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SUMMARY

Samples of bluefin ftuna from the eastern Atlantic {FA) and from the
western Atlantic (WA) were compared. Proton-induced X-rzy emission spec~-
troscopy (PIXE) and accelerator based methods of determining oxygen iso-
topes were used to characterize the composition of elements and isotopes
within .9mm sections of vertebrae. Transects of contiguous analyses were
obtained between the center and the outer edge of the vertebrae. Ratios of
elements such as Ca, Sr, P, S8, Cl, Br, and Zn were found to vary cyclically
and seasonally.

While seasonal varlation was evident, reglons of the vertebrae formed
during the first winter differed depending upon whether fish were taken in
the EA or WA. Differences were used to measure immigration. Juveniles from
the coast of Virginia, Bay of Bilscay, and Gulf of ILion were studied. The
chemistry of vertebrae from these locations 1s different, and differences
between the EA and WA were more pronocunced th’an were differences between
locatlons in the EA, Of the 85 juveniles captured in the WA, 5.3 percent
had patterns similar to fish from the EA, Mone of the 131 fish in the EA
had patterns similar to the WA fish.

Similar differences were found in the vertebrae of glant bluefin,
Results from the first of two comparisons indicate that of 71 WA adults
studied, 12.7 percent have patiterns similar fo the EA fish. Of 105 fish
captured in the east, 12,4 percent had patterns similar to the west. The
vesults from the second get of samples vevealed that 9.9 percent of the 91
giants captured in the WA had patterns similar to those from the east,
wheveas 2,6 percent of the 190 fish in the EA samples had patterns similar
to the WA fish. Monte Carlo techniques were used to evalvate the differ=-
ences observed. While differences between the EA and WA bluefin are signi-
ficant, the gimulations also show hetercgenelty within the EA., The results

of the isotope studles support results obtained using PIXE.

RESUME

Des &chantillons de thon rouge enm provenance de 1'Atlantique est (EA)
et de 1'Atlantique ouest (WA) ont &t& comparfs. La gpectroscople par &mis-
sion de rayons X par induction protonique (PIXE) et les méthodes, basées
sur 1'emploi d'accélérateurs, de détermination des isotopes d'oxygdne ont
€té utilisEes pour dé&finir la composition en &l8ments et isotopes d'une
coupelde vertébre de .9 mm. Des transects d'analyses contiguls ont &t ob—
tenus du centre 3 la pEriph&rie de la vertdbre. Il a &t& observé que la
teneur en &lé&ments tels que Ca, Sr, P, 8, Cl, Br et Z varie de fagon cycli~
que et saisonnidre.

Bien que la varlation salsonni2re soit §vidente, la portion de la ver~
tdbre formée au cours du premier hiver diffdre selon la provenance du pois~—
son, EA ou WA. lLes différences ont &t& utilisfes pour calculer le taux
d'immigracion. Des Jjuvéniles des cBtes de Virginie, du golfe de Gascogne
et du golfe du Lion ont &t &tudifs. La composition chimique des vertdbres
des poissons de ces rvéglons diff2re, les différences &raut plus accusées
entre EA et WA qu'entre divers secteurs EA. Sur les 95 juvéniles capturfs
en WA, 5,3 7 montrent des modes semblables 3 ceux pris em EA. Aucun des
131 poissous eun provenance de la zone EA ne montre de mode semblable 3 ceux
des poissons du secteur WA.

Des différences similaires ont &t& observfes dans les vertbres de thon
rouge géant. Les résultats d'une premidre comparalson indiquent que, Bur‘
les 71 adultes WA £tudidgs, 12,7 % montrent des modes semblables 3 ceux du
poisson EA. Sur les 105 polssons pris dans l'est, 12,4 X ont des modes
semblables 3 ceux de 1l'ouest., Les r8sultats concernant un deuxi2me jeu
d’8chantillons a révélé que 9,9 % des 91 thons rouges géants capturés dans
la zone WA monirent des modes semblables 3 ceux de l'est, tandis que 2,6 I
des 190 spécimens dans les &chantillons EA ont des modes semblables 3 ceux

de 1'ousst. I'ss technlques Monte Carlo ont &t& employfes pour &valuer les



différences observées. Blen que les différences entre le thon rouge de la

zone BA et celui de la zome WA soient significatives, les simulations mon-

trent &galement un certaln degré d'hétéroginéité entre 6chantillons EA.

Les résultats des Etudes sur les isotopes appulenit ceux qui sont obtenus

par la méthode PIXE.

RESUMEN

Se comparan muestras de athGm rojo procedentes del Atldntico Este (EA)
con otras procedentes del Atlintico Oeste (WA). Se utilizf la espectrosco-
pla por emisifn de rayos‘X inducida por protones-(PIXE) y métodos basados
en sl empleo de zscelaradores de determinacifn de isotopos de oxIgeno, para
definir la composicibn de los elementos e isotopos en secciones de vérte-
bras de 9 cmm. Se obtuvieron cortes transversales de anilisis contiguos en-
tre el centro y el borde exterior de las vértebras. Se observd que las ta-

sas de elementos tales como el Ca, Sr, P, S, C1, Br y Zn, varian por ciclos

y temporadas.

Si bien la varifacifn por temporadas era evidente, la parte de 1as-v§r*
tebras formada en el curso del primer Invierno era diferente, dependiendo
de que el pez hublese sido capturado en el FA o en el WA. Estas diferenclas
se aplicaron para medir la immigracisn. Se estudiarcn juveniles procedentes
de la costa de Virginia, Golfo de Vizcaya y Golfo de Lebn. La composicibn
guinica de las vértebras de estos peces es diferentes y las diferencias en-
tre el EA y el WA eran wmis pronuncladas que las observadas entre zonas del
EA y el WA. De los 95 ejemplares de juveniles capturados en el WA, el 5,3%
mostraban estructuras similares a las de los peces del FA. Ninguno de los

131 peces del EA tenia estructuras similares a las observadas en los peces

del WA.
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Diferencias similares se encontraron en las vértebras del atln rojo

gigante. Las conclusiones de 1la primera de la dos colmparaciones estable~

_cidas, indican que de los 71 adultos del WA estudiados, 12.7% tienen es-

tructuras similares a las de los peces del EA. De los 105 peces capturados
en el Este, el 12.4% tenlan estructuras similares a las del Oeste. Las con-
clusiones resultantes de la comparacién del segundo grupo de muestras
evidenciaban que el 9.9Z del atGn rojo gigante capturado en el WA tenfa es-
tructuras slmilares a las cobservadas en el Este, mientras que el 2.67 de
los 190 peces de la muestra del EA tenla estructuras similares a las obser—
vadas en los peces del WA. Se aplicaron t&cnicas Montecarlo con el fin de
evaluar las pgrandes diferenclas observadas. S{ blen las diferenclas entre
el atln rojo del EA y el del WA son importantes, las simulaciones muestran
tambien heterogeneidad en el FA. las conclusiones del estudio de isotopos

apoyan log raesultados obtenidos del empleo de PIXE,



1. NTRODUCTION

In 1979, the Inter-American Tropilcal Tuna Cosmission (IATTC) and the
National Marine Fisherles Service (NMFS) sntered into a joint program directed
at exploring the feasibility of utilizing trsce nhemieal slement differences to
detect the origin of tlusefin tuna Thunnus thynnus (L.) asught 4in the North
Atlantic Ocsan and Meddterransan Sea. The wverall objective of this
inveatigation has been to debtarmine if pelagie marius organisws contain a form
of ™Natural Tag", a code that can be used to eziract useful management
information. The specific task undertaksn is to emplosy these tags to determine
the rate of exchange, I1f any, of Juvenile (school Fish) and =dult (glant)
bluefin tuna that occur in ths EA and WA Ocean. The working hypothesis is that
organisms acquire a form of chemlical fingérprint in the skeletal tissue
(vertebras) indicative of specific properties of thelr micro-niche - and
micro-habitat, 1.e. a form of scologleal record. 'As such, an gx post facfo
ragime of analyses can bs expacted to yield useful seological data.

The program was carrled out in two stages. The oblectives of the first
phase was to sssemble suitable electronics, snd to evaluats the hypothesis that
bluefin tuna from different nursery areas could be distingulshed on the basis of
variation in the chemistry of hard parts, i.e., spines and vertebrae. Various
mathods of carrying out thess analyses were reviewed and an lsnovative system of
characterizing the chemistry of vertebras was designad and constructed
specifically for the proposed tasks. Also, durlpg the first phase of the
program, tasts were carried out to determine the sensitivity and reliabllity of

the equipment, and two pilet studles wers carrded out on bluefin tuna vertebrae.
& .

These results ware judged promising and a secund phase of the program was
started in the fall of 1981, Ths objective thers has been to sssemble .and
analyze represantative samples of Juvenila (schoolfish) and adult (giant)
bluefin from fisheries in the WA, EA, and Mediterranean.

This report deals oprimarily with the results obtained wusing X-ray
spsctroscopy. Some affort was directed to the task of neasuring isotopes in the
same reglon of the bone, WNew technlques were developed. The lsotopas of 180
and 165 are stable and both ccour in nature. The ratlo of the comcentration of
thase two 1sotopes In calecareous matsrisl 1s not constant, but has been shown to
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be dopendant on such factors as the salinlty and temperature of the environment

when the wmaterial was formed (Epstein, gf, al., 1953). The ratio of these
isotopes are expected to differ in the hones of bluefin gccupying the EA and WA.
Some effort was davoted to measuring the isotopss on small areas of vertebras as
a nsang of testing the validity of the PIXE results.

Fﬁnding for earlier stages of this program hes bssn shared Jodntly by IATTC
end NMFS, Contract 81-ABC-00243. The second phass of the program wss funded
almost  entirely by NMFS, contract 84.WC-C-06106. The costs associated with the
colleotion and hhipping of European samples during this latter phasa of the
program hes been shared by NMFS and the International Commission for the
Conservation of Atlantic Tunas (ICCAT). Indirect costs of pesesrch and
development =and the maintenance of the sccelerators usad and support staff have
been provided by Waticnal Seience Foundation Grants to Princeston University and
the California Institute of Technology.

As per contract, year-end and quarterly progress raports were submitted to
NMFS (Calaprica 1983, 1985), Those results are assembled in this document. The
purpose is ‘to bring together relevent aspects of tha study, and to provide
greater access to the findings. Somea discussion of atatistical methods is
included to aid readers with technlcal features of this study.

IT. METHOD,

Select fisheries were sampled in the WA, EA and Mediterranean operating on
both juvenile and adult bluefin tuna. Juveniles wers taken from three different
geographie aress and form the basis for one comparison. Therse are two saparate
oollections of adults. Each collection 1s composed of gamples from the EA and
WA, Samples were cataloged and & section of the posterior reglion including the
caudal peduncle and 4 adjacent vertebrae were removed, wrapped 1n individual
bags, frozen, and shipped to La Jolla, California. Two vertebras wers cleaned,
sectionad, d4ried, and stored for future analyses. Samples were transported to
the Kelloggz Radlation Laboratory at the California Institute of Teachnology where
each gactionsd vertebras was irradiated one or more times, Tha data were
returcsd to La Jolla where analyzed., Both standard statistical packages and

speclalized computer routines were developed and employed. Details follow,



A sampling protocol specifylng how ths samplss wsre to be collected and
stored was prepared and circulated to each of the difforent agenclss, The
location where samples were collscted, size and muwmbers of fish irradiated, and
individuals responsible for collectlions are listed in Table 1. The acquisition
of adequate samples has been a difficult and limiting task, and as Iindicated, a
nuaber of individuals from different organizsiblions have sccperated both in the
planning and 1in the collection of samples. The locations where samples wsre

cbtaired are illustrated in Figurs 1.

B. Preparation of Samples

Using a surgleal saw and scalpel, vertebras anterior to the ural complex
were sepsrated. Flesh and debris were removad from the 34th snd 35th vertabrae,
thesa ware cleasned with a nylon brush and with water f1ltered throdgh both an
Vertabras were labslled,

ultra-pure Pilter aud an "organlc ramoval filter®,
seotioned, and placed in - a deying oven overnight {40°-50°C for 16-17 hours).
Sectioning was carried out with dizmond tippsd saws. A number of cuts were made
such that each vertebrae ylelded one 6 mm wide rectangular wedge of bone,
orztalning the origia {(egarliest growth) and the distal eadge (latest growth).
Sactions vero measuied, Individually labelled, packagsd, and identifled (Figure
2-4.)

€. IJIrradiation of Samples

Sections of vertebras were mounted and lrradiated for approximately 6
minntes, Illustrated in Figure 2b 13 a sampls holder containing cross-sections
of drradiated vertebrase., The surface of the vertebra is discolored during the
anslysis, The spots nsar the center of the wedge ars track marks which marve to
defica the size of the area irradiated and 1ts locatlon., The left side 1s the
center ssction of bons deposited durdng the first vear. The apparabus used 1s
one designed spscifically to allow X-vay patterns snd lsotone mszsursments to be
obtainsd from a swall «ross-section of ths bone, approximatsly .9 mm in
diametar.

Obtaining X-ray Speotra. PProton  induced Zwray emlssion spactroscopy™
(PIXE) 1s a speclalized form of X-ray spectroscopy, one that requires a nuclear
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particle accalerator (Mangelson st. gl. 1977). Other than that the methods
are similar to those used in previous studies {Calaprice, 1971; Calaprice et
al., 1971, 1975). ZX-ray spectra are obtained by irradiating the specimen with a
beam (190 ni) of 3 million alectron volt protona. The apparatus uses an array
of magnets to focus and steer the beam; a set of COliimatOPﬁ that defines the
geomstry of the beam; a chambsr to house the specimen while it is being
irradiated; a silicon-lithium drifted X-ray detector system, capable of rapidly
counting and measuring the snergy of fluorescent X-rays and a pulse helght
analyzer, where the pulses are storsd as -an array of mumbsrs of X~rays of
specific energy. Within the chamber, a rotating arm with a copper target allows
for the normalization of samples, approximstely 95% of the time the beam is
dirscted on thé sample, 5% of the time tha bsam 41s directed to the coppar
target., Hormalization d1nvolves adjusting the data as if the numbar of protons
hitting the copper was the same for each sample. 411 sanmples wers analyzed
while 4n 1/6th atmosphers of helium. An Apple IT+ computar was programmed to
monitor the analyses, stors data, and positiom and change samples relative to
the besm., ~ As time passed, the Apple was asslgned a number of other routine

tasks allowing equipment to operate without intervention (Figure 3).

Measuring Oxygen Isotope Ratios. The standard method of measuring oxygen

izntopes involves dissolving the sample and employing a mass-aspectrometer, a
method precluded by the heterogenous nature of the surface of the vertebrae.
Various means of darrying out thess analyseé using nuclear techniques were
examined -and an apparatus based on a combination of methods suggested by staff
at California Institute of Technology was assambled and tested. The dinitial
utilized existing

ﬁpectroscopie ragnet™ and a silicon solid state detector. In many raspects the

studies equipment and involved a "forward looking

methods are similar te ths method of X-ray spectroscopy, @.g. both utiliza

- acecglerated particles. TIn the 180/150 studies, the surface of the vertebras is

irradiated with a beam of "one million electron volt" protons. Characteristic
Alpha particlss are produced, 4 portion of the protons lose energy and are back
gcattered, The tLotal oxygen concsntration 1s determined from the gpectrum of
back scattersd protons and tha 180 concentration is resolved uaing the
spectroscople wmagnet. Ratios ara obtained and whils not numerieally equivalent
are a function of the 180/16¢ ratio and ars expected to chauge with differences
in Yemperature and salinity. Aa the method and equipment are basing upgraded, no

details are givin at this time. Studies are underway to reduce background,



improve repaatability, and reduce exposure time. Curcently samples must be

exposed for approximately 10 times longer than the X-ray analysis,
D. Statistical Analvses

X-ray spectra are acquired in the forw of a string of 2048 pumbers, sach 1is
the total number of X-rays of a specific energy. The devics used to acquire
these data, a Mpulse helght analyzsr® (PHA) 1s a compubtar-based system,
utilizing two mlero-processors. Aa such, the device wes psadily ipnterfaded to
an  "Apple II" microcomputer. The Apple was vprogramwed to control the
experipent, to acquire data during the analysis, to perform statistical tests,
and $o display and update Iintermsdiate results. In the event equipment
malfunationsd, warning sounds wers generated and diagnosties displayed. After a
vertebrae was irradiated, the contents of the P.H.A. wmemory were acquired by
the Apple, sdditional diagnostics and analyses carried cut, intermediate results
printed out, and the spectrum and related information stored on floppy disk.
Thus ths first statistical analyses were carried out as tha data were collected.
The contents of floppy disks ware transferred to magnetic taps and each spectrum
was plotted. Overlays were made with a standard to insure that the data were

transferred properly.

These tapes contalning the spscotra from vgrtebrae of fish from different
areas and of different ages were carried to La Jolle where the following more
datailed statistical analyses .were carried out using BMD Statistical software
packages, Dixon, et, al, (1981) as indicated, anmd packages written for the
Apple and Vax. ’

Data deseription and comparison.
variance were carried cut on each variable. The variables were plotted by area

Tha data were plotted and analyses of

and coefficients of varlation were computed and the results examined for
inconslstencies (BMD~P7D).

Ratios of the elemental peaks of chlorine and strontium. A typieal

spectrum is given in Figure 4. The area of pssks were determined by subtrécting-

the backgrounds. The resultant ¢two areas indicated here wera ratioed and

compared.
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Factor analyges. This is a form of transférmation of the data. Tha
spactra are complex and contain a great deal of redundancy. Factor analysis was
used to generate a new set of uncsrrelated variables with statistical properties
suitable for multivariate analyses (BMD-~PUM), Factor scores wers obtained from
orthogonal rofati@n of the principal components.b Only factor soores with

elgenvalues greater than ons were retained and ussd in subsequent analyses.

Discriminant functjon =analvses. A multivariate statisticsl technique in
which 21l of spectrum (all factors) ars used. The technique provides a
miltivariate test of whether groups are significantly different, derives
functions which can bs used to classify dindividual spectra as %o area of
affindty, and illustratss the slmilarity and differeucss between individual
spuctra (BMD~PTM).

Cluster anglyses. This hierarchical technique groups the samples (spectra)
according to similarity. As with the discriminant function analyses, factor
scores are the variables used (Ward 1963.)

180/gxyg§n ratios.
back scattering spectrum {oxygen) and the 189 counts as determined fronm

These are simple ratios of a portion of the elastic

counters.

Simulation studies. Monte Carlo technlques were used to evaluate nunber
of statistical assumptions and one hypothesis of stock structura, Details of
the methods are given in the tsxt (Hammersley and Handscomb ,1964.)

IIT. RESULTS
A, Variation in X-ray Patterns
In thsse studies a small set of Juveniles from the EA and WA were compared,

Individual vertsbraze were irradiated one or more times as illustrated in Figure
2~B,



1. Gzographic varlation

Thirty eix Juveniles from the EA and 39 Juveniles from the WA were
irradiated once, near the zaentsr of the vertsbrae. The spectra of fish from

thesa two areas are c2adlly dlatinguished, The height of apscific elemental

peaks and the slopa of tha vackground areas within  spectra differ

geozraphically. Typleal apsotra of Tish from the two gsographic regions are
i11lustrated In Filgure 5. Tndividual spectra wers plotted and overlays made.

Differences among &

A were found o be conslistent, The Y.awas in Flgure 5
are logs of the mimber of countsg, Linear plots suggust that differences exdst

in the less abindant elementa as well as those indicatad in Figure 5.

Stepwise discrimlvant functlon analyses were carried out on the strings of

data. In this case adjacent variables im the apsotrum were summed in order to

reduce the pumbar of varlables, These preliminavy studises wera carried cut on a
small cumputer (FDP 11/34). Pecause of limitations in computer wemory, the
spectra were comparad in sections, each ssction axcept thse last contained %0
variables, Variables chosen in the stepwlse procsss were combined into a single
analysis, The results (Table 2) indicats that statistical differences exist
The fact that such

diffarsncas wers found in each of the 30 vardiabls sections analyzed demonstrates

between the spsetra from each side of the Atlantle,

that the basis for classifications are differences In a npumber of chemicaly

slements, and components of the background. Tha results also indicate that it
is possible to derive squations that cean ba used to classify individuals as to
area of origin, and that such functions should utilizs variables scattered
throughout the spactra.

2. [Temporal variatlon

Fach of a emall set of vertebrae was irradiated a numbsr of timss.
Sequential analyses were carpled ont forming a linear iransect starting at the
center of the vertabrae and extending to the outer edge. Vertabrae were
syatematioally moved across the beem of protons at .9 wmm intervalas. Spectra
from each point were analyzed. At wach point, the background area was
sublrected from the paak height for a number of different slemental peaka, and

ratlos of different slsmantal peak heights were computed, ~The concentration of

"

ceprtata al alqwrnts changes as one moves away from the center of the

vertebra. Bromine, copper, chlorine, wmolybdenum and sulfur increass while
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vanadium and zine appear to decrease. The relative concentration of wost

element. . sxamined exhibit regular fluctuations.

The data plotted 4in Figure 6 d1llustrate the nature of temporal and
geographie differences in the chlorine/strontium ratios. )Thesa are two highly
visible peaks Iin the spectra that were observed to diffsr betwean areas. It is
obvious that differences ars most pronounced near the center of the vertebra,
riotably betwsen the 2nd snd 5th loecatlion irradlated.

The phesphorus/strontium ratios plotted In Flgure 7 were cobtalned from
vertsbra of threa P£ish bslisved to be age 2 and vertabrae of three fish balieved
tc be age 3.
These assumed ages are based upon independent 1life history and tagging data and

In each case the fish were collected during the summer (July).

were determined from data on the size of the fish irradiated. There appears to
be cyclic and somewhat regular variations in the ratio of these two elemental

peak areas, suggesting a correlation between major cycles, season, and age.
B. Estimates of Mixing

Four trace elemant studles have been carried out. One was earried out on
Juveniles, and three were carried out on adults. Each allows for independent
estimates of Iintermingling. The first systematic comparison of spectra from
different reglons bsgan in the late summer of 1982, This was the first time
that a ocomplete set of both Juvenile and adult fish from both sides of the
Atlantic was available for analyses. A small subset of adults was analyzed as a
pilot study during the period Bugust through Cctober of 1982. A total of 42
adults wers lrradiated, 21 from each side of the Atlantio., Ths numbers analyzed
wares the largest set that could be prepared, irradiated and analyzed in time for
the ICCAT meweting and the closze of the contract period. The analysis of the
remaining samples began in January of 1983, immedlately after modifications to
the apparatus were completed, and a new component of the date acquisition system
wis Interfaced, The results that follow are based on these ssts of data, data
collacted prior to 1983 and the main body of data. Statistical analyses and
sstimates wera carried out separately as the new electronic components and

settings resultsd in small but significantly different format for the data.



1. The pilot study

The results from th-asn different typss of svaluatlon of the data, Table 3,
indicats that approximately 14% of the samples of adult fish caught i1in the
Maditerranean and 1meediate vicinity originated as Juveniles in the WA, The
results further suggest that scme 25% of the fish taken oo the western side of
the Atlantic originated 1n the Hediterranean or EA, ™ =3 estimates of
Intermingling were arvived at by using different methods of oo dson.,  In each
cases the portion of the verisbrae irradlafed was that forsad during the first
year of life. Tha data are derived freouw anmalywes aft step 3 in Flgurss 6 and 7.
In the category referred to as "Visual", the basis for coaparison was the data
collected on Juvenile school fish, As dindicated s&bove, X-ray patterns of
Juveniles from the two different locations are visually different and can be
readily identified and elassifled, Diffsrences 1in peak heights as well as
changes 4in the shape of the hackground are evident., Similar differences can
also be found in the adults, but not all adults in a particular fishery are the
8ame., The X-ray patterns of bone formed during the first yesar for most of the
A small
percentage have X.ray patterns similar to juveniles from the other side. The
working hypothesis used 1s that these dissiwilar fish are I1mmigrants, This
hypothesis is the basls for estimating mixing.

adults caught in the WA are similar to Juvenlles caught there.

The second analysis given in Tabls 3 under the heading "Visual® is
essentislly a combimnation of statistical and visual methods, Ir this case only
the X-.ray patterns from two slamental peaks are cowparad, thoss from chlorine
and strontiuvm stoma, As illustrated in Figurss ¥ and 6, baskground counts are
subtracted from these fwo [waks in the zpsctra and a ratio of the area under
each peak (C1/Sr) is calculated. This was done for Juveniles and adults,
Ratios differ significantly snd sre sither high or low dercnding upon the side
The distribution of the
values of these ratlios calculated from adult samples are polymodal. Again, the

of the Atlantic where the juveniles were captursd.

majority of adults frow A particular side of the Atlantic zre similar to the
Juveniles from that side. As before, thoss 7ish with scores that appear similar
to Juveniles from the other side are hypothesized to be immigrants and wused to
assess mixing, The similarity 4in ¢he ¢two estimates d4s striking, but not
unexpected, There ars many differences between spectra from the two sides and

the szame individusl fish show up a3 anomaliss, 1.s. immigrants.
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The third oategory, labelled "statistical®, 1s a form of multivariats
statisties. In this instance, all the data are ussd, A factor transformation
1s carried out on the data and diseriminant analysis is used to derive functions
bztwesn EA and WA adults. After the functions are derivad, the equations are
used to elassify the spectra. Fish are then classified as balonging tc elther
the EA or WA samples, The percentage of individuals within each collection that
are classified 2s belonging to the other group (misclassifications) is assumed
to refleqt the smount of mixing, Again there 1s good agreement among the
sstimates of wixing made by three different methods. It 18 ressonable to assume
the latter method 1s nore dependable as there is no human bias 4in the
classification of samples and all of the data are uwsed in deriving the
gatimates, Confidence limits for thess estimates are broad as can be expected
because the sample sizes in this pilot study are small (Goldstein, 1964).

The similarities between individuals irradiated in the above pilot study is
11lustrated in Figurs 8. The results of the hiersrchical cluster analyses show
that individual flsh fall into natural groupings. (Individuals that are most
similar chemieally are palired f;rst). Note that individual fish from opposite

sides of the ocean have been paired early in the stepwise process.

2. Discriminant analyses of Juveniles (3 groups)

Factor transformation of the data resulted in a total of 79 new variables.
The Juvenile (school fish) data were arranged 1in three groups, WA, EA, and
Mediterransan. The results of the diseriminant analysis sre summarized in Table
% and a plot 6? the data In dlisoriminant space 1s given in Figure 9.

The first part of Table 4 1is a asumsary of the discriminant function
analyses; 12 of the 79 factor variables were ussd in deriving the functions,
The probébility that the differences observed are due to chance alone is lsss
than one in a thousand. The second part of Table 4 1ists two c¢lassification
matrices, each based upon related statistlcal methods, but differing in
assumptions. Ths sscond method, the Jackknife procedurs is preferred because in
these data the mmber of variables is large relative to tha number of objects
elassified, The diagonals of the classification matrices are the mumbers of
fish that waers classified corrsctly, Thus of the 88 fish captured in the EA 8
Tish, or azpproxi-ately 9%, wers classified as Gulf of Lion (Mediterransan) fish.
Of the 95 U.S. fish capturad in the WA 5, or approximately 5%, wsre classified



as Bay of Biscay fish. Of the Mediterranean school fish, 3 out of 36, or 8%
appear as Bay of Biscay fish. The zeros in the off-dlagonals are interesting as
they suggest no movement or rather less frequent movement in a particular
direction. While it d1s possible to estimate mixing using both methods of
calculation, the jackknife method is used in the remainder of the comparisons.

Figure 9 shows the distribution of samples in discriminant space and is
included to illustrate the elear distinction among groups.

3. Discrimipant analyses of adults (2 groups in sach of 2 years)

As previously indicatsd, the adult bluefin data base 1s divided into two
sets of bluefin captured im the EA and in the WA, Obtaining samples of glants
from diffsrent geographic locatlions and through a number of different
organizations has been difficult. Samples were processed as they arrived in lLa
Jolla, Comparisons were made as soon as individuals from both sides of the
Atlantie were available, Preliminary estimates of mixing were made at various
times during the study as requested. The data have been organized so as to
providae two studies of differences betwsen fish from the FEA and WA, and the
amount of net interchange. Each of the two comparisons 1s used to provide an
independent measure of intermingling. Sincs the collections were made one or
more years apart, some indication of annual variation is provided. Care must be
taksn in Interpreting the differences between years as the second data set was
exposed to 30% more radiation. The analysas that follow were carried out on
data sets that were irradiated the same amount of time and under the same

conditions.

Each vertebra was irradiated three times. This producsd three data sets.
Eastern and westsrn samples were compared using each data set separately., Three
different discriminant analyses were performed and three estimates of
intermingling made for each of the years (Table 5). The results 4indicata that
there was good agreement with the majority of fish, i.e. they were either
classifled as residents or immigrants each of the three times. There were
individuals that were classified twice as residents and once as immigrants, and

visa versa.
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Using averaged probabilities. Individual apectra are claasified immigrants
on the basis of probabilities. There were cases 1in which two of the three
values gave either very high or very low probabilities and one value olose to .5
but indicating membsrship in the opposite group., In that‘case, it seemed like a
more realistic index of group membership should be based on the Joint
probabilities of group membership. One such index was arrived at by merely
averaging the three related probabilities, (Table 6-A and 6-B,) Intermingling
ostimates based on averages are less than when based upon gach of the individual
analyses taken alone.

Usaing a gggbjneg data base. A more direct approach is to combina the raw
data, carry out the factor transformations, and than compare the different
geographie areas using wmultivariate methods, This was what was done, except
that the thres sets of factor scores were combined into one data array. This
short cut was necessary because of the limited computer facilities avallable.

The -results of the discriminant function analyses of the first comparison
are also summarized in Table 6-A, and the results of the second compariscn are
given Table 6-B, The results of the first comparison indlcate that samples of
adult bluefin tuna (gilants) from the WA differ from those of the EA, The
probability of observing such differences by chance alone is less than one in a
thousand. Nineteen of the original 278 variables were chosen 1in the stepwise
process, Of the 71 adults from the WA used in the comparison, 9 are clasaified
as lmmigrants and mixing is computed to be 12.7%. Of the 105 adults from the EA
group 13 are classified as immigrants and mixing is computed to be 12.4%. The
results of the second comparison, like the first, indicate that samples of adult
bluefin tuna from the WA differ from those of the FA. The probability of
observing such differsnces by chance alone 1s less than one in a thousand.
Thirty-one of the 266 variables were selected in the stepwise process. Of the
91 adults from the WA, 9 are classified as immigrants and wixing is computed to
be 9.94, Of ‘the 190 adults from the eastern Atlantic-Mediterranean, 5 are
classified as immigrants and mixing is computed to bs 2.6%.

Adult bluefin from the two diffsrent gaographlc arsas are separated much
better when all varlablesa {factor scores) from the three independent analyses
are combined into one data base and one set of functions. The "p" values for
each fish comparad are plotted in Figure 10 for the first comparison and Filgure

11 for the seccad comparison., Here we see that the groups ars better separated



in the second comparison. This is most likely welated to the fact that samples
weres 1rradiated for a longer (30%) period of time. Also noteworthy is the fact
that individual fish in the first comparison are much better separated when
classification is based upon combined data sets and one set of functions rather
than using sverage "p" values, (compare Figure 11 with Figurs 13-A). The

estimates of wmixing using different methods, averaga "p" velues and combined )

data are comparable.

C. Evaluating Statistical Procedures and Assumotions

Tha X-ray spectrometric methods applisd yleld a relatively large amount of
information, Spectra obtained are reflections of ths chemlcal composition and
physical structurs of the reglon irradisted. This information is acquired in
the form of a string of 10243 wvariables for each spot  irradiated. Another
spectrum of 1024 wvariables {s obtained from a standard irradiated at the same
time. Thias data is used to normallze the X-ray data. The vertebra from one
adult bluefin is irradiated three times, each in a different location yilelding
3072 variables, Considering the 3072 variables used to normalize the spectra,
there are 6144 variables psr fish. Thess values rarge betwean 0 and 300,000
depsnding upon the frequency with which X-rays of a given snargy =are counted.
Factor =analysis i3 used to reducs redundancy. The resulting factor scores have
a mean of #ero, and 8 standard deviation of ons; the ‘scores are also
independent variables. This has thae &ffect of reducing the variables used in
ths above oomparisons to less than 5% of tha original nuaber. ¥hile greatly
reduced, the numbers of variables remaining are large in a statistical sense and
conventional multivariate mnalyses, such as those carried out above, can be
nisleading. This problem 1s purely statistical, and’ its importancs 1s a
funetlon of the numbar of variables, the number of groups, and the mmber of
samples (vertebras) per group, Monte Carlo methods are used to svaluate the
inferences drawn. Infeorences drawn from randomizad data are compared with those
results obtained from the actual data as s means of evaluating the probability
that such Inferences can be explained by chance varlation alons, Results of
substituting random variables for the numbers .I1n spectra, and conducting

multivariate statistics on this data base ars given in the following sections.
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1. Evaluating the slepificance of geographic differences

The first evaluation dealt with the infarencekthat differences in the
chemlcal compositlon of vertebras of bluefin from diffaﬁént geographic reglons
are statistieslly significant and recognizable. The statistic employed to
avaluate differences between the EA and WA samples i1s the "F" statistic, one

“that is calculated when deriving diserimipant funections, The "F" values

observed are always highly significant when these are compared with tabulated
values using the computed degress of freedom. Tha objsctive is to determine if
the results are meaningful.

In order to evaluate the amount of blas, the real data set from the second
eomparison i.e., the factor scores, was replaced with the same number of random
variates, A3 with the real data, the mean of each variable was made equal to
zero and the standard deviation squal to one. Diseriminant functions and "F®
statistics were calculated on either 50 or 25 different sets of random variates.

The results of three different scenarios are 1llustrated in Flgure 2.

In the first scenarlo, all 266 variables were used to derive the
diseriminant functions., The distribution of "F® values is given in part A of
Figure 12. Vertical 1lines indicate the positions where the tabulated 5%, 1%,
and .5% critical values should be located. The rectangle on the right 1a the
position of the observed "F", The "F" statistic 1s distributed as it should be,
and the observed "F" is much farther away from the center of the distribution to
be explalned by chance alone. Thia supports the conclusion that there are
statistical differances betwsen samples of adult blusfin from the two different

geographic areas,

The sseond scenario, part B of Figure 12, is similar to part A, except
discriminant functions were derived in a stepwise fashion. Tha calculated M"F"
statistic using random mmbers was statistically significant from 1 in each of
the 25 simulations ecarried out! This result revsals the presence of a bias.
The value of the "F" derived from analysss of X-ray data is far greater than any
of the "F" values from random data, indicating as bafore, that real differences

exist awong the samples from the two geographic areas.

The third scenario ' differs from the first two inm that the values of the

random variatez were adjusted so that their means and wstandard deviations



correspond to the obsarved data, This scaling was carried out to compare the
observed with the expscted distribution of probabilities of group membership,
assuming that samples are drawn from two homogensous populations, The simulated
values and the value observed from the real data are plotted in Figure 12-C.
Here one finds that the observed "F" statistic is again much larger than those
F" values computed when scaled random variates are used, This in turn suggests
that the observed data ars distributed diffarently than one would expect to find

if one were sampling from two multivariate, multinormal distributions that
overlap.

2. Evaluating the yaliditv of mixing estimates

The results given in the preceding sectlon svaluate ths probability that
differences In the group mean vectors observed are chance dsviations, 1.e., the
null hypothesis that all vectors are derivéd from the same statistical
population. Tha results demonstrate that this is not the cags; the samples are
drawn from at least two populations. In the following sections, distributions
of the "p" values, individual probabilities of group wmambsrship for each
vertebra (fish), are examined in detail, The specific purpose 1s {0 evaluate
the probability that individuals classed as immigrants are but dindividuals at
the tails of each parent population. Such factors s statistical overlap,
heterogeneity within the samplss from each geographic reglon, and inappropriate
classifications can serve to inflate the estimates prasented. The estimates
given are based upon the agsumption of two groups of bluefin in the Atlantie,
and homogenelty of varlfances within each group, The results of Monte Carlo
simulations given in the following sections provide a basls for evaluating these

assumptions. The first study was conducted sarly in the year and is based upon

averages of the the thres probabilities of group membership. The sacond study

is based on probabilities computed from one pooled data set:

Mean probability of zroup membership. The averaged data presented in Table
5-8 1s reproducsd snd presented with the averages of 50 randomizad observations
(Figure 13). The serles of graphs on the left are the actual data and the
serdies on the right are averages of randomized data. Distributions of the
observed data are obviously wore complex, The distributlon of observed data
points are in sach case multimodal, whereas the distribution of the expected 1is
unimodal. This is strong evidence for hetearogeneity.

-231-

Jolnt probability of group membership. Values simulated hers are not
averages as befors but individual probabilities of group membership obtained by
combining the three data bases and deriving one classification function. As
before, the expected distribution of "p" values within , areas, assuming two
overlapplng homogensous populations, was obtalned by replacing the real data
with scaled random numbsrs. Thess were tailored such that ths variznces were
equal to one and the means of each variable matched values observed in the real
data. The process was repeated 50 tfhes, each time with different random
numbers, and re-analyzed. The diatribution of both the observed values and the
expected values are given in Table 7.

The observed and expected distribution of "p" values differs for both the
EA and WA samples. Chi-square for the WA samples with 4 degreas of freedom =
19. The probability of observing a larger value is leas than one in a thousand.
Similarly, the chi-square for the EA samples is 17.9 with 3 degrses of freedom,
the probability 1s 1less than .005. In each case, classes with less than five
cbservations ber cell ware pooled in order to carry out the comparisons. The
nature of the deviations from expected are interesting. In each case there ara
many worg samples with higher probabilities of group membership than was
expectad. Obviously, the aimple explanation of two groups with some overlap
must be rejected. There is sither some component of mixing and/or heterogeneity
within areas. Considering tha results of both simulations, both factors are

probably occurring.

D. Heasures of Repeatability and Accuracy

Repeated measurements on the same sample provide a measure of the
consistency with which individuals are classified. This provides some measure
of precision of the methodology. This is usually measursd by analyzing the same
sample morse than one time. Accuracy 1s another matter. Here one is concerned
with whether or not inferences are correct. This comeern is usually evaluated
by some other mathod5logy, or some Iindependent test. Both of these factors are
evaluated in the following.

1. Eﬂmmugﬁmlu_ingmmm_m



a, uveniles. A subset of the juveniles irradiated early in the program

were irradiated a second tims. The ratios of the elemsnts chlorine and
The results of the first
irradiation are contrasted with the results from the second exposure (Figure

strontium were caleulated for each apecimen.

1), All points do not fall on a line with slope 1 and an intercept of zero.
The scatter reflects experimental error, Ratios obtained from the second
analyses appear to be lower suggesting that somé form of degradation of the
sample has occurred. The ssparation of points along the diagonal line of Figure
14 should be noted. Gsographic differsnces are greatsr than diffsrences caused
by repeated analyses of the same specimen.

b. Adults. In as much as esch individual sdult was irradiated three times
tha first large-scals test of repsatibility is inherent in the data base. The
results listed in Table € were given earlier. Two other tests of repeatability
were carried out, one on a random sat of samples and the second on a set of

samples identified as inwmigrants.

The random group consists of 32 samples from the WA collected in 1980. The
correspondence between pairs of analysss of the same fish are Illustrated i4n
Flgure 15=A,
lover laf't quadrant of the graph. Some indilvideals, four out of 32, are
clessified as immigrants; however their probabilities of membership in the EA
set of samples are not particularly high. Recall that ths same samples were

For the most part, concordance 1s good; moat points fall in the

irradiated over one year apart, and exposed to a great deal more abuse,

radistion damage and exposure.

Jomigrants. The pattern of concordance of individuals classified as
immigrants, Figure 15-B, i3 not good. Thers are individuals found 4in every
quadrant of the graph, Four out of 14 WA samples were classifisd as immigrants
twice and 3 out of 11 EA samples were classified as immigrants twice. Samples
in this latter experment showed severe signs of radiation damage, the first and
second analyses were carried out at the exact same location. In addition, each

analysas was given a great deal more radistion than was used in other studles.

2. Geographic variation in the oxygen isotaves

Several new methodologles were explored. The simplest method involved

making temporary modifications to existing equipment. These were made, and &
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limited mmber of isotope analysss wers carried out on the sama cross-sections
of bones used in the PIXE work. A small set of Juvenile bluefin from each slde
of the Atlantic were analyzed. As before the portions of the vertsbrae formed
durling the first year were irradiated. R

Modifications were made to the apparatus during the interval that analyses
were carried out, but conditions wers held as oconstant as possible during a
particular rua. Given d1n Table 8 are the results of several runs on Juvenile
and adult fish. It ia apparent that, within a run, the oconcentration of 190
lsotope 13 higher on the western side of the Atlantie; this 1s true for zero
ages fish as well as for school fish. Two Iindividual vertebrae were irradisted a
number of timéﬂ,- The distances given in Table 8 were determined after samples
were lrradiated from the position of discolored wmarks. The discolored marks
provide a "beam track"; these tracks were rectangular in shape and varied
between 1.02 and 1.30 mm in width and 1.80 and 2.0 wm in height.

A typidal backscattering spectrum 1s complex and thera are many methods of
calculating the denominator in the ratio,. each depending upon integrating a
segment of the curve. Another method 18 to assume that the composition of bone
13 essentially the same for fish of different geographic areas and then to make
comparisons based upon the number of 180 particles counted per unit of charged
particles striking the surface of the bone in a second. These results are
summarized in Table 9. Data on the zero age fish are not shown as care was not
taken in the beginning to insure against sparking in the chamber, a process that
makes determination of the total charge unreliable. The results of runs 3 and 4
are comparable and suggest as before that the values differ with area as
predieted; The differences between runs appear to be less in magnitude, but
8till exist, e.g. the values in runs 3 and U4 are greater than in runs 5, 6, Ty
and 8, Although the data in Table 8 and 9 parallel each other, differences
between runas are much less when "counts per unit chargs" are used. Differences
within the same bone, the results of.éins 7 and 8 are interesting and imply that
there is some form of cyclic variation and a dramatioc decrease in tempsrature
between the first and second year of 1life given that age {3 sstimated as
discussed earlier.

Since obtaining these early results considerable effort has been devoted to
reduce ths variability between runs. Source of the problems were traced to

malfunctions in the magnetic spectrometer, apecifically the "NMR® unit. The



equippent 13 complex and no longer in use. Attempts to repalr and maintain the
apparatus proved frustrating. A second method of making these measurements was
designed and tested. While the vresults are much more consistent, the

sensitivity was marginal. Lack of time and funds requirad that additional work
be postponed.

Dirfersnces Separating Groups

The statlstical analyses carrled out above indlecate that the groups of
samples freom the EA and WA differ with rsspect to their group mean vector of
factor scores. One would 1like to understand the chsmical basis. While this
tople has not been nddressed directly, the techniquss ussd do Iin fact provide an
indicaticn of the nature of theze differences, but only as a kind of
"gtatistical fallout"®,

1. Key factors used in diffsrentiating groups

The key factors separating groups are obtained from the variables chosen,
and from the ordar in which these are incorporated in the stepwise analysis.
The results of the stepwise process for the juveniles and for the adults of the
first comparison are summarized in Table 10. These results are obtained from
only ons position on the bone, step 3 im figure §. Ths variables chosen first
zya the most important for discrimination. The results indicate that the
chemical differsnces are complex, ilnvolving many elements and gensral properties
of the spectra associated wlth baockground. These propsrties include density of
the bone and so on. While the pressncs of many slements can be detected with
these methods, the equipment 13 most efficient at weasuring chemical elements
with atomic mnumbers betwsen those of phosphorus and strontium. The results
suggest that there are differsnces in the heavy metals as well but thess are
difficult to resolve without subjecting the stecimens to much more radiation.
Many of the same chemlcal elements that discriminate smong Juveniles, also
discriminate among adults. The ordar of imnportance is altared scmewhat and
fewer variables are chosen. It would appear that while thne same form of
Beographic variation exists among juveniles 'and adults, differeaces at the

canter of the vertebra are leszs varled as the fish grows older,
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2, Factor scores and chemlcal vardation

Factors are derlved measuraments that represent the original data in a form
in which 1)} the axes of the factor spacs are orthogonal, 2) the original data
are presented 1in ths mnminimum number of dimensions needed to account for the
variance, 3) the data are made more reliable, and %) normality has bsen
inereased, In terms of the X-ray spectra, one elemental peak is represented by
many adjacent variables, and ona.element can be reprezented by more than one
poak. In addition to this form of redundancy, two or more elements may be
positively or negatively correlated with each other, Elemental peaks are
obsarved Yo be evident on a relatively continucus background of X-raya, in this
case "Eremsstrahlung®™ radiations. This background is influenced by the density
of the vertebra and composition (average atomlc number) of the matrix. Thus,
there '1s a relatively large number of variables that asre correlated and contain
information on physical structure., Thus, factor scores may bs used to evaluate
geographic differences. No attempt was made to interpret all of these factors.
Only "a few of the most important factors are analyzed in detail 1n order to

11lustrate the complexlty involved.

The value of the Mfactor loadings" provide information about those
variables that contribute most to discrimination. Given in Figures 16-4, 16-B
and 16=~C =re graphs of factor loadings tegether with averaged spectra. These
ars axamples of how specific peaks contribute to specific factors in the second
comparison, The data in Figure 16~ show that a number of the variables
associated with the slements phosphorus and sulfur account most for the
separation between the EA and W4 samplea. The second most important factor is
explained by differences in ‘strontium (Figure 16-B). The fifth factor is
explained by a combination of chlorine and bromine (Figure 16-~C). It is
impractical to show the loadings of each variable on each factor. All have been
plotted as 1in the above examples. Results Indicate that differences between
areas involve physical factors that genarate variation in two components of the
"Bremastrahlung"” background, and 1in the concentratlons of such elements as
strontium, =inec, phosphorus, sulfur, chlorine, bromine, calecium, copper,
niobivm, molybdenum, i1ron, and chrome, some singly and some elsments in

combination,



IV, DISCUSSION
A.  Background. The basic premise in thess studies is that a form of
scological record exists in the composition of the skeleton of pelagle
and that

species
analytical procedurss can be employed to derive information useful in
studies of life history and population biolegy.
from earlier

This premise was forged in part
There it

systems

studies carried out on salmon and other marins specles.

was found that sockeye salmon, Ocorhynchus nerka, of different river
be distinguished by a method simllar to that used in this study, l.e.,
statistical analyses of X.-ray fluorescence patterns (Calaprice, 1971).
also found that ocould be used to dlstipguish between different
to determine ths sge of organisms (Calaprice, st. &l.. 1971);
identify the adult sockeys taken in a wixed fishery (Calaprice et,
al.. 1975). confirmed,
using related methods of analysis. In one study, X-ray fluorescence patterns of

could
It was
such methoda
gpecles; and to

origin of
This latter work was repeated in part, and extended
imsges were obtained from a scanning electron microscope (fish scales) (Lapi and
Mulligan 1981), second study, tube excited Y-ray fluorescence patterns

were obtained from pulverized vertebrae, (Mulligan, st. al.,» 1983).

In a

The possibility that such techniques could be used to atudy oceanic species
was suggested by caleculations and deduction.

salmon from

It is easy to demonstrate that

different geographic areas acquirs new or reinforce existing
differences in trace slement patterns while at sea, The possibility that such
techniques might prove useful with tunas was examined in a pilot study. Dorsal
apines of juvenile yellowfin tuna were collected from vessels fishing north and
aouth of the Pacific tharmal ("5°N), These
pulverized, preased into pellsts, and X-ray spectra obtalned using a tube based

Y-ray

eastarn equator splnes were

spectroscopy system. Dorsal spilnes from a small set were cross-sectioned
and trace element pattserns of portions of Individual spines were acqulred using
a scanning electroa microscops. The results of the study on pulverlzed splnes
were encouraging as the X-ray spsctra of Juveniles to the
fishery) from these two different geographic areas wers readily distingulshable

(Anon., 1980).

{recent recruita
Tha results of analyses of individual sagments of & aplne were

less encouraglng; eight hours of exposure were required to obtain a single

spectrum,

f
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B,  Gsographic and Iemporal Yariation in Bluefin.
trace element patterns In small (<imm diameter) cross-sections of vertebrae was
designed and constructed specifically for this study. The techniques are more

4 method of acquiring

cemplex than those used previously. More equipment 1s used, and there are wore

hezards. The advantage is the method yislds high resolution spectra in a short
period of time. Spectra with reasonably well-defined peaks were obtained 1in 6

minutes rather than B hours, This 18 a significant achievement as it will be

possibls to irradiate even smaller cross-sections and carry out studies on

specles smaller than bluefin tuna.

Although several specimens of adults from each area were irradiated, the
first phase of the program dealt primarily with juveniles.
studiss are streightforward:

The results of these
it 1s reasonable to conclude that the composition
of vertebras from the two geographic areas are dissimilar, Specifically, the
composition of the vertaebra formed during the first year of growth differs
dﬁpending on whether fish ware taken in the EA or WA. Spectra are readily
distinéuishable on the basis of diffsrences in the height of elemental peaks,
1.,6. differences in the concentration of specific elements, or by comparing the
including ths background, i{.e. multivariate atatistics. As
these differences lavolve hany sections of the spectrum and components of the
background,

entire spectra,
onse 1Is led to bslieve that the basis for distinguishing groups

differences in the concentration of specific

involves both elements and

differences in the physical structure of vertebrae.

The results of carrying out adjacent analysis on the same vertebra, a form
of line transect of vertebraa deposited during different times of 1ife are also
to determine
Results

report.,

interesting.
chemical

dlscussion have been summsrized 1in this

The primary objJective was the manner in which

components changed with time. relevant to the overall
The peaks of chlorine and
atrontivm in spectra are prominent, well defined, and the areas are easilyi
of the set that contribute to
goographie differences in bone. The ratlo of these two elements was found to
differ between geographlc areas and with position along the vertebra.

Geographic variation appears moat pronounced in the region of the vertebra

calculated. Toese elements are also members

between 1.5 and % mm and again bstween 8 and 9 mm from the center.

Bluefin tuna ars often agedvby noting the slze and date of capturs, and

growth from tugged fish that are racaptured. Dr. José Cort, a visiting bluefin



specialist from Spain, was asked if he could provide an estimate of the ages of
the samples of Juvenile bluefin irradiated. He identified certain specimans as
most likely 2+ and 3+ years of age. It was noted sarlier that the relative peak
heights of a number of elements varied as onse moved away from the center of the
vertebra, As the fluctuations were pericdic, this was thought to be related in
some manner to seasonal effects. The pattern of changs of different elemental
peaks of 2+ and 3+ year old fish were compared. Whils most ratios showed some
sligns of regular fluctuation, differsncaas in the phosphorus/strontium ratios
were most pronounced and are used to 1llustrate the effect and the location

along the vertebra where peaks and valleys occur.

As both 2 and 3 year old fish were captured in early summer, it was
reasonable to conclude that such diffsrences in pesk heights are asasonal in
nature and might be uzsed as a basis for estimating age. It was also poassible to
derlve diserimipant functions between peaks and valleys so 1dentified, and to

"use these functions of many alemental and matrix differencss to greatly enhance

the graphical presentation of seasonal effects. Ths possibility that ages or
organisms could ba determined by such ‘technigues was suggeated earlier
(Calaprice, et, al., 1971)., These studies support that -conclusion, Studies
nezded to refine a method of aging using this or related tachniques are underway
but have not teen concluded., The diameter of the proton beam must bs reduced
and fish collected at different times of the year should be studied. A small
set of blusfin believed to be ages 2-10 were irradiated in a subsequent study.
Good agreement was found between the ages of younger fish estimated from life
history data and that obtained using this technique, However, it would appear
that agea of clder fish are elther undarastimatéd, using 1life history data, or
overestimated using this technique, In any event, it is reasonable to conclude
that while seasonal variation 1s present and pronounced, there are specific
regions in the vertebra formed during the first year and agaln during the second
year where geographic differences are greater in masnitude. Samples were
irradiated in this region of maximum varlation and the spactra used to study
mixing.

C. Mixinz Estimates
1. General. There ara a number of msthodx'ons could use to characterize

spectra of fish from different geoéraphie reglons, These includs graphical and
statistical methods that use eithar part of or the entire set of variables.

~235~

These results
indicate that, glven the above assumptions, between 14 to 16% of fish captured
in thé‘European fisheries appear to have originated in the WA, Between 22% and
29% of fish caught 4in the 0.8, fishery appear to have originated in the EA.
While the estimates made using each method are close, some methods are more

Three methods wsra used to evaluate data in the pilot study,

objective than others. FEstimates based on viaual comparison of spectra are both

~subjective and tlassd. The viewer tends to focus on that portion of the

apectrum that 1s most va}ied, naglecting peaks that may be different but not as
preonouncad,  Similarly, comparisons based upon the ratios of specific elements
are blased, again the viewer must select some subset of the peaks to make
comparizons. Choice i3 usually based on the relative ease with which peaks ecan

- be defined and in which the contribution of background X-rays can be removed.

As this i3 a time consuming process, often only a portion of the possible peaks
that “could be wused Is analyzed., Forms of multivariate analyses, ie. factor
analysis, discriminant function analysis and cluster analysis, while more
couplex and esoterlc are considered better sulted for these and related studles
because all of the data are used and the data can be processed relativaly
rapidly.

For the most part, individuals characterized by each of the methods from a
particular geographic region had similar chemical patterns. There are a number
of Individuals within sach saﬁple that have batterns that are more similar to
fish taken on the opposite side of the ocean. This fact is evident regardless
of the statistical method used for comparison. Ths frequency of occurrence of
these ancmalles is greater in the adults than in the Jjuveniles, Inasmuch as
these analysss have bzen obtained from regions of the bone deposited during the
first year of life, those individuals found in one geographic area with patterns
similar to the majority of the fish from a second part of ths ocean are assumed .
to be immigrants, Considering the varlous studies carried out, d4ncluding the-
aimulation studiss, this 1s considerad to be a viable working hypothesis, one
not refuted by the tests carrled out to date. This hypothesis forms the basis
for estimates of mixing,

There ars two related subjectas that should be assessed ssparately but
considered togather, Tha first concerns whether the samples from the two sides
of thae Atlant{ec differ, and the second 1s, glven differences exist, what is the
incidsnce of migration Af any. While both toplos have different blological and



management {mplications, the topies are mergsd together 1n the following

discussion.

2.  Juveniles. The
and included samples that werse taken in the WA (Coast of Virginia), the EA

first full--scals comparilscns wmade were of Juveniles
(Bay

Statistical differences were
Also
of Biscay and those captured in ths Gulf of Lion. The
results of ths discriminant function analysia indicate thaet bsiwsen 3 and 5% of
the sample of schoolfish captured in the WA are similaer %o those captured in the
EA., No schoolfish captured in the EA wers
This would indicate

of Biscay) and the Mediterranean (Gulf of Lion).

found bstween samples from the sast and west. noted were differences

between fish from Bay

elasaifisd as originating in the

wast.

. dlrection of east to
if it

As iadlcated, differences were found bstween bluefin

that movement of fish in %
west 1s low, 1t also indicates that movement inm the cppesite directiocn,
exists at all, 1z lower.
rom two different sastern fishsries, ons operating in the Buy of Biscay and the
Gulf of Licn,

The results suggest thet lumlgration is bstwesn 8 and

othar opsrating 1n the Differcncaz @ra not as great as those
between =2ast end west.
9%. It is interesting to note that tagzglng studises wers csrried out during the

time that filsh were collectad.

with Movement was found to be primarily from sast to west
and of the order of 7% {Cort 1982).

The raesults of tagging studies are i1in acecord

the above findings,

3, Adults (giants}. As with the juveniles, mdults have been sampled from
fisheries operating in western Atlantic, sastern Atlantic,

Tvo different

and Meditarranean,
sats of samples have been taken in sach of the above areas.
Adults taken 1n sach of two different

at two different time intervals have bsen irradiated, and the

Collections were wade over a year apart.
geographic areas

results of extenslve analyses are presented.

Differences betwsen sgastsrn and ysstern ssmples Two major conclusions
are warranted,

fish from the

Firat, thers svo consistent and recognizable differences bestween
the EA and WA. This obssrvation holda for

bsen

two major fisheriea,
comparisons made in sach of the two diffurent time frames. No effort has
contrast fish from within the
(Barbate). The latter

Mediterranean, Monte Carlo wethods wera used to wvaluats the potentlal bilas in

made to Mediterranean and those from the EA

ware ceught 4in traps npear the entrance to  the

the statistical tests emﬁloyed and to svaluate the observed differences. The

results demonstrate that it ia extremely unlikely that such differences could ba

~236~

due to chance alone. There are differences in amounts of speclfic chemical
e@lements and differences in the physical structure of that portion of the bone
deposited durdng the first year, Geographic differsnces between . the vertebrae

of Juvenile fish ars similer to differences in the vertebrae of adult fish.

There 1is
geographic reglon.

8lso aevidence of heterogeneity within samples from the same

This is evident in the polywodal distributicn of indices of
group membership, and 1in the results of simulation studiss. The simulation
studies demonstrate that ths simple concept that samples are drawn from two
multivariate, multinormal populations with the observed small amount of overlap
must be rejectsd.

The biological explanation for these observations is mors

complex; such bheterogeneity cen ba due to mixing, i.e., Immigration and
emigration, different groups within the east and west, &nd soms unidentified
factor such  as gsex or age. The latter two sxplanations seam unreasonable as

thers 1a no apparent relationship between probabilities of groap membership and
of fish or with the ssx of Ffish. While other biologleal differsnces not
included in this study could in some manner account for the vardation

size

observed,
the most 1ikely explanation 13 that the observed hetarcgenelty is dus to a

combination of within arsa variability, and trans-Atlantic movement.

Migration. The first conclusion is that mixing is relatively low. The
means of samples compared are signifieantly different. It would be difficult to
observe this result 1f fish moved fresly across the oceans. The second
conclusion 1s that there is svidence of mixing in the semples frow each of the
different areas evaluated. This
statistlical methods used. The simplest evidence for this comes
apsctra,

is -obvious regardless of the graphic or
from comparing
Most of the spectra of fish taken from within a geographic area are
While the
it is possible to recognize individuals within an area
that have gpsetra that appear like the =mpactra of fish from tha
Similar results

eluater analyses.

similar, whereas there are substantial differences
method is

between areas,
subjective,

opposite area.

are obtalned using a less subjective form of classification,
hierarchical

a dendogram in which individuals of varying degress of similarity are

Stepwise cluster analyses techniques used
genersate
paired in a stepped process. The most similar fish are paired first and finally
groups of fish that are the least similar are paired last, The results of these
analyses and those of subsequent studies not illustrated show that fish from the
side of the This is

explained by considering those fish to have originated in the

oppoaite Atlantic cluster early in the stepped process,

Bame area, even



though they wsre captured Iin different sides of the Atlantie. These amall

numbers of fish in the sample have been referrsd to as immigrants.

A second, multivariata approach employs disceriminant functions. In this
case samples are divided into two groups, each from a different geographic area.
Linear discriminant functions are derived such that the distance bstween the
group mean vectors is maximized.. In two. dimensions, this would bs the equation
of a straight lins positilouned such that whaen sach polnt 13 projscted onto the
line, the distance between the weans of wach of two groups is maximized. Given
this equation and the derived paramebars, the probability of sach obssrvation
belonging to a partlicular group can be calculated, It 1s easy to visuallze this
concept in two dimenaions, l.e., when two variables are usad, but less obvious
Whils over two hundred

variables wers available, 19 variables wers vssd in the first comparison and 31

when over two hundred variables (factors) are used,

veriables in the sacond comparison. Recall thet each variable used is a factor
scorg and 1s couposed of linear functions of a mumber of components of a
spactrum. Equatlons wers derived and all of ths fish classifled. As with the
other methods wmost of the fish from a spscific geographic area were classified
as balonging to that group. A small number on the other hand were classified as
belonging to the alternative group. As the groupings are geographic areas, as
the analyses are on regions of the vertebras depssited during the first year of
life, and as there is a similarity between tha chemistry and structure of
Juvanile and adult bone, tha assumption 1s made that these speoimens classified
as belongling to the other group are immigrants, The results of olassifying each
individual fish are summarized in Table 11.

Assuning that the fisheries sampled caught a reprasentative subset of the
fish, and that samplers have a representative sample of the fishery, ona can
infer from the data that Immigration in the WA is in the neighborhood of between
10% and 13% and immigration in the FA 1s betwsen 3% and 12%. A3 with the
Jjuveniles, movement from west to wesast is less than movement in the opposite
direction., The differences betwsen the two estimetes for an area are in part
sxplained by snnual variation (the areas were ssmpled 1 or mors years spart), by
better resolutlion in the spectra (spectra used in the second comparison were
irradiated longer), and by sampling vsriation. The most reasonable explanation
is that each factor 18 opsrating; however, no attempt hez bsen made to 1solate
these alternative factors,
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D.  Reliability and Accuracy of Estimates

Gaperal. There are many factors that could affect the raliability of
estimates, The main biological assumption 1s that the differsnces 4in the
vartabras of juveniles persist and/or are reinforced as the fish increase in age
and size, Evidenca that this is reasonable comes from the resulta of a factor
analysis carried out on zpectra from Juvenlles and adults. ‘These are the same
data from which estimatass of ﬁixing were derlved. The results demonatrate that
the key factors that formed the basis for classifying adults are also those that
form the basis for classifying Juveniles. As more factors are used in
separating juveniles, the results suggest a partlal degradation of this "natural
tag", The fact that not only alemental differences, but differences in the
matrix of vertsbrae form the basis for differentiating groups, leads one to
' Vhile elemental
concentrations msy change as a funetion of the "biological half 1life™ of

argue that the character of the bone parsists with tinme,

constituents, it is difficult to envision how the physical structure would
change and yet retain the pattern of rings one sees on the surface of the
vartebra, There are many similarities In the spectra obtained from the center
of vertebrae of juveniles and adults from the same general area. These
similarities are apparent to the "naked eye". Aside from the statistical
evidence one 13 left with a strong impression that the chemical structure of
vertebra as characterized by thase techniques are 1in faet conservative, 1.s.
are not  lost with time., While an Important assumption, it isn't eritical. It
13 possible that bLehavior patterns, and the oceanic environments of bluefin on
sach side of the Atlantic differ. Such differences can be expscted to impose a
nav or enhance old "natural tags". TIn retrospect classifications should be made
at different stages along the vertebra.

Another assumption made 1s that annual variation within habitats 1is less
important than geographle variation. The samples of juveniles studied 1in this-
rospect are of different age groups. Annual variation does not appear to be =
problem, The adults compared are also of different age groups, The possibility
exists that 4in some years varlatlion 1s greater or extreme. As we are dealing
with organisma (adults) that may 1ive 20 years, - this poasibdility ocannot be
readily dismissed. The obvious way of checking this assumption would be to

repeat the study with samples of different year classes.



Lharacterizing samples.
Influenced by the perlod and level of exposure to protons, Samples that differ

The ability to resolve aamples 4is highly

by large amounts require a relatively swaller swount of radiation than do
samples that differ by small amounts.
baramsters was established using samples of Juveniles. Thera it was shown that

The sadequacy of the experimental

whils experimental error was present, geographic differences were more
pronounced. Some sample degradation also occurred, a factor that can greatly
influence repeatability. There 1s oconsiderable evidsnce that differences
betwean sdults are leas pronounced bthan differences between juveniles. This was
noted after the first analyses of adults, and exposurs times were Increased to
better resolve the chemical spsctra. Inasmuch as each sample was irradiated
three times, the results of the three different spsctra were combined into one
set of values.

tripling sample degradation, Estimates of mixing btased on these combined data

This has the net effesct of tripling exposure time without

sets are lower than on sach of the individual estimstes as expected. This
result suggests that other analyses with aven longer exposure times might result
in e@ven lower estimates. This 1s a possibility. It is unlikely however that
all immigration can be accounted for in ‘this manner. Increase in exposure not
only reduced the mumber clagsified as impigrants, it also had the effect of
inereasing bimodality in the samples and making more distinet the differences
betwean ipdividuals that are eclassified as residents and those that are
classiried as immigrants.

Tha results of repesated apalyses on the sawms sample are less than optimum
but not uareasonable considering the resulis of other findings. The msthods are
expected to be non~destructive only with ivert samples. Sample degradation does
occur, it was noted in the Juveniles, and is expscted cowsldering the nature of
differences separating the eastern and western samples, The most significant
differsnce batween the eastern and western samples 1s related to the presence of
sulfur and phosphorus in the sample. Thia implies that the ratio of protein to
caleareous material varles., This was supported with the results from the
also noted in the
cancentration of nitrogen. Repsated exposures to heating and {rradiation 1s

backscattering experiments where differences ware
expected to alter tha matrix of the bone, reduelng protein differences. In
retrospect a better test would be to ssction the bona into pleces and to compare
results of different analyses on the sawme location of vertebrae. In any aevent

these data suggest that the estimates of wixing bs best considered upper limits.
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Statistical metheds. The power and validity of the statistical methods
used has been studled elsewhere (Calaprice, et, al., 1975). Here statistical
methods were studied by fabricating sets of samples with different chemiocal
composition and subjeeting the data to multivariate statistical analyses similar
to those used in this study. More recently, methods of analyzing spectra
similar to thoss used here are beilng used in the anﬁlysis of complex organie
compounds (Windlg 1983) and Meuzelaar, et, al, 1984). Readers may wish to
consult this work for assurance that the methods ares suited for this purpose.
Lapi and Mulligan (1981) and Mulligan, et. al., {1983) advocate using elemental
peak haights as the data bame, and uon—pabametric statistical methods, Peak
stripping technlques are time consuming and costly in manpower and computer
time. Spectra are complex and many peaks "overlap". It is possible to readily
determina the helght above background of some peaks, and we have done so in this
study, While the results are sasier to interpret, the data base is bilased and
not fully representative of the spectrum, The raemsons for this were given
earlier, an«parametric methods are not as '"powerful" as parametric methods
when the underlying assumptions are satisfied, i.e. statistical parameters are
known and in accord with the assumptions of that particular method. The raw
data @are normally distributed and factor transformations further serve to
satisfy the necessary assumptions of the tests used in this study, In any event
the various methods appear to give the same gensral result. The simulation
studies carried out evaluate infsrences drawn from the data. The implications
have been dlscussed earlier and will not be repeated here.

Accuraey. The purpose of this study has been to estimate that proportion
of the fish in the sample that originated on the opposite side of the Atlantic.
The Inferences drawn pertain to spseific fisheries in that area, and insomuch as
the samples are representative of tha fisheries, it 1s reasonable to assume that -
the estimates made are "the best estimates that can be made given the:
constraints under which the study was conducted™, No confidence limits for
these estimates are glven., They are easily caloulated; 1t would be wrong to
agsume they would be meaningful, Samples were collected as the opportunity
arcse, They can hardly be considered random. On the positive side, a large
numbar of bluefin have been examined suggesting that the estimatss should not be
far off, unless there 1s some serious bias in the sampling method.

The oxygen isotope measurements made suggest that is should be possible to
check con these eatimates of mixing and also to test various of the above



biological assumptions. So far the results are in accord with what is expected
given our knowledge of the thermal structure of different breeding and nursery
areas, A considerable amount of effort has gone into improving the methods used
At this stage
It is not possible to irradliate an individual and to
ascertaln with 95% confidence the area of orlgin from the ratio of isotopes. As

to measure oxygen isotopes. The method holds wuch promise,

resolution 1s marginal

the methods are still being refined, and as they are destructive, prudence
dictates that this axercise be postponed.

V.  CONCLUSIONS

This astudy utilizes chenical and physical variation in hard parts to obtain
ecologleal Informatlion of a practical nature. Both temporal and geographic
varistion exists in vertebiae. Temporal variation is interesting and there are
excellent reasons for believing that age~ and growth~ related data can be
obtained. Minor modifications to the equipment are needed to better define
periodlcity in vertebrae, especlally in the older fish where increments between
seasons are not as distinct. Better field collections are needed to identify
>specif1c parts of a season. Most recent studies indicate that such age
determinations can be made in Intervals measured in seconds, once samples are

prepared. Sample preparation 1s minimal, requiring only drying.

There are geographic differences; of this there 1s no question. Whether
this varliatlion has been characterized in the most efficlent manner, remains to
be sean. There 13 alsc evidence that bluefin from the eastern and western
Atlantic intermingle, There ars fish found on both sldes of the ocean that have
patterns similar to fish from the other side; the implication here is that
there 1s some mixing. The results obtained in this study suggest that the
amount of mixing 13 low. Movement 1s also not symmetrical, there is more

movament from sast to west.

The statistical analyses conducted so far make it difficult to assoclate
specifie chemical differences with components of the environment. Some
Information {1s presented here, other information can be obtalnad from the data.
The oxygen lsotope studies provide mors possibility. Given these results, it
should be possible to state with calculated certainties that d particular fish

originated either in the Gulf of Mexico, tha Mediterranean or slsewhere in the
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Atlantia. That information can be obtained not Just for bluefin but other

specles where a lack of such information 1s also hampering management. More
studies are needed, and they need not be costly. Other ratios of isotopes may
be measured in much the same manner, and socon it should be fairly easy to
determine something of the diet of specimens from hard parts. Workers should

save the hard parts of tagged fish that made trans-Atlantio movemant for future
studies.

The gathering of this data has been carried out In concert with the
development of techniques and equipment. Progress has not always been as quick
as desired. Most delays have been associatgd with assembling representative
samples and development, Much has been learned; some time consuming steps need
not Dbe followed in the future; and other ateps have been taken to reduce costs
greatly. The information obtained here should shed additional light on the
applicability of present concepts of bluefin stock structure in the N.
Atlantie. 1In the process, much has been achieved in exploring the possibllity
that tuna-like organisms contain a form of ecological record coded in their hard
parts,
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Fish class

_Juveniles
(school Eish}

Adults
(glants)

firse
comparison

sacond
comparizon

first
comparison

second
corparison

Notes

Description of samples analyzed in this study

Location where
samples were
collectad

Bay of Biscay
(Eaatern Atlanzic)

Gulf of Lion
(W. Haditerranean}

Coast of Virginis
(Hestern Atlantic)

Eastern Atlantic
and Heditarranean

* Cibraltar
+ (Darbatae)

Ionlan Bes

Tytrhenian Sea

Gibraltar
{Darhate}

Tyrrhenian Sea

Western Atlantic
Coaat of
Hassachuaetts

« GCoast of

Mazsach

Gulf of
Hexico

Yeat
collected

1980

1982

1980

1982

1982

1982

1383

1983

1980

1982

1983

Table 1.

Number of individuals

pilot
Study

36

39

21

Hixing
Study
B8

36

95

53

21

L

94

‘96

67

24

X and standard
deviation of
fork length

mesn

o

B6.1

e o= 1002
° =88

menn = 102,
s.d.n:JGjJ._

mean

B.d,
n

94.9

12.7
4

mean = 187,
gyd. = 37,
‘ n=48

mean = 209,64
B.d. = 29.2
n=l8

mesn = 227.5
s.d. = 15.0
n~29

mean = 222.1

a.d.

18.2

maan = 225.90
a.d. = 45,8
n=36

mean = 280,
a.d. = 20,
n=57

mean = 249.7

©oeeds
E

28.2

wmasn = 218.2
s.d. = 39.9
n=10

cm

1} Fork lengths calculated using a weight vs. length regreasion formuls with the Bay of Blscay

ag tha standard.
2) Fork lengths calculated uaing a vertebrae centrum section length va. fork length regression

using the JIonian snd Tyrrhenlan Ses samples as the standard,

Source of
samples

Joss Cort
(Spninz

H.B. Liorzou
~ (France) H

H.M.F,B.
(Himmi)

Peter Hiyske
{1.C.C.A.T.)

Ir

Haurizio Sara
(ltaly)

Maurizio Sarz

{ltaly)}

Peter Miyakse
(I.C.C.A.T.)

ine

Haurizio Sara
{Italy)

H.H.F.S,
{Hiami)}

lw

PRI
(ilmmi)

ML,
(Hiamil)

samplen

formulr

3) Fork lengths calculated using a round weight va, fork length regression formula with tha Hassachusetts

1982 samples 3 the standard, *

Hierarchial grouping to optimize an objective function.
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TABLE 2

SIMMARY TARLE
(Bluefin Tuna)

Stepwise discriminant funcrion analysis of
PIXE SPACTRA dn 40 varisble sections (see text)

Rt ran “Yaciable Bergy range # Variablas Variable Statistics 13 4
No aumbers ( keV) chosen ¥o. selected F. 4.£.(N/D)
1 1-40 0 - 3.2 6 35; 29; 40 95.2 6/65 <.001 100
7; 27; 25
2 41--80 3.2 ~ 6.7 3 71; 625 79 8.1 3/68 <.001 72
3 81-120 6.7 - 10.2 2 99; 104 10.8 2/69 <,001 78
4 121-160 10.2 - 13,7 2 140; 145 19.4 2/69 <.001 83
5 161-200 13.7 - 17.3 2 178; 161 8.3 2/69 <.001 61
6 201-240 17.3 - 20.8 3 230; 220; 229 7.5 3/68 <.001 72
7 24(-280 20.8 -~ 24.3 3 263; 265; 254 9.9 3/68 <,001 76
286; 288; 291
8 281-320 24.3 - 27.8 5 315; 304 6.9 5/66 <.001 82
9 321-380 27.8 - 31.3 1 347 8.4 1/70 <.005 64
10 361-400  31.3 - 34.8 1 374 6.6 1/70 <.025 60
11 401-440 34.8 - 38.3 v 2 406; 434 9.1 2/69 <.001 70
12 441-480 38.3 - 41.8 1 442 8.7 1/70 <.005 64
13 481-512 41.8 - &4 .6 3 506; 483; 488 9.1 3/68 <.001 76
Comblinad (all 13 vuns)
1-512 0.0 - 44.6 8 62; 40; 71 89.6 3/63* <.001* 100
265; 35; 29
220; 27
Combined (vuns 2 - 13)
41512 3.2 - 44,6 12 140; 483; 263 20.1 8/63% <.001* 96

145; 254; 288
434, 406; 506
62; 71

*  Approxiware degrees of freedom and probability as the analysis was

carried our on selected variables from a larger set.
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TABLE 4. - Multivariate analysis of ‘three groups of juveniles (school fish). Summary
of stepwise discriminant function analysis end classifaction matrix.

A) SUMMARY TABLE

variable
entered

1 X(7)
2 X(14)
3 X(8)
4 X(13)
5 X(3)
6

7

8

9

step
number

X(53)
X(2)
X(5)
x(9)
10 X(58)
11 X(49)
12 X(37)

B) CLASSIFICATION MATRIX

Variables are factor scores.

F value to
enter or remove

316.4307
20.7587
12,7973
10,5388

8.0896
8.5707
6.7128
5.3016
6.6600
5.0130
5.7268
4,2757

number of cases

number of
variables
included

—
DWW~ DB W N

11
12

classified into group

(see text)

group percent

correct

SPAIN 93.2
FRANCE 91.7
USA 96.8
TOTAL.. 94.5

Jacknifed classification

group P
C
SPAIN
FRANCE
USA
" TOTAL

ercent
orrect

90.9.
51.7
94,7

92.7

SPAIN FRANCE UsA

82 6 -0
3 33 Q
3 g 92
a8 39 92

number of cases classified into group

SPAIN FRANCE UsA

80 8 0
3 33 0
5 0 g0
88 41 90

TABLE 5

U-statistic

0.2557
0.2143
0.1914
0.1741
0.1617
0.1496
0.1406
0.1338
0.1257
0.1199
0.1136
0.1091

approximate
F-gtatistic

314,431
124.727
91.720
74.381
63.032
55.762
50.011
45.296
42.062
39.071
36.831
34.644

Estimates lof adult bluefinimmigrationderived from spectra of three separate locations on the

same verteb

first year of growth.

rae.

AlL locations are within a region of the vertebrae which is formed during the
A. First set of collections (1980 Mass. primarily and 1982 Mediterranean).

B. Second set of collections (1982 Mass. and 1983 Gulf? primarily and 1983 Mediterranean). See

text.

A, Samples analyzed in 1983

bDistance from the
center of vertebra

# Fish compared
Med., U.S., total

Probability of

d

B NI RD o bt b g s
BENOOOSRNOONS RN
oo OOQOO

egrees of
freedom

216.0
430.0
428.0
426.,0
424.0
422.0
420.0
418.0
416.0
414.0
412.0
410.0

~243~

Estimated percentage of trans-Atlantic movement

observing such
differences by
chance alone

Fish caught in the
E. Atlantie and Med.

Fish caught in the
W. Atlantic of
eastern origin

1.2 mm
3.2 mm

5.3 mm

B. Samples analyzed in 1984

Distance from the
center of vertebra

106
106
106

H# Fish compared
Med., U.S., total

113 219 p<.0010F(12,206)= 10,91
113 219 p<.0D1LFC 8,210)= 18.81
113 219 p<.00TLF(11,207)= 14.43

Probability of

of western origin

21.7

14.2

15.1

21.2
18.6

20.4

Estimated percentage of trans—Atlantic movement

observing such
differances by E.
chance alone

Fish caught 1n the
Atlantic and Med,
of western origin

Fish caught in the
W. Attantic of
eastern origin

1.2 min
3.2 mm

5.3 mm

190
190

190

116 306
116 306  p<.001LF(17,288)= 14.91]
116 306  p<.001LF( 9,296)= 24.071

p<.O01LF(16,289)= 20,111

8.4
14.2

16.8

24.1
20.7

22.4

1. Estimates obtained from discriminant function analyses derived using only two groups of adult

bluefin

D]

eastern Atlantic and Mediterranean, and western Atlantic.

2. Gulf and Gulf of Mexico fish that are beLieved to have been landed near the dry Tortugas.
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TABLE 7

Monte-CarLo evaluations of observed and expected probabilities of group membership. The observed
data are sgmmamzed in figure11 and table 6-B. Expected are obtained from random variables adjusted to
otv;served differences between means. Chi-square and probability values 1illustrate how well the observed
distributions fit the expected {see text).

E. ATLANTIC AND MEDITERRANEAN W. ATLANTIC
‘Interval 2 portien Expected Observed 4 portion Expected Observed
0.00~ 0.04. 149 «0160 3.04 1 1854 «4158 37.84 66
0.04=- 0,08 120 -0129 2.45 0 472 . 1059 9.64 2
0.08~ 0.12 11¢ 0125 2443 0 319 - .Q715 6.51 3
0.12- Q.16 7 0104 1.98 0 217 . 0487 4,43 1
0.16~ 0.20 117 .0126 2.39 1 177 .0397 3461 2
0.20~ 0.2"0'. 115 0124 2,35 [} 119 0267 2.43 4
D.24~ 0,28 124 © L0133 2.53 Q- 103 .0231 2.10 4]
0.28~ 5.32 98 .0105 © 2.00 0 115 .0258 2,35 g
0.32- 0.36 106 .0114 2.17 1 &8 .0197 1.79 o
0.36- 0.40 104 »0112 2,13 .0 77 .0173 157 . 3
0.40~ 0,44 . 109 0117, 2.22 1 79 L0177 1.61 0
’ O0.44= 0.48 134 L0144 2.74 1 67 .0150 1637 )
0.48~ 0.52 145 +0156 ’ 2.96 0 67 .0750 .37 1
0.52~ 0,56 129 0139 2.64 3 57 .0128 1,16 1
0.56= 0.60 139 - 0149 ‘2,83 1 79 0177 1.61 1
0.60~ 0,564 157 -0169 3.21 0 &0 L0135 1.23 o
0.64~ 0.68 163 .0175_ 3,33 1 57 .0128 1.16 o]
0.68~ 0.72 153 -0164 3.12 1 49,  .0110. 1,00 1
0.72- 0.76 221 .0237 17.50 2 64 0144 A1.31 1
G.76~ 0.80 256 0275 5.23 1 62 0139 1.26 2
0.80- 0.B4 354 .0380 7.22 3 46 0105 1.03 o
0.84~ 0,88 421 0452 8.59 7 45 0101 0.92 1
0.88- 0.92 : 563 .0605 11.50 4 58 .0130 1.18 ¢}
0.92~ 0.96 : 1014 .108% 20.69 10 51 0114 1.04 1
0.96~ 1.00 4203 4515 85.79 152 77 L0173 1.57 1
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TABLE 8 - Ratio of oxygen mass 18, to oxygen compounds in vertebrae. (values TABLE 9 - Number of alpha particles emmited from 180 atoms In the vertebrae, normalized

are the ratio of 180 counts to area of backscatter curves) to the awmount of charge and time (counts/nano-amper/second)
A) Analysls of individual fish ‘ ;&) Analysis of individual fish
size of fish otigin of samples size of fish origin of samples
(Gulf of Mexico) (Mediterranean) (Gulf of Mexico) (Mediterranean)
Tun 1 zero age fish 3.70 2.69 run 1 zero age fish — —_—
run 2 » 2.50 2.25 TUun 2 . L - —
(Coast of Virginia) (Bay of Biscay) (Coast of Virginia) (Bay of Biscay)
Tun 3 school fish 2.06 1.87 rua 3 schoal £ish 3.76 2.84
* 1.92 o . : & 2.88
o ” Ll
run 4 school fish 1.74 1.32 run 4 ' 3.15 2.43
1.84 1.41 3.38 2.88
(western Atlantic) (Mediterranean)
(Western Atlantic) (Mediterranean) .
run 5 . giants 1.56 _ 1.12
run 5 glant .88 —_—
Tun 6 " - .99 : . :
B) Multiple measurements on individual vertebrae (school fish)
B) Multiple measurements on individual vertsbrae (school fish) Tun 7 (Coast of Virginia)
- ’ . distance from center 2.3 4.5 6.4 8.9 11.0 13.6 16.0
run 7 (Coast of Virginia) of vertebrae (uwm)
distance from center 2.3 4.5 6.4 8.9 11.0 13.6 16.0 counts/nanc—-amp/sec. (NC_l) 1.31 1.27 1.30 .71 .82 47 .73
of vertebrae (mm) ) . .
value of ratio .73 .85 .79 .85 .78 . .88 .78 Tun 8 ' : - (Gulf of Lion)
) distance from center 1.5 3.9 5.0 9.1 10.5
run 8 : - of vertebrae (um)
Gulf of Li -
(Gulf of Liou) counts/nano-amp/sec. (NCTV)  1.39 1.49 1.44 1.54 1.0l
distance from center 1.5 3.9 5.0 9.1 185 12.7 ) :
of vertebrae (mm) ’ [
value of ratio .72 .74 .85 .82 .91 .95 )
-— no data

* analysis aborted —- mo data

* . analysis aborted
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TABLE 10 - Sources of chemical variation in vertebrae that enable separatiom,

Variable chosen in
the discriminant
function analysis

Stepf Factox
Juveniles
1 7*
2 14
3 8
4 13
5 3
6 53
7 2
8 5%
9 9
10 58
11 49
12 37
Adults
1 5%
2 7%
3 g%
4 6

* - Factors chosen that are common to both
juveniles and adults

Inferred source of X-rays
that are important con-
tributors to factor chosen

The Ky XZ-rays of Bromine, Chlorine
Iron , Potassium and Manganese

The Ky X~rays of Potassium
The Kg X-rays of Iron and Manganese
The Kg X-rays of Mangahese

Complex of many channels, background
on lower portion of curve

Does not appear to be any dominant
region of the spectrum

A number of regions load on this
variable and appear to define the
shape of the background curve

The Ky and Kg X-rays of Zinc
The Kq and Kg X-rays of Strontium

Difficult to Interpret does not
appear to be a prominant region
of the spectrum

1] "

see above

"

This is a background variable, includes

peaks and valleys and the major
elements such as Calcium
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20 100° 80* & i

FIGURE 1. General locations whare samples were collected.

] - i Sea
- Adults: A-Mass.(1980), B-~#ass.(1982), I-Ionian s
- T—Tyrrhenian’Sea, G~Gibraltar, M-Gulf of Mexico.

O- Juveniles: V~Virginia, S~Bay of Biscay, F-~Gulf of Lion.
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ZAAMARAN

A. Sections cut using diamond blade saw,

B. Sections mounted on plexiglass holder.

FIGURE 2. HMethod of sectioning (A) and mounting pasterior
side of 35th vertebra. 1) pattern produced by irradiating

juvenile,2) adult, 3) juvenile used in study of temporal
‘variatian.
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FIGURE 3 - Schematic of the PIXE control and
data acquisition system. ~
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The values are

the probability that individual vertebrae belong to the

eastern Atlantic
obtained in secwvi

set of samples (Jackknife method).
vd comparison (see text).

Data
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FREQUENCY

F STATISTIC

A
/I.ST" (p=.05)
2.04 {p=.0N
/2.11‘3 {p=.005}
|
41 B
2r /
]
. c
4-.
0.‘.....nF1.-.“".11H.n . i
0 1 2 3 4 5 6 7T 8 9 101l 2131415 20 24 25

FIGURE12. Monte Carlo evaluation of observed F statistic.
Illustrated are the probabilities of obtaining
observed F values (arrows) by -chance alone., A ~
variables (factor scores) used to derive functions.

B - Using stepwise process.

c

Random variables

adjusted to correspond to observed differences.
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