

trophic level (based on similar of δ13C and δ15N values) using cluster analysis (Madigan et al. 248 

2012b) and location of collection (inshore versus offshore/pelagic). Clustering prey values 249 

maximized prey group differentiation in δ13C versus δ15N graphical space, which allowed for 250 

more constrained mixing model estimates. Coastal prey, which were higher in both δ13C and 251 

δ15N than pelagic analogs, were included to investigate potential shifts in foraging habitat to 252 

inshore foraging regions or inshore prey being encountered offshore by resident PBFT. Groups 253 

included the following species: pelagic macrozooplankton (euphausiids and amphipods), pelagic 254 

forage prey (zooplanktivorous small fish, squids, and pelagic red crab), larger prey (mackerels, 255 

jumbo squid, and bonito), and coastal prey (nearshore-collected sardine, pacific mackerel, jack 256 

mackerel, topsmelt, and large market squid) (See Table S1 for species and isotopic values). For 257 

mixing model runs, we used diet-tissue discrimination factors (DTDFs) from Madigan et al. 258 

(2012c) which are specific to PBFT. Inputs were δ13C and δ15N values of resident PBFT 259 

(grouped by age class) and the calculated mean (± SD) δ13C and δ15N values of the four prey 260 

groups. We generated median and 95% credible intervals for the proportion of each prey group 261 

in diet of each PBFT age class. We ran 106 iterations and uninformed priors (no a priori 262 

proportional diet estimates) when generating mixing model results. 263 
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Individual PBFT categorized as eastern Pacific residents were grouped by age and 264 

compared to assess potential differences in δ13C and δ15N due to size-based foraging differences 265 

in the eastern Pacific. We compared δ13C and δ15N across age classes using the non-parametric 266 

Mann Whitney U-test. Linear regression was used to test for significant changes in δ15N and δ13C 267 

across PBFT size (to assess ontogenetic trends) and across months of sampling (to assess 268 

potential seasonality of prey δ13C and δ15N values in the eastern Pacific). Statistical analyses 269 

were performed using Matlab vR2015a. 270 

   271 

RESULTS 272 

 273 

We obtained samples for SIA from 428 PBFT, of which 272 were also sampled for 274 

radiocesium analysis. Sampled PBFT ranged in size from 61 to 191.5 cm FL (size-estimated age: 275 

1.2 to 6.3 years old) (Shimose et al. 2009). Sample sizes for SIA were age class 1-2 (n = 180), 276 

age class 2-3 (n = 162), age class 3-4 (n = 46), age class 4-5 (n = 20), and age classes 5-7 (n = 277 

20). 278 

The only radionuclide that unequivocally represents exposure to Fukushima-279 

contaminated waters and/or prey (134Cs) was not detectable in 2014 and 2015 samples. In 2013, 280 

134Cs was detected in most (81%) but not all known migrants from the western Pacific, 281 

demonstrating that the use of 134Cs as an unequivocal tracer had diminished by 2013 and expired 282 

by 2014. In 2012 and 2013 PBFT, 134Cs was detected in 107 (39%) samples (n = 93 in 2012, n = 283 

14 in 2013; Figure 1). Mean 134Cs activity in these PBFT was 0.7 ± 0.4 Bq kg-1
 (excluding one 284 

aberrantly high activity level of 7.4 Bq kg-1). These 95 fish also showed 137Cs activities higher 285 

(2.1 ± 0.9) than pre-2011 ‘background’ values (~1–1.5 Bq kg-1) and 134Cs:137Cs ratios of 0.09 to 286 
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0.46 (0.31 ± 0.08) (Figure 1). The individual PBFT with highest 134Cs (7.4 Bq kg-1) also had the 287 

highest 137Cs (13.1 ± 0.9 Bq kg-1) and a slightly higher 134Cs:137Cs ratio of 0.57 ±0.05.  PBFT 288 

defined as residents by discriminant analysis of δ15N values (n = 182) showed lower 137Cs 289 

activities (1.1 ± 0.4 Bq kg-1) than migrants (2.1 ± 0.9 Bq kg-1). All PBFT with detectable levels 290 

of 134Cs were <3 years old and <100 cm (Figure 1). An exponential decline in 134Cs activities 291 

was observed in PBFT from August 2011 (reported in Madigan et al. 2012a) to the end of 2013, 292 

due to the half-life of 134Cs (2.1 years), dispersal and dilution in the western Pacific, and 293 

metabolic elimination. This allowed for the calculation of effective half-life of 134Cs in PBFT 294 

exposed to Fukushima radiocesium, which was estimated to be 151 days following first catch of 295 

134Cs-contaminated PBFT in 2011 (Figure 2). 296 

Stable isotope values of δ15N and δ13C were measured in 428 PBFT. Discriminant 297 

analysis categorized these 428 PBFT as migrants or residents with a classification error of 2.2%.  298 

δ15N values of migrants (11.3–14.6 ‰) and residents (14.7–17.4 ‰) were similar to those 299 

reported previously for PBFT in the eastern Pacific, and classification error occurred only in 300 

PBFT with intermediate values (14.5-14.8 ‰). δ15N values increased with size in migrants, while 301 

residents reached apparent steady-state (Figure 3). δ13C was more variable in migrants than in 302 

residents >3 years old, with some migrants showing either higher and lower values than residents 303 

(Figure 3). When both Cs and SIA were analyzed in the same fish, δ15N- and 134Cs-defined 304 

migratory status agreed 100% (Figure 3). There was no evidence for false positives (detecting 305 

134Cs in PBFT residents) but some δ15N-categorized migrants showed no 134Cs, and were thus 306 

false negatives (i.e., they were recent migrants based on δ15N, but did not show detectable 134Cs 307 

activity) for 134Cs (Figure 3). All false negatives were for PBFT collected in 2013. Based on δ15N 308 
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values, 106 of 107 migrants were in age classes 1-3 (length 60 to 96.5 cm), with one PBFT of 309 

123.3 cm (~3.6 years old) with a δ15N value (13.4 ‰) consistent with migrants (Figure 3). 310 

The proportion of residents increased by age class: 1-2: 20% (36 of 180), 2-3: 67% (109 311 

of 162), 3-4: 98% (45 of 46), 4-5: 100% (20 of 20), and 5-7: 100% (20 of 20; age class 5-6 and 312 

6-7 combined due to low n of age class 6-7) (Figure 4). All PBFT < 70.7 cm were recent 313 

migrants, with residents in age class 1-2 significantly larger (70.7 – 79.8 cm; 76.3 ± 2.5 cm) than 314 

migrants (61 – 79.8 cm; 69.1 ± 3.6 cm). All age class 1-2 PBFT categorized as residents were the 315 

larger PBFT in this group (1.6 to 2.0 years old; see Figure S1). After age two, residency period in 316 

the eastern Pacific Ocean generally increased linearly with PBFT age, with the oldest PBFT (age 317 

classes 3-7) spending from two to more than five years in the eastern Pacific (Figure 4). Isotopic 318 

clock estimates indicated most PBFT migrated to the eastern Pacific Ocean between age ~0.5 319 

and ~1.3 yrs (1.0 ± 0.3 yrs), with a second smaller pulse at ages 1.2 to 2 yrs (1.3 ± 0.5 yrs) 320 

(Figure 5). Peak arrival time estimates were from April to June across years of sampling, with 321 

time-of-arrival curves showing a left-skewed distribution with a single peak (Figure 6). A linear 322 

fit best described the relationship between age at capture and estimated residency time in the 323 

eastern Pacific (adjusted R2 = 0.85; Figure 4). 324 

Grouping of PBFT into residents and migrants allowed for stable isotope-based analyses 325 

of diet for PBFT residents only (n = 230). δ13C and δ15N values of 217 individual prey items 326 

representing 18 species were included in diet analyses (Table S1). Prey groupings were discrete 327 

in δ13C versus δ15N isospace, with minimal overlap between prey groups (Figure 7). δ13C and 328 

δ15N of PBFT age groups, once corrected for DTDF of PBFT, mostly overlapped with pelagic 329 

forage base of the eastern Pacific which includes zooplanktivorous small fish, small squids, and 330 

pelagic red crab. Mixing model results showed that all resident PBFT relied heavily on the 331 
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pelagic forage base (57-82%; mean across age classes 73 ± 10%) (Figure 7), though smallest 332 

PBFT had most mixed diet with more inputs of pelagic macrozooplankton (Figure 7). Although 333 

mixing model results were similar across PBFT age (high use of pelagic forage base, some use of 334 

pelagic macrozooplankton, minimal use of larger pelagic prey or inshore prey; Figure 7), 335 

pairwise age comparisons of δ15N and δ13C showed significant differences between some age 336 

classes, particularly age 1-2 which had significantly lower δ15N values than older age classes 337 

(Table S2).  338 

 339 

DISCUSSION 340 

 341 

A combination of naturally-occurring and anthropogenic chemical tracers provided 342 

information on the migratory history, arrival times, and foraging ecology of PBFT in the eastern 343 

Pacific Ocean. Insights gained here are particularly useful for larger PBFT, for which 344 

information on migratory history and ecology has been limited. Collectively, our data suggest 345 

that PBFT typically arrive in the eastern Pacific before age 2, PBFT >3 years old have been 346 

residential to the eastern Pacific for at least ~500 days, and the highly abundant zooplanktivorous 347 

forage base of the eastern Pacific (e.g., forage fish, squids, pelagic red crabs) supports PBFT in 348 

this region. Consequently, the presence of large PBFT (e.g., >100cm) in the eastern Pacific 349 

fishery relies upon multi-year residence and survival of smaller size classes, and residence is 350 

likely correlated with favorable foraging conditions. 351 

Combining radiocesium and SIA allowed for evaluation of the applicability of the 352 

radiocesium tracer over time. Radiocesium levels in the smallest PBFT (<70 cm) were used to 353 

gauge the reliability of this tracer, as these fish are known to be recent migrants from the western 354 
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Pacific (Bayliff et al. 1991; Bayliff 1994). Activities of 134Cs decreased in these small PBFT 355 

from 2011 to 2013 (Figure 2), which was expected based on dispersal, dilution, and decay of 356 

Fukushima radiocesium (Buesseler et al. 2011; Nakano & Povinec 2012; Madigan et al. 2013, 357 

2014). All small (<70 cm) PBFT had measurable 134Cs in 2012 (Madigan et al. 2013), but by 358 

2013 134Cs was undetectable in 19% of known migrants, showing that 134Cs was no longer a 359 

completely reliable tracer of migration from the west Pacific Ocean. The calculated biological 360 

half-life of 134Cs in PBFT of 151 days (Figure 2) combines biological turnover and radioactive 361 

decay. Human health risk from levels reported in 2011 PBFT was extremely low (Fisher et al. 362 

2013), and data here show near-zero levels of Fukushima-derived 134Cs in PBFT captured in 363 

2013-2015. This confirms the assertion that Fukushima-derived radiocesium was a transient 364 

tracer (Madigan et al. 2012a, 2013). While 137Cs, released from Fukushima in a 1:1 ratio to 134Cs, 365 

has a longer half-life (t1/2 = 30 yr) and was at higher activities in migrants, existence of pre-2011 366 

137Cs (from weapons testing, and currently at low levels) and variability in that background 367 

complicate use of 137Cs as an unequivocal migration tracer. However, 134,137Cs was a useful 368 

tracer from 2011–2013 PBFT that subsequently ground-truthed the natural tracers δ15N and δ13C.  369 

Results demonstrated the utility of using SIA to understand animal migrations. δ15N 370 

values functioned as a diagnostic tracer of trans-Pacific migration, while δ13C did not (Figure 3). 371 

Recent migrants showed lower δ15N characteristic of the western Pacific (Madigan et al. 2014), 372 

with some intermediate δ15N values due to partial equilibration to higher δ15N characteristic of 373 

the eastern Pacific pelagic food web. For PBFT > 100 cm, 98% showed high δ15N (14.7 – 374 

17.4‰) indicating they were at steady-state with eastern Pacific prey (Madigan et al. 2012b, 375 

2014) (Figure 3). δ13C values in migrants (-16.1 to -19.4‰) were more variable than in residents 376 

(-16.1 to -18.4‰), which also appeared to reach steady-state with δ13C in the eastern Pacific at 377 
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sizes ≥ ~100 cm (Figure 3). The source of δ13C variability in migrants is unclear, as migrants 378 

showed values both higher (> -17.5‰) and lower (< -19‰) than residents (Figure 3). It is 379 

possible that different regional origins in the western Pacific Ocean produce these variations. It 380 

has been suggested that juveniles migrate to the eastern Pacific from either the East China Sea or 381 

South Japan waters (Fujioka et al. 2015), and these regions have higher and lower δ13C prey 382 

(Madigan et al. 2016), respectively, than prey in the eastern Pacific Ocean (Madigan et al. 383 

2012b). Both the utility of δ13C as a more specific tracer of western Pacific origin and potential 384 

migratory differences between regional groups could be assessed in future studies directly 385 

measuring δ13C in western Pacific PBFT. Combining δ13C and δ15N data in future studies could 386 

inform emigration rates of PBFT into the eastern Pacific Ocean from different PBFT spawning 387 

grounds, including potential mixing over time, and may be applicable to other migratory species 388 

(e.g. albacore Thunnus alalunga; Wells et al. 2015) in the North Pacific Ocean. 389 

 Results from this study confirm that bluefin tuna migrating to the eastern Pacific arrive in 390 

two pulses, either in their first or second year, with minimal new arrivals in subsequent years of 391 

life. This mirrors conclusions from previous conventional tag-recapture studies (Bayliff et al. 392 

1991; Bayliff 1994) conducted several decades prior, demonstrating the continuity of juvenile 393 

PBFT migration patterns and corroborating the tracer-based approach. It should be noted that 394 

while reporting age estimates is important for framing migration in the context of PBFT 395 

ontogeny, length-at-age estimates for PBFT show substantial variability (see Shimose et al. 396 

2009). Age estimates are provided here for a temporal picture of PBFT movements, but in this 397 

study reported lengths provide the most accurate information as a directly measured proxy for 398 

PBFT lifestage. 399 
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All age 1-2 residents were in the latter half of their second year of age (1.6–2.0 years old; 400 

Figure 5); isotopic clock estimates suggest these fish migrated to the eastern Pacific Ocean 401 

between age ~0.5 and ~1.2 yrs (1.0 ± 0.3 yrs), with a second smaller pulse at ages 1.2 to 2 yrs 402 

(1.3 ± 0.5 yrs) (Figure 5). The earlier estimated ages of arrival (i.e. 0.5 to 1 year) are in contrast 403 

to observed movements of age-0 PBFT off Japan (Furukawa et al. 2016) and a lack of age-0 fish 404 

in eastern Pacific catch data (Bayliff 1994). However, previous analyses of PBFT otoliths 405 

demonstrate entry of age-0 PBFT in the eastern Pacific. Baumann et al. (2015) used otolith 406 

microstructure analysis to estimate age (days) and otolith trace element composition to estimate 407 

eastern Pacific arrival times of juvenile PBFT caught off Southern California.  Of 24 PBFT 408 

analyzed, 4 were less than 1 year old (328 to 361 days) at time of capture in the eastern Pacific, 409 

and trace element analyses suggested age-of-entry as low as ~0.7 years (Baumann et al. 2015). 410 

Since PBFT are born in summer (Okiyama 1974; Tanaka et al. 2007), these youngest migrants 411 

would arrive in the east in winter/spring, and eastern catch would likely not include these 412 

migrants until summer (when they are ~1 year old) due to the seasonality of fishing effort in the 413 

east (generally May to October; Baumann et al. 2015). However, some of these lower (and 414 

higher) estimates of age-at-arrival may also be an artefact of isotopic clock estimates. As 415 

isoclock calculations account for uncertainty of end-members and turnover rates, combinations 416 

of outlier values will result in unrealistic ‘tails’ in distributions (Klaassen et al. 2010; see Figures 417 

5 and 6). Due to such artefacts, overall patterns of isoclock estimates (e.g. peaks of timing 418 

estimates) should be considered more robust than tail values in estimate distributions. 419 

The two peaks in arrival time by age do not appear to correspond with two peak seasonal 420 

arrival times in the eastern Pacific, as arrival times across years appear to be an extended pulse 421 

from winter to summer that centers around April (Figure 6). Peak arrival in the eastern Pacific in 422 
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April is similar to previous isotope-based estimates (Madigan et al. 2014), later than a single 423 

electronically tagged PBFT that arrived in the eastern Pacific from Japan in January (Kitagawa et 424 

al. 2009), slightly earlier than tag-recapture and catch-based estimates of May to October 425 

(Bayliff et al. 1991), and earlier than otolith microchemistry-based estimates of June to August 426 

(Baumann et al. 2015). The isotope approach used here circumvents the spatial and temporal 427 

patterns that influence conventional tag-recapture and catch-based estimates, and isotopic results 428 

show that PBFT captured in June to August have actually been in the eastern Pacific for several 429 

months (Figure S4). Inaccuracies of isotopic-based arrival time estimates here could partially be 430 

caused by varying rates of 15N turnover, which can change with individual growth rates 431 

(Madigan et al. 2012c) and animal size (Weidel et al. 2011). Otolith microchemistry and 432 

microstructure analysis is a promising approach as it identifies not only time-of-entry into water 433 

masses of distinctive geochemical properties, but also more accurate PBFT age-at-entry 434 

(Baumann et al. 2015). Baumann et al. (2015) found that length-based age was overestimated 435 

compared to age determined by microstructure analysis. This approach has yet to be performed 436 

on large sample sizes of PBFT, but could provide more accurate times and ages of entry of PBFT 437 

to the eastern Pacific. Increased archival tagging efforts in the western Pacific would provide 438 

precise estimates of migration timing, as recoveries thus far (Kitagawa et al. 2009) have been 439 

insufficient to determine patterns of west-east movements. Complementary analyses, particularly 440 

when applied to the same individual PBFT, inform isotope-based inferences, which can be 441 

applied to large sample sizes for relatively efficient and economical population-wide estimates of 442 

movements. 443 

Over four years of study, there was apparent inter-annual variability in migration timing. 444 

Peak estimated arrival times in 2014-2015 were slightly earlier and broader than in 2012-2013 445 
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(Feb–May vs April–May; Figure 6). This broader arrival window may be linked to increased sea 446 

surface temperatures and/or oceanographic conditions associated with ENSO or ‘The Blob’, 447 

which ostensibly altered migration patterns of migratory marine species (Kintisch 2015). ENSO-448 

associated changes likely impacted abundance and/or distribution of prey in the western Pacific, 449 

which has been linked with the rate of eastward PBFT migration (Polovina 1996). Sustained 450 

warm ocean temperatures potentially broadened the temporal window of optimal water 451 

temperatures for PBFT migrations, which have been tightly linked with ocean temperature 452 

(Kitagawa et al. 2007; Boustany et al. 2010) potentially due to PBFT physiological constraints 453 

(Whitlock et al. 2015). Thus warmer years in the eastern Pacific may expand the range of PBFT 454 

arrival times. Higher water temperatures also coincided with higher catch rates of PBFT in 455 

winter months, and we were able to assess migration patterns of these small PBFT. Isotopic 456 

ratios showed that these fish were not immigrating from the western Pacific in winter months but 457 

rather had been resident in the eastern Pacific for several months (Figure S4). This indicates that 458 

observed PBFT presence at higher latitudes in winter months was not due to altered trans-Pacific 459 

migration timing, but rather a change in the typical timing or latitudinal distribution of PBFT in 460 

the eastern Pacific. PBFT generally migrate to warmer southern waters in winter, presumably for 461 

thermal refuge (Domeier et al. 2005; Boustany et al. 2010; Whitlock et al. 2015). Abnormally 462 

warm water masses in winter of 2014 and 2015 as far north as the Southern California Bight 463 

shifted optimally warm waters (16°-18°C; Whitlock et al. 2015) substantially northward, 464 

potentially retaining PBFT in the region. 465 

Results here advance understanding of larger size classes of PBFT in the eastern Pacific 466 

due to availability of larger PBFT in 2014 and 2015. PBFT age >3 were predominantly resident 467 

(98.8%) to the eastern Pacific (Figures 3 and 4). Spawning PBFT in the Sea of Japan, which are 468 

Page 21 of 44
C

an
. J

. F
is

h.
 A

qu
at

. S
ci

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

H
A

R
V

A
R

D
 U

N
IV

E
R

SI
T

Y
 o

n 
04

/1
3/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



22 

 

smaller than PBFT in the southern spawning grounds, have been reported as 50% and 95% 469 

mature at 114.4 cm (~3.2 years) and 133.6 cm (4 years), respectively (Shimose et al. 2009; 470 

Okochi et al. 2016). Accordingly, all PBFT older than 3.2 years in this study were of ages at 471 

which spawning is possible. However, there is no evidence of spawning in the eastern Pacific 472 

based on larval tows (Nishikawa 1985), and a small number of large (160-180 cm) female PBFT 473 

showed no gonadal evidence of recent spawning based on histology (authors unpubl. data). Thus 474 

the eastern Pacific Ocean can harbor PBFT for several years past the reported size at first sexual 475 

maturity. If the larger sized PBFT analyzed here spawn in their first year of return to the western 476 

Pacific, it is most likely these PBFT use the Sea of Japan spawning grounds based on the smaller 477 

size and lower age PBFT observed there (Chen et al. 2006; Okochi et al. 2016). Recent isotopic 478 

analyses of PBFT from the Sea of Japan indeed revealed substantial proportions of eastern 479 

migrants in age 4 (20%), age 5 (19%), age 6 (33%), and age 7-17 (67%) PBFT, though more 480 

samples need to be analyzed over time to obtain population-wide estimates and temporal 481 

variability (Tawa et al. 2017). 482 

A more comprehensive, quantitative assessment of trans-Pacific movement dynamics 483 

would ideally be achieved by a coordinated stable isotope study, using accretionary structures 484 

(otoliths) and dynamic tissue (muscle), on both sides of the Pacific Ocean. Ongoing sampling of 485 

PBFT 2 to 7 years old in the western Pacific will clarify departure rates from the eastern Pacific 486 

across age classes, time lags between departure from the east and spawning in the west, and 487 

contribution of eastern migrants to spawning stock biomass (Tawa et al. 2017) with the 488 

limitation that the muscle isotope signal degrades after ~500 days (Madigan et al. 2012c). For 489 

older PBFT (~7 to 26 years old) captured in the southern spawning ground northeast of Taiwan, 490 

< 2% had bulk and amino acid isotope values consistent with the eastern Pacific (Madigan et al. 491 
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2016). Overall frequency and age distribution of trans-Pacific migration can be comprehensively 492 

described only with a bilateral study. Combining isotopic analyses and electronic tagging would 493 

generate both retrospective and prospective migration data from simultaneously sampled and 494 

tagged PBFT. 495 

Measurements of 134Cs provided additional insight into the geographic origin of trans-496 

Pacific migrants. Detection of 134Cs in 2012 (Madigan et al. 2013) contrasts with measurements 497 

in PBFT caught in Japan, where many PBFT sampled in 2012 were below detection limits 498 

(MAFF 2015). In seawater, high levels of Fukushima-derived radiocesium were confined to a 499 

relatively small ocean region off eastern Japan, north of the Kuroshio Current (Buesseler et al. 500 

2012; Rypina et al. 2013). This region was utilized for several months by an electronically-501 

tagged PBFT that subsequently migrated to the eastern Pacific (Kitagawa et al. 2009) (Figure 8). 502 

Juvenile PBFT in the western Pacific also use other regions in the Sea of Japan and south of 503 

Japan (Fujioka et al. 2015), where exposure to Fukushima radiocesium would be minimal. The 504 

high incidence of radiocesium detection in 2011 and 2012 eastern Pacific PBFT suggests that 505 

this region off eastern Japan is a staging ground for eastward trans-Pacific migration (Figure 8). 506 

If this is the case, regional differences in the magnitude of commercial fishing effort on ages 0-2 507 

year PBFT around Japan could influence the biomass of PBFT migrating to the eastern Pacific, 508 

and future tagging efforts could optimize probability of capturing trans-Pacific movements by 509 

targeting this area. 510 

Isotopic analysis also provided information on foraging ecology of PBFT as large pelagic 511 

predators in the eastern Pacific Ocean. Isotopic mixing model diet estimates for small PBFT 512 

corroborate previous studies that show predominant feeding on ‘forage prey’ (e.g. sardine, 513 

anchovy, pelagic red crab, small squids), with some feeding on macrozooplankton (e.g. 514 
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amphipods, euphausiids) (Pinkas 1971; Madigan et al. 2012b, 2015; Snodgrass et al. in prep). 515 

Access to larger PBFT allowed assessment of potential trophic level increase with PBFT size. 516 

PBFT δ15N increased from ages 1 to 3, after which isotopic values and associated diet estimates 517 

were consistent (Figures 3 and 7 and Figure S2). High upwelling systems have been described as 518 

‘wasp-waist’ systems in which one or few zooplanktivorous prey species, whose dominance 519 

fluctuates on yearly or decadal timescales (Chavez et al. 2003), support a large diversity and size 520 

range of predators (Cury et al. 2000; Bakun 2006). The single or several planktivorous species, 521 

which dominate this trophic link between plankton and large predators, constitutes the narrow 522 

‘wasp-waist’ of such systems (Bakun 2006). PBFT from 3 to 6.3 years old fed predominantly on 523 

zooplanktivorous ‘wasp-waist’ prey (e.g. small forage fish, pelagic red crab; Figure 7). This 524 

contrasts with other eastern Pacific predators (e.g., California yellowtail Seriola lalandi, mako 525 

shark Isurus oxyrinchus) and western Pacific PBFT, which showed trophic upshifts with 526 

increasing size (Madigan et al. 2012b, 2016). The abundance of zooplanktivorous prey base may 527 

affect PBFT in the eastern Pacific, as has been proposed in the west (Polovina 1996). Large 528 

PBFT feeding on relatively small ‘wasp-waist’ prey is consistent with author observations of 529 

satiation feeding on pelagic red crabs and small anchovy in 2015-2016, and previous suggestions 530 

of feeding on red crab and forage fish spawning aggregations in regions of reduced upwelling 531 

(Boustany et al. 2010). Thus when highly abundant, pelagic red crab and other less energetically 532 

optimal prey can support a large biomass of PBFT, as do schooling fishes (Madigan et al. 2015). 533 

Consistent feeding by PBFT on small wasp-waist prey across size contrasts with trophic upshifts 534 

by larger PBFT in the west Pacific, an ecoregion of less overall productivity (Madigan et al. 535 

2016). 536 
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 Results here corroborate previous estimates of PBFT migration dynamics, provide 537 

quantitative estimates of migration patterns across age classes, and provide new information on 538 

the larger, potentially spawning-size PBFT in the eastern Pacific Ocean. Radiocesium became a 539 

less reliable tracer by 2013, but its utility in 2011 and 2012 facilitated the validation and 540 

application of a robust stable isotope tracer. The residency of larger PBFT in the eastern Pacific, 541 

and lack of recent migrants from the western Pacific after age 3, suggests that mortality of young 542 

age classes, and potentially availability of prey, dictate the abundance of older PBFT in the 543 

eastern Pacific and transitively the eventual contribution of this group to PBFT spawning stock. 544 

Collaborative and complementary bilateral research efforts across the Pacific will further 545 

elucidate trans-Pacific dynamics, and long-term studies are necessary to understand inter-annual 546 

variability of these dynamics. Ultimately, linking migration and residency patterns to 547 

environmental conditions such as ENSO and PDO will help to identify the underlying forcing 548 

mechanisms that influence the timing and frequency of trans-Pacific migrations. Such 549 

information can inform spatially structured stock assessments, the design of tagging or close-kin 550 

genetics studies that assume random sampling, and the design of recovery plan(s). Chemical 551 

tracers, particularly in combination with other collaborative PBFT research efforts, can be key 552 

elements in forthcoming strategies for improved management of PBFT.    553 
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 790 

 791 

Figure 1. Radiocesium measurements in Pacific bluefin tuna (PBFT) sampled in 2012 and 792 

2013. Each point (n = 272) represents measurements in an individual PBFT. Presence of 134Cs 793 

and 134Cs:137Cs > 0 indicate recent migration from the western Pacific Ocean. Background levels 794 

of 137Cs refer to 137Cs distributed throughout the North Pacific Ocean in low levels resulting from 795 

nuclear weapons testing, primarily in the 1960s. Some of the smallest PBFT, known migrants 796 

from the western Pacific, had 134Cs below detection, indicating that not all migrants accumulated 797 

measurable 134Cs; all known migrants with undetectable 134Cs were sampled in 2013. Analysis of 798 

134,137Cs was not performed on PBFT sampled in 2014 and 2015 due to its observed degradation 799 

as a tracer of trans-Pacific migration in 2013. Ages were estimated from length based on 800 

regression reported in Shimose et al. (2009). 801 
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 802 

 803 

Figure 2. Decline of 
134

Cs in PBFT caught off California in summers of 2011, 2012 and 804 

2013. The rate at which 134Cs declined in PBFT caught off California equals to 0.0046 ±0.0004 805 

(±SE) d-1, translating to effective half-life of 134Cs in these PBFT of 151 days. This calculation 806 

excludes one individual that was caught in the summer of 2012 with unusually high 134Cs 807 

activity (7.4 ±0.6 Bq kg-1 dry wt.), which was treated as an outlier. 808 

 809 

 810 

 811 

 812 

 813 

 814 
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 815 

 816 

Figure 3. Stable isotope ratios of δ
15

N and δ
13

C across sampled sizes of Pacific bluefin tuna 817 

(PBFT) from 2012 to 2015. Each point represents measurements in an individual PBFT. When 818 

coupled with 134Cs analyses, there were clear differences between resident and migrant δ15N 819 

values. δ13C values of residents and migrants showed high overlap, demonstrating that δ15N but 820 

not δ13C can be used effectively to ascertain recent migration patterns of PBFT in the eastern 821 

Pacific Ocean. Ages were estimated from length based on regression reported in Shimose et al. 822 

(2009). 823 
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 828 

 829 

Figure 4. Migration dynamics of 428 age 1-7 Pacific bluefin tuna (PBFT) sampled from 830 

2012 to 2015. (a) Proportion of residents to migrants by age class and (b) estimated residency 831 

time in the eastern Pacific Ocean by fish age for PBFT captured off southern California, USA. 832 

Residents and migrants were categorized by radiocesium and stable isotope analysis. In (a), 833 

sample size and mean age (± SD) shown above bar for each age class. All residents in age class 834 

1-2 were 1.6 to 2.0 years old; see Figure S1 for a breakdown of age class 1-2. (b) Estimated 835 

residency time for each PBFT from bootstrap analysis (light gray points: residents, dark gray 836 

points: migrants), overall residency time (solid line) and 95% confidence interval (stippled lines) 837 

based on linear fit to bootstrap estimates. 838 
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 844 

 845 

Figure 5. Estimated ages of arrival of Pacific bluefin tuna (PBFT) in the eastern Pacific 846 

Ocean from 2011 to 2015. Arrival dates based on isotopic clock technique using δ15N values of 847 

PBFT (×1000 iterations or estimates individual-1). PBFT were sampled between 2012 and 2015, 848 

and ages estimated from length from regression reported in Shimose et al. (2009). ‘Early pulse’ 849 

and ‘Late pulse’ in top panel refers to small (60-80 cm) and larger (80-100 cm) PBFT, 850 

respectively, characterized as recent migrants to the eastern Pacific Ocean. Bottom panel shows 851 

arrival times for all migrant PBFT, with a major pulse of migrant PBFT between age 1 and 1.3 852 

yrs and a second smaller pulse at age 1.5 to 2 yrs. Note a small proportion of arrival age <0.5; 853 

this does not suggest newly hatched PBFT in the eastern Pacific, but is an artefact of 854 

bootstrapping estimates of multiple parameter outliers. 855 

 856 
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 857 

 858 

Figure 6. Estimated arrival times of Pacific bluefin tuna in the eastern Pacific Ocean for 859 

years 2012-2015. Arrival dates based on bootstrapped isotopic clock technique using δ15N 860 

values of PBFT (×1000 iterations or estimates individual-1). (a) Histograms showing estimated 861 

arrival times of PBFT by year sampled. (b) Tukey boxplots of estimated arrival dates used to 862 

generate histograms in (a). Box shows median and interquartile range (IQR) and solid points 863 

show outliers. In 2014 and 2015, median arrival time was earlier and overall arrival times were 864 

more broadly distributed. Outlier values are largely a product of bootstrapped estimates using 865 

extreme values of multiple parameters of isotopic clock approach. 866 
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 874 

 875 

Figure 7. Isotopic reconstruction of resident Pacific bluefin tuna (PBFT) diet in the eastern 876 

Pacific Ocean. (a) Biplot of δ13C and δ15N values (mean ± SD) for PBFT grouped by age class 877 

(small black circles) and prey groups (large squares) in the eastern Pacific Ocean. Pelagic 878 

macrozooplankton includes krill and amphipods; pelagic forage base represents a diverse group 879 

of zooplanktivorous fish and small cephalopods. PBFT values are grouped by age class as 880 

indicated. (b) Stable isotope-based estimates of proportional input of four prey groups into diet 881 

of PBFT in the eastern Pacific Ocean. Estimates are from Bayesian mixing model (MixSIR) and 882 

based on δ15N and δ13C values of PBFT and prey muscle tissue. Estimated percentage of diet 883 

shown for the two major diet inputs. 884 
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 885 

 886 

Figure 8. Migration route of an electronically tagged juvenile Pacific bluefin tuna (PBFT) 887 

coincides with regions of high Fukushima-derived radiocesium. Major currents, seawater 888 

radiocesium levels, and the simplified migration route of one PBFT off Japan (Kitagawa et al. 889 

2009). High seawater levels of 134Cs in June 2011 (shaded polygon) were constrained to the 890 

Kuroshio-Oyashio transition region, with the Kuroshio Current acting as a southern boundary 891 

(Rypina et al. 2013). One electronically tagged PBFT showed residency in this region before 892 

migration to the eastern Pacific Ocean (black arrow) (Kitagawa et al. 2009). The high detection 893 

rate of 134Cs in PBFT in the eastern Pacific suggests this region as a migratory precursor to trans-894 

Pacific migration. Simplified migration route and seawater levels modified from Kitagawa et al. 895 

(2009) and Rypina at al. (2013), respectively. 896 
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