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PREFACE

Accurate and precise estimates of age and growth rates are essential parameters in under-
standing the population dynamics of fishes. Some of the more sophisticated stock assessment
models, such as virtual population analysis, require age and growth information to partition catch
data by age. Stock assessment efforts by regulatory agencies are usually directed at specific fisher-
ies which are being heavily exploited and are suspected of being overfished. Interest in stock as-
sessment of some of the oceanic pelagic fishes (tunas, billfishes, and sharks) has developed only
over the last decade, during which exploitation has increased steadily in response to increases in
worldwide demand for these resources.

Traditionally, estimating the age of fishes has been done by enumerating growth bands on
skeletal hardparts, through length frequency analysis, tag and recapture studies, and raising fish in
enclosures. However, problems related to determining the age of some of the oceanic pelagic fishes
are unique compared with other species. For example, sampling is difficult for these large, highly
mobile fishes because of their size, extensive distributions throughout the world’s oceans, and for
some, such as the marlins, infrequent catches. In addition, movements of oceanic pelagic fishes
often transect temperate as well as tropical oceans, making interpretation of growth bands on
skeletal hardparts more difficult than with more sedentary temperate species. Many oceanic
pelagics are also long-lived, attaining ages in excess of 30 yr, and more often than not, their life
cycles do not lend themselves easily to artificial propagation and culture. These factors contribute
to the difficulty of determining ages and are generally characteristic of this group—the tunas, bill-
fishes, and sharks. Accordingly, the rapidly growing international concern in managing oceanic
pelagic fishes, as well as unique difficulties in ageing these species, prompted us to hold this
workshop.

Our two major objectives for this workshop are to: 1) Encourage the interchange of ideas on
this subject, and 2) establish the ‘‘state of the art.”” A total of 65 scientists from 10 states in the
continental United States and Hawaii, three provinces in Canada, France, Republic of Senegal,
Spain, Mexico, Ivory Coast, and New South Wales (Australia) attended the workshop held at the
Southeast Fisheries Center, Miami, Fla., 15-18 February 1982.

Our first objective, encouraging the interchange of ideas, is well illustrated in the summaries
of the Round Table Discussions and in the Glossary, which defines terms used in this volume. The
majority of the workshop participants agreed that the lack of validation of age estimates and the
means to accomplish the same are serious problems preventing advancements in assessing the age
and growth of fishes, particularly oceanic pelagics. The alternatives relating to the validation
problem were exhaustively reviewed during the Round Table Discussions and are a major highlight
of this workshop. How well we accomplished our second objective, to establish the ‘‘state of the
art’’ on age determination of oceanic pelagic fishes, will probably best be judged on the basis of
these proceedings and whether future research efforts are directed at the problem areas we have
identified.

In order to produce high-quality papers, workshop participants served as referees for the
manuscripts published in this volume. Several papers given orally at the workshop, and included in
these proceedings, were summarized from full-length manuécripts, which have been submitted to
or published in other scientific outlets—these papers are designated as SUMMARY PAPERS. In
addition, the SUMMARY PAPER designation was also assigned to workshop papers that repre-
sented very preliminary or initial stages of research, cursory progress reports, papers that were
data shy, or provide only brief reviews on general topics. Bilingual abstracts were included for all
papers that required translation.

We gratefully acknowledge the support of everyone involved in this workshop. Funding was

provided by the Southeast Fisheries Center, and Jack C. Javech did the scientific illustrations ap-
pearing on the cover, between major sections, and in the Glossary.

Eric D. Prince, Workshop Covener and Editor
Lynn M. Pulos, Editor
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Age and Growth Assessment of Fish from Their

Calcified Structures—Techniques and Tools'

JOHN M. CASSELMAN?

ABSTRACT

Age and growth assessment of fishes from their calcified structures has been used widely for many years, and
forms the basis of most of our present-day fisheries management decisions. However, the results of these assess-
ments have not been validated adequately, even in the confines of freshwater, let alone in the oceanic pelagic envi-
ronment. Five major categories of endeavor should be pursued to improve and refine this science and its practical

pplication: Interpri validation, collab . Examples of the techniques
and tools associated with these approaches are presented in this overview, usually for freshwater species; however,
they can be, or have been, applied equally well to oceanic pelagic fishes.

Interpretation of age and growth assessment can be refined and improved by using fluorochrome labels, which
provide marks in the calcified structure that permit temporal and spatial orientation. A universally acceptable ter-
minology is needed. Validation of age and growth studies should become routine. Fluorescent markers and tag-
recapture are the most useful; however, comparisons of different calcified structures, and other, more indirect tests
such as fitting growth models (e.g., von Bertalanffy) can be helpful. Collaboration through exchange programs can
produce “reliably” aged reference material now that technology exists to facilitate the transfer of this science. Auto-
mation and mechanization of routine age and growth assessment are required. The physical and chemical properties
of fish calcified tissue, as revealed by electron microprobe X-ray analysis, substantiate that, asin forestry X-ray den-
sitometry, this approach can be used to mechanize and computerize age and growth assessment of fish. Innovation is
necessary to develop new and more powerful techniques that can be used to determine age accurately and precisely.
Otolith microstructure has greatly increased precision, and new biochemical (e.g., aspartic acid racemization
analysis) and radiometric (e.g., analysis of uranium decay series nuclides ***Ra and *'°Pb) techniques have the poten-

ation, and inno

tial to make age determination truly objective.

INTRODUCTION

Age assessment of fish from their calcified structures is a
vital component of most of our present-day fisheries manage-
ment decisions. Even though this knowledge is used widely,
validation of the accuracy of the estimates frequently has been
relegated to low priority and often has not even been at-
tempted. Validation should be an essential and routinely per-
formed part of every study that involves the extraction of data
from the calcified structures of fish. Although this critical pro-
blem is universal (Carlander 1982; Beamish and McFarlane
1983), it has not been adequately addressed even in the confines
of freshwater, let alone in the oceanic environment. Probably
one of the greatest challenges in validation of age and growth
assessment is presented by the large oceanic pelagics such as
tunas, billfishes, and sharks. These species are difficult to sam-
ple, highly mobile, and have extensive geographic ranges, often
encompassing tropical as well as temperate oceans. Neverthe-
less, the basic principles of age and growth assessment of fish
are similar regardless of species and environment, and the prac-
tical problems of assessing age and growth of large oceanic
pelagic fishes are generally similar to those of other species.

Although comprehensive tests of the reliability of interpre-
tations are few, they indicate that the complexity of the prob-
lem has been oversimplified. Some procedures previously con-

'Contribution No. 82-04 of the Ontario Ministry of Natural Resources.
*Ontario Ministry of Natural Resources, Research Station, Fisheries Branch,
Box 50, Maple, Ontario, Canada L0OJ 1 EQ.

sidered to be reliable, especially those involving the scale
method, are now suspect and under certain conditions have led
us to erroneous assumptions. These inconsistencies have af-
fected the confidence that can be placed on this important
component of fisheries science. Increased effort is needed to
refine, improve, and validate all aspects of the science and
technology of age and growth assessment of fish.

if we are to address this problem thoroughly, we must start
by considering some very basic problems. For example, incon-
sistent and ambiguous terminology persists, making communi-
cation and comparison cf results difficult. This has hindered
our ability to transfer science, to better understand the prob-
lems, and to develop universal theories explaining the factors
causing check and zone formation.

The forum provided by international workshops and sym-
posia, such as the cne reported in these proceedings, helps to
focus attention and coordinate efforts to resolve such universal
problems as those associated with terminoiogy and validation
(Brothers 1983). Other international workshops and symposia
neld in recent years to examine the problem of age deter-
mination of Trishes {Zoological Society of Slovakia 1968;
Bagenal 1974; Everson 1980) not only contributed to better
communications and understanding of the problem, but alsc
stimulated additional research. For example, since the Reading
symposium in Engiand (Bagenal 1974), studies of otolith
microstructure have contributed greatly to the precision with
which age can be assessed.

The techniques and tools available to tackle this very funda-
mental fisheries problem are becoming 'more numerous,
powerful, and sophisticated. Age and growth assessment is un-
dergoing a technological revolution, as are many other fields



of scientific endeavor. Fisheries workers must be innovative
and apply these modern techniques and tools more widely.

To improve and refine this science and its practical applica-
tion, five major categories of endeavor should be considered:
Interpretation, validation, collaboration, automation, and in-
novation. Each of these categories will be reviewed with ex-
amples of the available techniques and tools. Although many
of the examples provided are for freshwater species, they apply
equally well to oceanic species, especially the large pelagics, as
indicated by examples from this workshop.

INTERPRETATION

Ambiguous terminology has created confusion for those in-
terpreting age and growth of fish. Sometimes results have ap-
peared to be paradoxical when compared with those from
other studies and structures. Inadequately defined, ambiguous
terminology hinders our ability to transfer information and to
develop universally applicable hypotheses. Where possible, we
should communicate through a standard terminology (some
standardization has been achieved in these proceedings—see
Glossary), and if this is not available, then each term should be
thoroughly defined.

Terms should describe conditions directly, not circumstan-
tially. For example, optically different zones in fish calcified
tissue other than scales should be described according to their
structural appearance or light properties, e.g., translucent or
opaque, not as ‘‘slow-growth-zones’’ and ‘‘fast-growth-
zones’’ or ‘‘winter zones’’ and ‘‘summer zones,”’ terms that
assume that tissue with a certain optical appearance is deposited
in association with slow or rapid growth or particular seasons.
The interpretation of results has also been complicated by such
ambiguous terms as ‘‘light and dark’ or ‘‘black and white”’
when the method of illumination is not specified. The terms
translucent and opaque should be used, because in the defini-
tions of these terms the type of illumination is implicit—it is
transmitted. Translucent means the tissue allows the transmis-
sion or passage of light, whereas opaque means that it does not
allow the transmission of light, or is impervious to light rays.
These terms are preferred and can be used regardless of the
method of illumination, because even in reflected light the
transmission and absorption of light energy are important.

If it is necessary to describe zonation in reflected light, then
the opaque zone does not transmit light energy but reflects it,
so the zone appears white or the color of the illuminating light.
In reflected light, this zone would be referred to as a reflective
zone. In reflected light, the translucent zone allows light to
penetrate and be absorbed by the tissue or to pass through the
tissue and be absorbed into the background, hence this zone
appears darker. This zone would be referred to as an absorp-
tive zone (Casselman 1974).

The term hyaline is acceptable, but has several disadvantages.
Although it indicates that the type of tissue is glasslike, vitre-
ous, or free of inclusions, it also means clear or transparent.
Calcified tissue is not transparent, but is translucent. Also, the
term hyaline has no direct opposite that can be used to describe
the ““opaque’’ condition, a term frequently used in juxtaposi-
tion. Hyaline explains the nature of the material, whereas
opaque explains its light properties.

Terms such as ring, band, mark, and circuli (when not refer-
ring to scales) should not be used unless they are adequately

described. For example, when talking about ring formation, it is
impossible to know the properties (light, structural, or other-
wise) of the zone being described. When referring to fish scales,
I prefer the term check, which means a break or change in the
uniform configurations of the circuli.

Not only is some of the terminology in use ambiguous, but
in some cases it is also, by definition, incorrect. For example,
the term annulus simply means concentric ring. There is no
connotation of yearly in the Latin definition of annulus and it
should therefore not be confused with the term ‘‘annular.”
However, the term annulus has become a common and ac-
cepted term in age assessment. For purposes of age assess-
ment, the annulus (annual mark, year mark) can be defined as
a mark that is subjectively located, sometimes very precisely
for ‘‘back calculation,’’ on or in a calcified structure; is associ-
ated with the distal edge of a concentric ring in the form of a
check on the scale or a translucent zone in other calcified struc-
tures; is found along the entire structure; and is considered to
separate the check or zone associated with the principal annual
cessation or reduction in growth from the tissue deposited when
growth resumes or increases. Two successive annuli are usually
considered to demarcate one calendar year of calcified tissue
growth.

Age assessment of fish from their calcified tissue is con-
ducted by systematically interpreting (usually the optical ap-
pearance) either a whole or sectioned structure, starting at the
focus or origin and examining all regions outwards to the edge.
The structure may be treated and examined by different tech-
niques. Nevertheless, the interpretation involves an examina-
tion of various checks and translucent zones in terms of their
continuity or extent, location, and the quality of the tissue in
and about them. The significance of these checks and zones is
then judged according to criteria that are based on the defini-
tion of the annulus. The checks and zones associated with an-
nuli are differentiated from those considered to be formed at
other times and influenced by other factors. Generally, the
checks and zones associated with annuli are those that are
found throughout the structure and are separated by zones
(usually more opaque) associated with growth. The growth
zones between annuli usually have characteristics that indicate
rapid growth followed by decreasing growth. When specific
types of checks and zones are known to be associated with an-
nuli, then the assessment is more objective.

Pseudoannuli, or false annuli, are similar to annuli, but are
associated with checks and zones that are somewhat incom-
plete and irregular, are found in only one part of the structure,
and often not in all structures. Although they are sometimes
prominent, they are not associated with the check or zone that
forms during the ‘‘principal annual cessation or reduction’’ in
growth that produces the annulus.

Applying these interpretations results in an age that should
be considered to be estimated, assumed, assigned, or assessed.
Rarely are the criteria for distinguishing the various types of
checks and zones sufficiently precise, or are the techniques
adequately validated or even verified so that it can be said be-
yond reasonable doubt that we have ‘“‘determined’’ age. Deter-
mination of ‘‘true’’ (correct) age without errors by these tech-
niques from the calcified structures of all fish will probably
always elude us. We must recognize and accept the limitations
of the method. Age assessment as currently practiced is strongly



subjective. Interpretation can, however, be greatly improved
and refined.

When interpreting calcified tissue, it is essential that the ex-
amination and description of checks and zones be thorough,
and that this information be recorded so it can be evaluated ac-
cording to objective criteria to obtain age. All too often, age
assessment is just a simple enumeration. Regardless of how
regular and distinct the checks and zones appear, they should
be interpreted in terms of well-defined criteria. Unfortunately,
these criteria have nct been adequately developed for most
structures and species.

If the checks and zones associated with annuli are indistinct,
variable in appearance, or coalesce (most frequently at the
edge) as a result of decreased growth rate with increased age,
then the assessment will be difficult, repeatability will be poor,
and results will be inconsistent. Under these conditions the
problem should be acknowledged, and the interpretation
should be qualified by ranking the degree of confidence. For
example, one system prevides the number of annuli, a coded
description of the edge of ihe structure (from Casselman 1978,
Appendix J), and a numerical ranking (from 1 to 10) of the de-
gree of confidence that can be placed in the assessment. All too
often in the past, interpreters accepted the responsibility of
providing an age estimate regardless of the difficulty and with-
out indicating any measure of the degree of confidence they
placed in the assessment. Unfortunately, even though interpre-
ters examined structures and their images in considerable
detail, often nothing more than an estimate of age was pro-
vided for further analysis.

An interpretation of a structure provides an estimated or
assessed osseological age; however, this may not be the chron-
ological or calendar age of the fish. Since calendar age is re-
quired for most fisheries work, it is essential that the relation-
ship between the osseological age and the calendar age be
known. If they are the same, the interpretation is valid; if not,
the osseological age must be qualified, corrected, or rejected.

In order for an interpretation to be objective and unbiased,
no information should be used when the initial interpretation
is conducted. It should be made independent of time of cap-
ture, length of the fish, and even size of the structure, if possi-
ble. The first annulus should not be located by size or, for
scales, by number of circuli. This procedure forces all the
results to conform to some preconceived interpretation that
may not apply to the sample being examined.

Errors in age interpretation undoubtedly occur and, within
iimits, are acceptable; however, random error is not as impor-
tant as systematic error (Powers 1983). Serious systematic er-
rors can develop when scales or other structures of fish that are
very slow growing, or do not grow, no longer continue to grow
and to record age according to normally recognized criteria.
Under these conditions, the method results in fish being under-
aged. This problem is more common than has generally been
thought. Indeed, some species may be much older than has
heretofore been considered (Beamish 1979). Similarly, certain
parts of a structure may continue to grow and indicate age,
whereas in other parts, grcwth may be reduced to a level at
which checks and zones are not delineated annually, hence do
not represent the actual caiendar age.

Specific methods of intervreting age from the various calci-
fied structures have been reported in detail in the literature.
However, this overview will refer to only those works selected

to describe the various methods or considered important to age
determination of oceanic pelagics.

The scale method has been used widely in fisheries, and in-
volves a systematic interpretation of the checks (breaks or
changes) in the configurations of the circuli located on the
outer surface of the scale (Regier 1962; Carlander 1974; Cassel-
man 1978). The scales are easily removed and magnified either
as whole scales or, if thick, as their cellulose acetate impres-
sions. Interpretations have appeared to be straightforward and
in some cases even simple; however, when replication is at-
tempted, results are often inconsistent, and verification studies
indicate that in older and slow-growing fish, scales underesti-
mate the true age and may be unreliable (Beamish and Harvey
1969; Erickson 1979; Mills and Beamish 1980). A thorough
test of the validity of the scale method will demonstrate that in
some cases the bias can be great and the method misleading.
The scale method has been used frequently for the tunas (Ya-
buta et al. 1960; Bell 1962a, b; Yukinawa and Yabuta 1963,
1967; Yang et al. 1969; Yukinawa 1970) and Fourier series
analysis has been used to determine the time of annulus forma-
tion (Nose et ai. 1955). The scales of tuna appear to nresent
many of the same preblems in age assessment as do those of
other fishes (Yabuta and Yukinawa 1963) and are not suitable
for ageing billfishes or sharks. Regardless of species, the scale
method should be treated with caution and should be avoided
if the fish are suspected to be very slow growing or old,
because the method will not provide comparable age assess-
ments across a broad range of ages.

The otolith (sagittal) method, which can involve interpréta-
tion of either macrc- or microzonation, has been used exten-
sively in marine fisheries because workers have recognized that
the fish were old and age could be assessed more easily by this
method. It is now being applied more widely in freshwater
fisheries.- The otolith method (macrozonation) involves the
recognition and interpretation of transiucent zones, which are
associated with annuli (although some prefer to enumerate
opaque zones). Sagittae can be examined whole or can be frac-
tured, ground and polished, sectioned, stained, charred, acid
etched, or otherwise prepared for examination (Blacker 1974).
Their removal, preparation, and examination are more com-
plicated and sometimes more difficult than for other methods
and also necessitate killing the fish. Nevertheless, the results
for many species are more reliable because the interpretations
more closely approximate ‘‘true’’ age than those obtained by
other methods, especially for old fish (Beamish 1979; Erick-
son®). Results from the otolith method are generally more con-
sistent because zonation is usually more distinct and more eas-
ily recognized, even in older fish, than with some other
methods. However, this may not be the case for the giant (old)
Atlantic bluefin tuna, Thunnus thynnus, because estimated
vertebral age appears more accurate than does estimated otc-
lith age (Lee et al. 1983).

Detailed microstructure (microzonation) exists in the oto-
liths of many species, making them especially powerful tools
that can reveal even the daily age of the fish (Pannella 1974,
1980; Brothers et al. 1976). The otolith method has been ap-
plied to age assessment of tunas (Uchiyama and Struhsaker

*Erickson, C. M. 1982. Age determination of Manitoba walleyes using otoliths,
dorsal spines, and scales. Manuscr. submitted to North Am. J. Fish. Manage.
Department of Natural Resources, Fisheries Branch, Biological Services Section,
Winnipeg, Manitoba, Canada R3H 0W9.



1981) and has been examined by using mark-recapture tech-
niques and tetracycline labels to place a temporal and spatial
orientation mark on the otolith (Wild and Foreman 1980). The
otoliths of the sailfish, Istiophorus platypterus, as well as of
other istiophorids, contain not only internal zonation, but also
external ridges that appear to correspond to age, at least in
young fish (Radtke and Dean 1981; Radtke 1983). The otolith
method has been applied extensively to the large oceanic pelagic
fishes in the present proceedings (Brothers et al. 1983; Hurley
and Iles 1983; Lee et al. 1983; Radtke 1983; Wilson and Dean
1983). If fish are suspected to be old, this method appears
more useful (see exception, Lee et al. 1983) and zonation
should be interpreted along the region of maximum growth, or
longest radius.

The fin ray (soft ray) or spine (spiny ray) methods are simi-
lar, and offer several advantages over otoliths and other bony
structures. These structures can be removed easily, and it is not
always necessary to kill the fish or significantly mutilate the
carcass (Beamish 1981). The method is especially useful be-
cause, like scales, fins can be removed from the fish at time of
tagging and compared with the corresponding structure re-
moved at time of recapture. The rays are usually thin-sectioned
near the base (Batts 1972; Jolley 1974; Beamish 1981) or the
cut surface can be smoothed and illuminated indirectly to ex-
pose internal zonation (Deelder and Willemse 1973). Surface
examination of whole spines has been used successfully to
assess age of spiny dogfish, Squalus acanthias (Ketchen 1975).
Although rays are useful, there are disadvantages. In older fish
the core can undergo resorption and become vascularized, ob-
scuring and even eliminating the first few zones. This would
result in an underestimation of age. In old fish, fin rays in
some ways are similar to scales because, like checks on the
edge of scales, the distal translucent zones may be so close to-
gether that they appear to coalesce, making optical resolution
and correct age assessment difficult or even impossible. This
method is now being used more widely on many species, in-
cluding oceanic pelagics, as illustrated by its wide application
in the present workshop (Antoine et al. 1983; Berkeley and
Houde 1983; Cayré and Diouf 1983; Compedn-Jimenez and
Bard 1983; Gonzales-Garcés and Farifia-Perez 1983; Johnson
1983).

The centrum (vertebral) method has not been used widely,
although it is an important technique for age assessment of car-
tilaginous fishes such as rays and sharks (Stevens 1975; Thorson
and Lacy 1982) and has been used for several species of tunas.
The removal and preparation of vertebrae are more difficult and
time-consuming than some of the other methods reported here,
and necessitate killing and mutilating the fish. The method in-
volves the surface examination of whole or sectioned centra.
The centrum may be viewed in white light, cleared (e.g., cedar-
wood oil), stained (e.g., alizarine, silver nitrate, or treated in
numerous other ways to enhance zonation and facilitate its in-
terpretation (Galtsoff 1952; Cailliet, Martin, Kusher, Wolf, and
Welden 1983). This method is examined in detail in this
workshop (Cailliet, Martin, Kusher, Wolf, and Welden 1983;
Cailliet, Martin, Harvey, Kusher, and Welden 1983; Johnson
1983; Lee et al. 1983; Schwartz 1983) and has been validated
with known age (Lee et al. 1983) and partly known age material
by using the location of “tagging marks” (Casey et al. 1983) and
tetracycline labels (Holden and Vince 1973; Gruber and Stout
1983).

The flat bone method involves either a microscopic, or most
frequently a macroscopic, examination of the optical zonation
in large, relatively flat bones. This method does not usually in-
volve sectioning or grinding, although the latter may be used
to increase light transmission. Fluorescent light enhances opti-
cal zonation better than does incandescent light. Incident light
with the bone viewed against a dark background appears to be
better than transmitted light. The method has been relatively
widely used in freshwater fisheries, and has many of the ad-
vantages of the other methods (Casselman 1979), although it
necessitates killing the fish. The method is especially useful for
growth estimation (Casselman 1978). Many types of bones
have been used in this method, although opercula (Le Cren
1947; Frost and Kipling 1959), cleithra (Casselman 1974,
1978), and branchiostegals (Bulkley 1960) are probably the
most useful. The use of these structures in age assessment of
oceanic pelagics has not been adequately documented, although
Prince® reported that the opercula of the marlins show no con-
spicuous optical zonation.

Regardless of the method used, age and growth assessment
of fish from calcified structures involves an interpretation of
growth recorded in the tissue. It is necessary to recognize
growth reductions and cessations associated with annual
major stoppages that occur at the same time each year, and to
distinguish them from those that occur at other times and for
other reasons.

Detailed studies that attempt to decode the complete chemi-
cal, physical, and physiological record of growth and environ-
mental change in skeletal material of aquatic organisms, as
described in Rhoads and Lutz (1980), are rare but have been
attempted on some fish, e.g., northern pike, Esox lucius (Cas-
selman 1978), and are proposed for others, e.g., lemon shark,
Negaprion brevirostris (Gruber and Stout 1983). Correct inter-
pretation of this osseological record depends upon a thorough
understanding of the factors and physiological processes that
influence its growth and check and zone formation. When ini-
tially building expertise and acquiring reference information
for the accurate interpretation of calcified tissue, it is necessary
to understand the environmental requirements of the species.

Temperature is one of the most important factors influencing
growth, and the optimum temperature for maximum somatic
growth is probably the most useful single value. Although this
value varies with species, it can be estimated easily if the final -
preferendum is determined (McCauley and Casselman 1981).
Other major factors affecting growth, such as feeding rate and
reproductive cycle, are more difficult to measure, and can be
elucidated only by detailed studies in the laboratory and natural
environment.

When studying growth in relation to check and zone forma-
tion, it is necessary to study the seasonal growth cycle. This is
best done in the natural environment and on indigenous fish for
which growth history is known. Hence, it is necessary to use
mark-recapture techniques and to place temporal and spatial
orientation marks (labels) in the calcified structures. Such
studies not only provide the scientific basis for age and growth
assessment, but also provide reference material that can be
used to improve subsequent interpretations.

“Prince, E. D., Fishery Research Biologist, Southeast Fisheries Center Miami
Laboratory, National Marine Fisheries Service, NOAA, 75 Virginia Beach Drive,
Miami, FL 33149, pers. commun. 1982.



Although many types of chemicals have been used to label
calcified tissue, fluorochrome labels using an antibiotic such as
tetracycline appear to be the best, and have the added advantage
of being therapeutic and prophylactic. These fluorochromes
are deposited at all sites of calcification, and are visible as a
fluorescent band when exposed to ultraviolet light. In studies
on northern pike in the natural environment, Casselman
(1978) tested intraperitoneal, subcutaneous, and intermuscular
injections. An injectable sclution of oxytetracycline hydro-
chloride, which contained 100 mg/ml Liquamycin,® marked
scales and bones best when the fish were injected intraperi-
toneally with dosage rates of 25 to 50 mg/kg body weight.
However, the type of injection and dosage rate depend upon
many factors, including growth rate, type of tissue being
marked, type of mark desired, and required longevity.

Tetracycline has been used to elucidate the seasonal growth
cycle of the calcified tissue and body of northern pike (Cassel-
man 1978). Shown in Figure 1 are the seasonal dynamics of the
qualitative growth of cleithra and scales, and the quantitative
linear growth of the body, cleithra, and scales of northern pike
tagged and recaptured throughout the year in a small, shallow
lake. Checks and translucent zones associated with annuli (tis-
sue type 1) were deposited during late winter and early spring
(Fig. 1B). Widely spaced circuli and opaque cleithral tissue
(tissue type 4) were deposited during early and midsummer.
Most rapid cleithral and scale growth occurred during early
summer (Fig. 1D), coinciding with the optimum temperature
for growth (Casselman 1978). These data substantiate that the
annulus formed on the scales and in the cleithra at approxi-
mately the same time, when growth was slowest, and only once
each year. Maximum and minimum growth rates of both struc-
tures and the body coincided seasonally. During rapid growth,
the scales grew linearly at a faster rate than did the bones, and
both grew at a faster linear rate than did the body. The oppo-
site appeared to be true during slow growth.

For purposes of estimating body growth from calcified struc-
tures (‘‘back calculation’’—see Smith 1983), it has frequently
been assumed that growth of the structure is isometric or can
be mathematically transformed so that it appears to be. How-
ever, considering the seasonal cycle of northern pike (Fig. 1C),
isometric growth was only a transitionai stage that rarely, and
possibly never, occurs. During rapid growth, growth of both
structures was positively allometric; during slow growth it was
negatively allometric. This relationship was always more ex-
treme in scales than in cleithra. These allometric growth differ-
2nces substantiate that when interpreting growth from a struc-
ture, we are describing only the growth of that body part and
not necessarily the growth of any other part or the fish as a
whole. Growth shouid be compared on a relative, not an abso-
lute, basis. Back calculation of body size at age, which has
been conducted wideiy and not tested adequately, shouid be
carefully reexamined and attempted only with valid ages.

VALIDATION

Numerous methods have been used in an attempt to validate
age assessment of fish (Brothers 1979, 1983). However, most
of these methods are indirect. The most powerful direct evi-

*Reference to trade names does not imply endorsement by the National Marine
Fisheries Service, NOAA.
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Figure 1.—Seasonal dynamics of qualitative growth of cleithral bones and scales,
and quantitative linear growth of body, cleithra, and scales of 38 northern pike,
Esox lucius,in calendar year 3 from Smoky Hollow Lake, Ontario. Sexes are com-
bined: 26 males and 12 females. Results are averaged by month of micpoint of the
mark-recapture period and plotted on the mean day, except the samples for May
which are separated by growth rate (fast or slow). Dark triangles on the X axes indi-
cate the spawning period. A) Mean fork length of pike for the mark-recapture
period. B) General classification of the type of calcified tissue deposited during the
mark-recapture period. As the ranking of the tissue type increases, the associated
circuli on the scales appear more uniform and widely spaced, and bony tissue in the
cleithr: appears more opaque (Casselman 1978). A check or translucent zone of
type 1is usually associated with annuli, and type 2 with pseudoannuli. C) Relative
growth of calcified tissue and body. A ratio of 1.00 indicates isometric growth (dot-
ted line). Shading indicates the deviation from isometric growth (dark—cleithrum;
light—scale). D) Specific or instantaneous linear growth rates of body, cleithra,
and scales during the mark-recapture period. Number of individuals is indicated
below the data set. The number of days in the mark-recapture period is indicated
on the X axis.

dence for testing validity is obtained by examining structures
from known age fish, e.g., stocked fish (Cable 1956), or partly
known age fish that have lived in the natural environment or
have been reared in captivity under natural or seminatural con-
ditions. Partly known age fish are those that have been cap-
tured, marked (e.g., tag and fluorochrome label), and released,
then subsequently recaptured so that the duration of the mark-
recapture period is known. Although fluorochrome labeling is
one of the most precise ways to perform this test (Casselman
1978), it is possible to remove some structures, e.g., scales and
fins, at time of tagging and compare them with those obtained
at time of recapture. It is also sometimes possible to see ‘‘han-
dling marks’’ on structures when fish are recaptured. Although
these artificial labeling techniques have been known for many



years, they are only now becoming more widely used in fisher-
ies. For fish from the oceanic environment, the tetracycline
method of validation has been used for centra (Holden and
Vince 1973; Gruber and Stout 1983) and otoliths (Beamish and
Chilton 1982). Wild and Foreman (1980) also used tetracycline
to validate the occurrence of daily microstructure in otoliths of
tunas.

Validation of age assessment should be a routine part of
every study. Because a method has been shown to be valid
under certain circumstances and for certain species, it does not
necessarily mean that it can be assumed to be valid under all
conditions. A different set of circumstances, such as change in
growth rate, would necessitate a reevaluation of the method.

Many of the methods used in validation are often used inde-
pendently to assess age. Some are strongly circumstantial but
still provide good corroboratory evidence. Some of these, such
as length-frequency and modal progression analysis, have been
used to examine the validity of assessments made on oceanic
pelagics (Yabuta and Yukinawa 1957; Le Guen and Sakawaga
1973).

One procedure frequently used to check assessed age is to
compare ages assessed independently from different calcified
structures from the same fish. The structures most often used
in age and growth studies of the large oceanic pelagics are illus-
trated in Figure 2, and a thorough description of these, along
with collection procedures, is provided by Prince and Lee
(1980).

Comparisons of these types do not validate age assessment;
they simply provide a measure of agreement and give some in-
dication of the degree of confidence that can be placed in the
interpretations. This comparative procedure would be better
termed verification.

Numerous studies have shown that when ages of different
structures are compared, perfect agreement over a broad range
of ages is unlikely. This is especially true for muskellunge,
Esox masquinongy, when scales are involved (Fig. 3). Cleithral

DORSAL
SPINES

SECOND
DORSAL FIN
RAYS

SCALES

" CAUDAL
z VERTEBRAL
OPERCULA CENTRA
ANAL FIN
RAYS
DORSAL.
SPINES

SAGITTAE

ANTERIOR
VERTEBRAL s:.::‘AELS
CENTRA

DORSAL
SPINES

Figure 2.—Calcified structures commonly used in age estimation and verification
and growth assessment of the large oceanic pelagic fishes—tunas, billfishes, and
sharks. The approximate location of the sagitta in the cranium is illustrated. In ad-
dition to these hardparts, the crystalline lens of the eye, teeth, scutes, maxillaries,
pterygiophores, cleithra, and various other flat bones, especially those of the oper-
cular series, are used in some freshwater species.

age assessment of muskellunge from the St. Lawrence River
has been validated over the entire age range of the species
(Casselman®). Ages attained from scale interpretations agree
well with cleithral interpretations up to approximately age 10.
However, in older fish, scales contain fewer recognizable an-
nuli than do cleithra. The edges of these scales appear eroded
and have characteristics indicating resorption (Casselman
1979).

Much of the evidence used to evaluate the reliability of vari-
ous methods and structures has come from verification studies
rather than from direct validation (Beamish and McFarlane
1983). From these verification studies, it appears that sections
made from otoliths (along the line of maximum growth) are
most reliable, whereas scales, especially those from older fish,
are least reliable. Other structures and methods of interpreta-
tion appear to fall intermediate in these comparisons. Johnson
(1983) found sections of centra and first dorsal spines of little
tunny, Euthynnus alletteratus, to give good agreement (96%).
Lee et al. (1983) indicated that vertebrae tend to underestimate
age, and enumeration of all zones in otolith sections seemed to
overestimate the age of Atlantic bluefin tuna. However, the in-
terpretations of vertebrae more closely approximated the part-
ly known age of one very old giant bluefin tuna.

Although the tendency in verification studies has been to
assume that the structure that provided the oldest assessment
was the most reliable, this may not always be the case. Lee et
al. (1983) were unable to reject the hypothesis that two trans-
lucent zones were deposited in the otolith of Atlantic bluefin
tuna each year after first maturity. Otoliths of other species
have also been shown to contain multiple zonation, e.g., lake

°Casselman, J. M., Research Scientist, Ontario Ministry of Natural Resources,

Fisheries Branch, Research Section, Box 50, Maple, Ontario, Canada LOJ 1EO.
Unpubl. data, 1976.
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herring, Coregonus artedii (MacCallum’), and European eels,
Anguilla anguilla (Deelder 1981), which if interpreted literally,
overestimated the “‘true’’ age of the fish. In verification stud-
ies, the simple recognition of more checks or zones associated
with ‘‘annuli,”” hence older age, may not necessarily make the
method or structure better.

One of the major problems with verification studies, as cur-
rently practiced, is that the results of comparison depend
entirely upon the methods used for interpreting age. Specific
criteria for recognizing annuli should be provided so that bias
associated with interpretation can be evaluated.

Growth data obtained from age assessments should be credi-
ble. Compilation of data sets of size at scale age published for
four species of fish from the province of Ontario provided evi-
dence suggesting that older lake trout, Salvelinus namaycush,
had been underaged by the scale method (Casselman®). When
these growth data were applied to the von Bertalanffy growth
model, the resulting parameters for mean asymptotic fork
length for northern pike (98.3 cm); walleye, Stizostedion vit-
reum, (62.2 cm); and lake whitefish, Coregonus clupeaformis,
(56.8 cm) were realistic (Fig 4). However, the mean asymptotic
fork length of 145.3 cm for lake trout was unrealistic and over-
estimated the maximum observed length (Martin and Olver
1980) by approximately 26%. Considering the age range of
these lake trout data and the ecology of the species, the von
Bertalanffy growth model should apply. This model will not

’MacCallum, W., Assessment Unit Leader, Lake Superior Fisheries Assessment
Unit, Ontario Ministry of Natural Resources, 435 James Street, Box 5000, Thunder
Bay, Ontario, Canada P7C 5G8, pers. commun. 1982.

*Casselman, J. M. 1982. Growth response to over-exploitation. Unpubl. manu-
scr., prepared for Report of Strategic Plan for Ontario Fisheries, Working Group
No. 15. Ontario Ministry of Natural Resources, Fisheries Branch, Research Sec-
tion, Box 50, Maple, Ontario, Canada L0OJ 1EO.
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Figure 4.—Mean fork length at assessed age estimated by the scale method for four
species of freshwater fish. The von Bertalanffy growth parameters are provided (k
= growth coefficient, L o, = asymptotic length). w = kL », (Gallucci and Quinn
1979). Size-at-age data are the means of published data from numerous Ontario
populations: Northern pike, Esox lucius, N = 18; lake trout, Salvelinus namaycush,
N = 42; walleye, Stizostedion vitreum, N = 38; and lake whitefish, Coregonus
clupeaformis, N = 15.

apply if fish grow through several growth stanzas later in life
because of a change in diet or environment, e.g., eels, Anguilla
sp. (Sparre 1979), or if the older individuals undergo a major
increase in growth rate because of increased exploitation of the
population. It is possible that some of these conditions might
have affected these fallacious results for lake trout. However,
the principal reason is that the scale method underestimates
the age of old lake trout (Casselman unpubl. data 1982). After
approximately age 6, the scale method applied to lake trout
fails and with increasing age, this species is increasingly under-
aged by this method. This alone could explain the undiminished
growth of older lake trout and the resulting unrealistically high
asymptotic length.

If the assessed scale ages of lake trout are corrected by verifi-
cation using other calcified structures, then asymptotic length
can be reduced by 25% (Casselman unpubl. data 1982). This is
almost exactly the same amount by which the mean ultimate
length of lake trout exceeded the observed values.

Unless it has been validated, the scale method should not be
used for precise analyses of year-class strength and mortality
rates of older individuals. In general, but depending upon
growth rate, the scale method in freshwater fish is increasingly
inconsistent from assessed ages 6 to 10. Beyond these ages,
results are increasingly biased, tending towards an underesti-
mation of “‘true’’ or calendar age. The scale method, however,
is adequate for heavily exploited populations because these
usually contain young, fast-growing individuals.

COLLABORATION

Often, it is not possible to validate or even use different
structures to verify age assessments. In such cases, several in-
terpretations should be made to increase the precision of the
estimate. Ideally, this replication should be done by several
different interpreters. Repeatability provides a measure of the
degree of confidence or reliability that can be placed in the as-
sessments; this can be expressed as the ‘‘index of concurrence’’
—frequency of occurrence of the modal age (Casselman et
al.?). If examinations are conducted by several interpreters
who routinely assess age of the species by similar methods,
then such collaboration can provide material that is “‘reliably’’
aged. Such exchange programs have been reported for otoliths
(Blacker 1974) and sections of dorsal fin spines (Antoine et al.
1983).

In the past, it was difficult to transfer the information asso-
ciated with each interpretation, hence the results were usually
analyzed and summarized only in terms of age. If the exchanges
depend upon an examination made directly from specimens,
then the program is time-consuming, and if samples such as
scales are supplied, different interpreters may use different
specimens. Blacker (1974) and Antoine et al. (1983) eliminated
these problems by circulating photographs that could be ex-
amined and annotated so that the interpretations could be
related directly to the images used.

Microfiche reader-printers, which produce photographic
prints directly from structures or their thin sections, have facili-

°Casselman, J. M. etal. (+ 13 participants). 1980. An exchange program used to
examine the scale method of ageing yellow perch (Perca flavescens) from Lake
Erie. Unpubl. manuscr. of an International Exchange Program, 136 p. Ontario
Ministry of Natural Resources, Fisheries Branch, Research Section, Box 50,
Maple, Ontario, Canada L0J 1EOQ.



tated such exchange programs. Prints from these machines can
be made quickly and easily, and are relatively inexpensive. The
Recordak Magnaprint Reader (Model PE-1A by Eastman
Kodak, Rochester, N.Y.) uses the wet silver method to pro-
duce a negative image (Fig. 5) that is as good as those obtained
by normal photographic procedures. These prints are of high
resolution; even photocopies of the images are clear and have
good contrast, and can also be interpreted easily. This hard
copying technique can be used to obtain a permanent record of
the interpretation to test consistency within and between inter-
preters and within and between samples and studies. Anno-
tated hard copies, which document the interpretation and
assessment, should be prepared routinely. These permanent
records would make it possible to make corrections without re-
interpreting the samples, if subsequent validation or verifica-
tion proved the interpretations were incorrect or biased. These
prints can also be used as training aids.

This hard copying procedure makes collaboration easier and
more convenient. By circulating photocopies, collaborators
can independently interpret, mark, and annotate the images.
People seem more willing to participate in exchange programs
and respond quickly when hard copies are used. Results can be
more easily summarized and circulated, so that inconsistencias
can be detected quickly.

Illustrated in Figure 6 are the summaries of the interpreta-
tions obtained in an international exchange program for a
scale from a yellow perch, Perca flavescens, from Lake Erie
(Casselman et al. footnote 9). In this particular exchange pro-
gram, opercula and otoliths were used to verify the assessed
scale age after the interpretations had been completed (Fig. 7).
Although there was good agreement in the assessed age among
the interpreters in this exchange program, there was some dis-
agreement on the precise location of the annuli (e.g., Fig. 6. in-

Figure 5.—Photographic print of the scale impression of a lake whitefish from
Lake Mindemoya, Ontario. Fish was 361 mm total length, 320 mm fork length, and
460 g total weight. Estimated age 6 + . Print is a negative image (10X) made directly
from the scale used as a negative.

terpreter M, second annulus). Hence, different growth patterns
were assigned to the same fish. Such exchanges demonstrate
the types of problems that occur in routine age assessment. For
example, in this study there was also considerable disagree-
ment over the interpretation of the edge of the scale, a com-
mon problem when interpreting age from calcified structures.

Workers routinely conducting age assessment on the same
species should participate in cooperative exchanges to stan-
dardize and test procedures. Now that quick and easy hard
copying methods are available, the details of specific interpre-
tations can be transferred easily and precisely.

AUTOMATION

Age and growth determination of fish will not become a
truly objective science until the interpretation is quantified (see
section on Interpretation) and the process can be mechanized
and automated. Systems have already been developed to mech-
anize enumeration of circuli on scales (Mason 1974) and to
automatically recognize checks and zones in scales and other
structures by image analysis (Fawell 1974). Mechanization and
automation of the scale method will not be accomplished eas-
ily because scales contain many types of checks that have been
associated with annuli, and these vary in appearance through-
out the different regions of the scale. However, other calcified
structures, which contain fewer types of translucent zones
associated with annuli, lend themselves more easily to auto-
mated procedures.

Although the most logical approach would be to use optical
density in an automated system, a thorough understanding of
the physical and chemical differences among checks on scales
and among optically different zones in other structures could
provide insight into differences that might be applied to detect
seasonal growth patterns and perform automated analyses.
The electron microprobe X-ray analyzer has substantiated that
the translucent zone in fish calcified tissue is more heavily
mineralized than adjacent opaque zones (Casselman 1974,
1978), and that calcium content is directly related to translu-
cency (Fig. 8). Hence, in addition to optical zonation, fish cal-
cified tissue contains corresponding chemical zonation. Even
when calcified tissue appears to be optically uniform, elemen-
tal zonation corresponding to age can be shown to exist (Fig.
9). Microprobe analysis has also been used in analyzing centra
of the spiny dogfish, revealing that calcium zonation occurs
even in the relatively cartilaginous skeletons of sharks (Jones
and Geen 1977). Although this method suggests possibilities
for automation, line scan analysis with the electron micro-
probe is time-consuming and expensive.

Since fish calcified tissue shows mineral zonation and den-
sity that are directly related to translucency, X-radiography
could be applied. Centra of elasmobranchs show differential
zonation when X-radiographs are prepared by soft X-ray tech-
niques (Cailliet, Martin, Kusher, Wolf, and Welden 1983).

Figure 6. — A summary of the interpretations of the scale of a yellow perch, Perca
flavescens, resulting from an international exchange program (Casselman et al.
text footnote 9) used to evaluate scale age assessment of perch from Lake Erie. As-
sessments were originally made on negative images printed at 38X magnification.
Results for interpreters B to H on top scale image and I to N on bottom scale image.
The positions of all annuli (A) and checks (C) marked by each interpreter are in-
dicated. Specific data on the fish and the program are superimposed on the prints
(24X).
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Figure 7.—Other calcified structures used to corroborate age assessment of the scales used in the exchange program for Lake Erie yellow perch. A) Opercular bone (3X); B)
Whole otolith (11X). Both structures are from the same fish for which scales are illustrated in Figure 6. Reflected light.

Figure 8.—Electron microprobe X-ray analysis for calcium across the optically dif-
ferent zones of a calcified structure. Calcium concentration (percent dry weight)
determined by line scan analysis across the sixth translucent zone, seventh opaque
zone, and seventh translucent zone (on the edge) of a thin transectional slice (thick-
ness 158 um) of the tip of a cleithrum of a northern pike. Actual distance of scan
line is 900 ym. Transmitted light.
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X-ray densimetric techniques have been used in dendro-
chranology, and systems have been developed that have totally
automated and computerized tree-ring analysis and the age
assessment of trees (Parker et al. 1973). Densimetric scanning
techniques are directly applicable to age and growth assess-
ment of fish because the optically different zones in fish oto-
liths and bony structures are also X-ray densitometrically dif-
ferent, and are remarkably similar to early and late wood in
tree-ring formation (Fig. 10). This highly developed technology
has been applied successfully to osseochronology of fish (Cas-
selman et al.'®). A typical example of an X-ray density scan of
a radiograph made in a Hewlett Packard Faxitron Series X-ray
System from a fin ray section of a lake sturgeon, Acipenser
fulvescens, is shown in Figure 11.

'*Casselman, J. M., M. L. Parker, and L. A. Jozsa. 1981. Osseochronology using

X-ray densitometric techniques. Unpubl. manuscr. Ontario Ministry of Natural
Resources, Fisheries Branch, Research Section, Box 50, Maple, Ontario, Canada
LO0J 1EO.
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Figure 9.—Electron microprobe X-ray analysis for calcium across a relatively translucent area of an otolith (sagitta) of a
European eel, Anguilla anguilla. A) Cross section from the middle of the otolith of a fish from the Shannon River, County
Tipperary, Ireland. Fish was 712 mm TL, 746 ¢ TW. Arrows indicate the start and end of line scan analysis. Transmitted
light; thickness 200 um (59X). B) Calcium concentration as determined by line scan analysis. Arrows indicate the starting
point (S) and end (E) of the scan, and correspond to those illustrated in A.

INNOVATION

In recent years, several innovative techniques have been ap-
plied to the problem of age determination. Otoliths of many
species have been shown to have microstructure that suggests
daily rhythmicity (Pannella 1974, 1980; Brothers 1979). Vali-
dation of the occurrence of these daily growth increments
(Brothers et al. 1976; Taubert and Coble 1977; Wild and Fore-
man 1980; Radtke and Dean 1982) now makes it possible to ex-
amine and more precisely verify interpretations made by other,

more subjective means.
Recently, daily increments in the otolith microstructure have

been enumerated to verify the yearly periodicity of an ‘‘annu-
lus’’ in the otoliths of largemouth bass, Micropterus salmoides
(Taubert and Tranquilli 1982), and fallfish, Semotilus cor-
poralis (Victor and Brothers 1982). Several techniques such as
video enhanced light microscopy (Brothers et al. 1983) and
scanning electron microscopy (Radtke 1983) have been used to
increase the resolution of this microzonation. Acetate replica-
tion of the ground and hydrochloric acid etched surface of the
otoliths provides useful imagery (Wild and Foreman 1980). Al-
though the resolution is not as good as that obtained by elec-
tron microscopy, it is adequate and less costly. Detailed studies
of otolith microstructure using electron microscopy and radio-
isotopes (e.g., **Ca) will help elucidate the physical properties

11

of microzonation (Watabe et al. 1982) and the physiolcgical
factors controlling incremental growth (Mugiya et ai. 198i;
Tanaka et al. 1981).

Acetate replication has been used on otoliths of American
eels, Anguilla rostrata. io provide new insights into the prob-
lem of age assessment of this species. it has been extremely dif-
ficult to interpret age of eels from the upper St. Lawrence
River and Lake Cntario by using standard otolith procedures.
By combining acetate replication and electron microprobe
analysis of eel otoliths, it is now possible not only to assess the age
more easily and consistently but also to describe the chronol-
ogy of eel migration from the sea (Casselman 1982). Three
types of optically different zonal patterns are observed in the
acetate replicas (Fig. 12). One type is associated with the NU-
CLEUS and is comprised of broad, opaque zones separated by
two to four translucent zones. Strontium-calcium ratios as
determined by electron microprobe analysis substantiated that
this tissue is deposited in the marine environment. Outside the
NUCLEUS is a set of zones referred to as the zones of
TRANSITION that are associated with migration up the St.
Lawrence River. The opaque zones in this region are narrow
and are separated by two or three broad translucent zones.
Outside this region is the EDGE, which contains numerous
broad opaque zones separated by very distinct, narrow
translucent zones. The first opaque zone outside the zones of



Very high Diffuse high
density point density area

SCANLINE (D) o5l

o
N
-
—
L
"TF‘
L

g/

=

@
T

207F i
SCANLINE(®) 506 [

| | |
|

I
LAMA‘
L—
|

"

Bogl
0
0gi=

| Annual riné

| /rboundories /
4 ) | |
— i II 2l '\‘
T

okt | |

08| 1
0.7+ /

SCANLINE @ 06 -

1\1\ | | ,
R RS ™ . L

SCANUNE@_

SCANLINE (2)
SCANLINE (3) —-—

Figure 10.—Tree-ring density plots of three radial scans across a radiograph of a 2 mm thick transverse section of western hemlock, Tsuga heterophylla. The plots
show the intra-ring density patterns of nine annual rings, as well as the relative density of two types of wood (earlywood—low density, and latewood—high density).
Reproduced from Parker et al. (1974), figure 3, from Wood Science and Technology by permission of the authors and Springer-Verlag.
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Figure 11.—Calcified tissue density plot of a radial scan across a radiograph made from a portion of a thin cross section (250um) of the first pectoral fin ray of a lake sturgeon,
Acipenser fulvescens, from the St. Lawrence River. Fish was 160 cm TL, 44 kg TW, age estimated at approximately 60 yr. Zonation appears as it would in the fin section if it
were viewed in transmitted light (25X). Light colored zones on the radiograph correspond to the translucent zones and have a high X-ray absorption and high density. The ar-
rows mark the starting point (S) near the nucleus and the end (E) of X-ray density scan near the edge of the fin.

TRANSITION is usually narrower than are subsequent opa-
que zones. This region is associated with life after migration
either in the upper St. Lawrence River or Lake Ontario.
Strontium-calcium ratios in this region of the otolith indicate
life in the freshwater environment. The translucent zones
associated with the EDGE are very distinct and easily recogniz-
ed, so, by using acetate replication, it is now possible not only
to assess the age of eels more reliably but also to determine
precisely how long the fish has spent in each particular habitat.
Strontium analyses helped Bagenal et al. (1973) discern similar
migration information for brown trout, Salmo ftrutta.
Calcified tissue contains valuable chemical information that can
be used to improve and refine the interpretation of environmental
growth history of fish.
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Innovative biochemical methods have been developed to
measure “instantaneous” growth rate of calcified tissue. This
technique, which can be referred to as “scale growth index,”
measures the uptake of *C-glycine incorporation by cells asso-
ciated with isolated scales (Ottoway and Simkiss 1977, 1979;
Adelman 1980). Although the technique and equipment are
sophisticated, the method has potential for studying the fac-
tors causing check formation through a study of the growth
rate of the scales.

Some biochemical techniques appear potentially useful for
assessing age. One method, which is based on precise changes
in the amount of insoluble protein in the crystalline lens of the
eye, consists of two procedures: 1) Obtaining the appropriate
lens fraction, and 2) quantitatively analyzing its protein com-
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Figure 12.—Photomicrograph of a cellulose acetate replica of a longitudinally ground and acid etched otolith (sagitta) of an American eel, Anguilla rostrata,
from the upper St. Lawrence River. Fish was 800 mm TL, 1,210 g TW, assessed age 16 yr. Zonation appears as it would on the otolith surface if it were viewed in
reflected light (50X). The zones (translucent) associated with annuli are indicated and are separated into the three distinct types of zonation. The first three trans-
lucent zones are of a similar type and are associated with the NUCLEUS. The fourth and fifth translucent zones are similar, broad, and different from preceding
and succeeding zones, and are associated with TRANSITION, or migration up the St. Lawrence River (Casselman 1982). The remaining 10 translucent zones

are similar, narrow, and are associated with the EDGE.

position (Otero and Dapson 1972). Another involves amino
acid racemization (Helfman and Bada 1976; Helfman et al.
1977; Masters et al. 1977), which consists of a comparison of
the L and D isomers of aspartic acid. Proteins are initially
comprised almost exclusively of L-amino acids. However,
these change with time into their D-enantiomers at a rate that
is proportional to temperature. With this technique, it would
be necessary to know the thermal history of the fish. This may
be possible in the future.

Radioactive geochronology, which utilizes natural radio-
nuclide ratios, appears to be one of the most potentially useful
new techniques. This method has been used to examine growth
rate of marine clams (Turekian et al. 1979; Turekian and
Cochran 1981). Radiometric age determination has been used
recently to confirm the longevity of splitnose rockfish, Sebastes
diploproa, by measuring uranium decay series nuclides ?**Ra
and *'°Pb in otoliths (Bennett et al. 1982). This is a truly objec-
tive procedure and signals that innovative techniques may
revolutionize age and growth assessment of fish in the future.

‘The calcified structures of fish contain a great deal of addi-
tional information that should not be overlooked. They have
been valuable tools in stock identification (Ihssen et al. 1981).
Objective methods now exist for stock separation using Four-
ier series analysis to quantify the shape of calcified structures
(Jarvis et al. 1978; Casselman et al. 1981). Characteristics in
the calcified structures are strongly influenced by environ-
mental conditions, but a genetic basis exists. Some calcified
structures, such as scales, are probably more strongly influ-
enced by environmental conditions than are others, such as
otoliths (Casselman 1978). This may explain why otolith shape

is a better discriminator than scale shape for lake whitefish
stocks (Casselman et al. 1981).

CONCLUSIONS

From this overview of the procedures, problems, and progress
in assessing the age and growth of fish from their calcified
structures, it is apparent that this science is now expanding
rapidly and is going through a technological revolution. The
techniques and tools, especially those pertaining to interpreta-
tion, validation, and automation, are becoming much more
powerful and sophisticated. The problems have changed little,
but the practical application is rapidly being improved, re-
fined, and expanded. The wider use of fluorochrome markers,
e.g., tetracycline, will greatly improve interpretation and will
provide badly needed tests of validity for not only age assess-
ment, but also growth evaluation. The major advances in
microelectronics and computer technology in recent years sig-
nal that automated interpretation is feasible and inevitable.
Although the procedures of age and growth assessment of fish
from their calcified structures have remained virtually un-
changed over the past 50 yr, there are now signs that the tech-
nology is starting to undergo major changes and is becoming
increasingly specialized. There is evidence that the techniques
and tools used in the future may be radically different from
those used today. Innovations are being developed, such as
biochemical methods of measuring instantaneous scale growth
to provide a direct measure of growth rate, and radiometric
age determination to provide a more objective age assessment.
Such procedures could eventually eliminate subjectivity and



make age and growth determination a truly objective science.
Calcified structures also contain valuable information that can
be applied to other fisheries problems. The quantification of
the shape of calcified structures provides a powerful tool that
permits stock identification from materials that are routinely
collected for age and growth purposes.
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Some Statistical Characteristics of Ageing Data and
Their Ramifications in Population Analysis of
Oceanic Pelagic Fishes

JOSEPH E. POWERS!

ABSTRACT

The statistical characteristics of age estimates in relation to their use in population dynamics are examined by
means of Monte Carlo simulation. Error structures in mortality and length-age models are discussed in relation to
the trade-offs between increasing the precision in ageing an individual fish versus increasing sample size. Some heuristic
rules for making this decision are given, in addition to examples using vital rate parameters common in oceanic
pelagics. Biases in age estimation lead to varying degrees of bias in vital rate estimates. However, for these simula-
tions, if the error in the age estimate is < 10%, then it appeared that errors in rate estimates were best reduced by in-
creasing sample size rather than increasing precision of ageing techniques. The choice of an ageing technique should
be made in the context of the statistical properties of the vital rates.

INTRODUCTION

A necessary ingredient for most population assessment
models is a quantitative description of the population’s vital
rates, i.e., the change in the population parameter with respect
to time. In many cases, these rates are measured over the life
span of the fish. Therefore, the measurement of age of the fish
provides the key variable of time which is needed for rate esti-
mations, such as mortality and growth. Mortality and growth
rate models provide quantitative information on the status of
fish stocks and at the same time may be used in more sophisti-
cated models, such as yield-per-recruit analysis and cohort
analysis. The need for determining the age of fish as inputs to
population dynamics models is well-known and, thus, a disci-
pline of age determination of fishes has arisen.

Unfortunately, both random and systematic errors in age
determination occur with existing ageing techniques (Lee et al.
1983). Additionally, biases in rate estimation may be intro-
duced by the particular statistical procedure used (Ricker 1969).
This is especially true of methods to fit the von Bertalanffy
growth model to age-length data. Several procedures have
been devised to reduce or alleviate these biases (Bayley 1977;
Gallucci and Quinn 1979; Cohen and Fishman 1980; Bartoo
and Parker 1983); but measurement errors of age may exacer-
bate the problem. Additionally, the normal presentation of
ageing results often does not allow meaningful statistical com-
parisons to be made (Dapson 1980).

Random and systematic errors in age determination will
probably continue to occur for some time, so we must be
aware of the potential biases that they introduce into popula-
tion assessment models. In this study the affect of variation
and bias in age determination on growth and mortality models
was examined by Monte Carlo simulations. The simulations
were designed to mimic the biological parameters that are typi-
cally exhibited by oceanic pelagic tunas, billfishes, and sharks.

'Southeast Fisheries Center Miami Laboratory, National Marine Fisheries Ser-
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From the simulation results, conclusions about the likely error
structures are made and the ramifications for population
dynamics studies of these species are discussed.

SIMULATION DESIGN

Two Monte Carlo simulators were constructed to analyze
the error structure of the instantaneous rate of total mortality
(Z) and the von Bertalanffy growth parameters (k and L ) as
a function of the age (¢). Using the simulations, the precision
and bias of the estimators were examined. The following terms
are defined for this study: Percent bias—the percentage differ-
ence between the estimated parameter and the expected value
of that population parameter (expressed relative to the ex-
pected value of the population parameter), and absolute bias
—the difference between the estimated and expected value.
Reference to accuracy denotes the degree to which the expected
and estimated values coincide, whereas, precision refers to the
amount of random error that one expects in the estimate.

I assumed a stable population with continuous recruitment
whose probability distribution function at age f(¢) was:

J(t) = Zexp (- 2¢). 1)

A random sample of size N was chosen from this distribu-
tion, i.e., N animals were ‘‘aged’’ (¢) using the simulation. I
also assumed that the error in ageing was normally distributed
with:

mean = ¢ * (100-BIAS)/100
variance = (¢ * SD)?

where BIAS = the percent bias in ageing, and
SD = variation in ageing, i.e., coefficient of variation
of age estimate.

Published growth equations (Lee et al. 1983) show both vari-
ance and absolute bias in age estimates to increase with age.
Thus, I used the above formulation.



An individual animal’s growth was depicted with the von
Bertalanffy growth model:

Lt = Loo(1-exp[—k(t-to)]) 2
where L; = the length at age ¢
Lo = the asymptotic length
k = growth rate parameter, and
t, = theoretical age at which length is equal to zero.

For purposes of this simulation, we assumed f, = 0, thus
Ly = Loo[l-exp(—kt)].

Using a random estimated age chosen as above, a random
;\ength was generated by Equation (2). The ‘‘measured length’’
L; was generated as a normal random deviation with:

mean = L;
variance = (SL * Ly)?

where SL = the variation in animals of a given age in the pop-
ulation, i.e., the coefficient of variation in the length.

An increasing variation in length at age has been shown to
be common in fishes (Lee et al. 1983).
An estimate of the mortality rate (Z) was calculated using an
average age method (Ssentongo and Larkin 1973):
Z = NIQ - 1N + 1] 3)
where T = the average age of fish in the sample, and

tc = the age of recruitment, or, alternatively, the age of
first capture.

If 7 (one aged individual) was < f., then that data point was
rejected and not usedAto calculate 7 or N.

Estimgtes of kAand L were obtained by least squares regres-
sion of L versus ¢. If L or t was < 0, then the data pair were re-
jected. A simple ‘‘brute-force’’ regression fitting procedure
was used:

@

where y = ‘,%t
a = Ly, and
x = l-exp(—kt)

and an iterative search was made over 2 The iterative search
simply tested all values of k at 0.01 increments over a reason-
able range of k. It was assumed that this procedure did not in-
troduce any appreciable bias in the estimates.

The underlying population parameters Z and k were chosen
to mimic rates that were similar to estimated values for a par-
ticular oceanic pelagic tuna, the northern Atlantic bluefin tuna
(Parrack and Phares 1979). Since L , is only dependent on the
length scale, its value is not important in the simulations. There-
fore, the value used for the simulation was scaled to unity.

The sample size (N) for the mortaiity estimation was chosen
to be 10 for the base or standard case. Since samples were
drawn randomly from a stable age distribution (which is sel-
dom the case in reality), the variability produced by this small
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sample would be smaller than what one would encounter in a
field situation with the same sample size.

Additionally, I assumed in this simulation that fish are aged
precisely, i.e., that the age of a fish is measured in a fraction of
a year. A few cases were simulated by assuming ageing was
done in discrete annual intervals. The results indicated that
this introduced more variation into rate estimates. However,
computational limits required that I focus on the assumption
of fractional age measurements.

The simulations were run for 200 iterations each. More itera-
tions were gse_:_d in a few test cases. The results showed that the
means (Z, k, Zoo) and variances generated by 200 iterations of
the simulation had not completely stabilized, but that the qua-
litative conclusions were not affected. Additionally, computa-
tional costs warranted that the iteration number be limited.

The parameter values for the base simulations are given in
Table 1. Various simulation tests were performed using alter-
native values of Z, ., k, SD, BIAS, and N. The resulting rela-
tionships follow.

Table 1.—Base case input par ters for the Monte Carlo simulations of mortality
and growth estimations.

Definition Symbol Value
Underlying total instantaneous mortality rate Z 0.3
Age of first capture te 3.0
Underlying von Bertalanffy growth rate k 0.1
Underlying von Bertalanffy maximum size x L 1.0
Coefficient of variation of age estimates (SE; /¢ SD 0.1
Coefficient of variation of length estimates (SE;/L) SL 0.2
Percent bias error in ageing BIAS 0.0
Sample size (mortality estimation) N 10
Sample size (growth estimation) N 50
Accuracy of growth rate parameter EPS 0.01
Number of simulated iterations IMAX 200

SIMULATION RESULTS
Mortality

The simulation results showed that 2 was skewed to the
right, i.e., the modal outcome occurred at values of Z lower
than the mean. The degree of skewness depended on the
parameter conditions being simulated. The standard error of
the estimate of Z increased as the coefficient of variation of
the age determination method (SD) increased. The standard
error was lower for lower mortality rates (Fig. 1). These results
were based upon a sample size of N = 10; however, note that
reduction in SD only marginally reduced the standard error.
Substantial reductions in the standard error did not occur until
the age determination variation was < 1% to 5% of the age
estimate.

When the sample size increased, the standard error also de-
clined, as expested (Fig. 2). The relative reduction in the stan-
dard error of Z with an increase in ageing accuracy was much
less pronounced as the sample size became larger. Addition-
ally, there was some bias introduced into the estimation (Table
2). Apparently, this bias was caused by the correction for small
sample sizes [N/(N + 1)] in Equation (3), producing an un-
biased estimator of Z only when ¢ was measured without error.
As N becomes large, this form of bias decreases. Note, how-
ever, that random errors in age determination are confounded
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on the standard error of total mortality rate Z for alternative values of Z(Z = 0.1,
0.3,0.4,0.6). Each simulated mortality estimate was based on arandom age sample
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Figure 2.—Simulated effect of the percent random variation in age estimates (SD)
on the standard error of total mortality rate Z 'for alternative sample sizes (N = 10,
50, 100). The underlying mortality rate was Z = 0.3.

Table 2.—Percent bias in estimate of zZ derived from 200 simula-
tion runs for alternative random variations in age determination

(SD). Sample size for estimating 7 was N = 10.
A . Percent bias in E
ge variation

(SD) Z=01 Z=03 Z=04 Z=06
0.01 3 3 1 2
0.05 3 3 1 2
0.10 4 4 1 -1
0.20 5 5 2 =
0.30 6 6 5) 1
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with the effect of the sample size correction. Large random er-
rors tended to cause Z to increase (Table 2).

If age determinations were biased then there were resulting
biases in the estimate of the mortality rate (Fig. 3). It is inter-
esting to note that interaction of the bias in age determination
with the bias introduced by larger random errors in ageing may
actually improve the estimate of mortality (Fig. 3). However,
the exact relationship between these factors would be difficult
to predict a priori, so there is not likely to be any practical
utility of the phenomenon.
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Figure 3.—Simulated effect of the percent random variation in age estimates (SD)
on the percent error in the estimate of Z in relationship to Z = 0.3. The effect is
shown for alternative percentages of bias (BIAS = -4\20%’ —10%, 0%, 10%) in
the age determination method. Sample size for each Z was N = 10.
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Both random and systematic errors produced an error in Z

(Fig. 4). To measure this error, I used the square root of the
mean squared error (MSE), i.e.:
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Figure 4.—Simulated effect of the percent random valialion in age estimates (SD)
on the square root of the mean squared error (MSE) of Zinrelationto Z = 0.3. The
effect is shown for alternative percentages of bias (BIAS = —20%, —10%, 0%,
10%) in the age determination method. Sample size for each Z was N = 10.



VMSE = VIVARQ) + Z-2)).
The results show the interplay between bias and variation,
i.e., between validity and reliability of the estimate.

Growth

The growth parameters 2 and 2 o tended to show distribu-
tions that were less skewed than that of the mortality rate. In
most cases the simulated frequency distributions could not be
distinguished from a symmetrical distribution.

Sample size and accuracy of age distripution produced the
expected results in the standard error of & (Fig. 5). Increasing
sargple sizes and ageing accuracy both decreased tke variation
in k. However, the effect on the standard error of L o, was less
intuitive (Fig. 5). The standard error in this instance decreased
with larger ageing variation. The cause of this was the negative
bias mtroduced into the estimate of L o, (Table 3). The reduced
scale of L made the scale of the standard errors smaller, too.
However, the coefficient of variation of Loo was relatively
constant between SD’s.
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Figure 5.—Simulated effect of the percent random variation in age estimates (SD)
on the standard error of the estimates of K and L  for alternative sample sizes
(N = 50,100). K = 0.1and L , = 1.0.

22

A It should be noted that rather large biases for both k and
L, were shown when ageing variation increased (Table 3).

Table 3.—Percent bias in estimates of £ and 'L\m derived from
200 simulation runs for alternative random variations in age
determination (SD). Sample sizes for performing the length
age regressions were N = 50 and N = 100.

Age variation Percent bias in ﬁ(k =0.1)

(SD) N =50 = 100
0.01 4 1
0.05 5 2
0.10 11 9
0.20 35 33
Percent biasin L , (L, = 1.0)
0.01 8 1
0.05 4 1
0.10 0 -2
0.20 —13 —15

Clearly, bias in the estimates of I? and I:m was a significant
proportion of the error. When this bias was coupled with bias
in the age determination (Figs. 6, 7), then the resulting total
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Figure 6.—Simulated effect of the percent random variation in age estimates (SD)
on the percent error of the estimate of K in relationship to K = 0.1. The effect is
shown for alternative percentages of bias (BIAS = —A20%, —10%, 0%, 10%) in
the age determination method. Sample size for each K was N = 50.

bias was less fystematic with changes in SD. It appears that the
estimate of L, was relatively less sensitive to these biases in
age determination, whereas the least-biased estimates of k
seem to have occurred when age was estimated slightly higher
and the variation in ageing (SD) was < 0.1 (10%). The total

error associated with estimates of & and oo (MSE) are shown
in Figures 8 and 9, respectively.

DISCUSSION

The effects of accuracy angd precision of age determination
on estimates of k, L ,, and Z have been shown in the simula-
tion results. Bias and variation in age estimates led to various
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Figure 9.—Simulated effect of the percent random variation in age estimates (SD)
on the square root of the mean squared error (MSE) of L _ inrelationto L , = 1.0.
The effect is shown for alternative percentages of bias (BIAS = 20%, —10%,
0%, 10%) in the age determi method. S le size foreach L, was N = 40.

degrees of random and systematic error in estimates of popula-
tion parameters. However, the mechanisms by which these er-
rors arise have yet to be addressed. Of particular interest are
the reasons for which the bias in a population parameter is af-
fected by accuracy of the ageing procedure.

The bias in mortality rate estimation partially resulted from
the correction for smali sample sizes. The correction was based
upon age being measured without error, which is not normally
the case. Apparently, there is a trend toward negative bias as
the mortality rate (Z) increases (Table 2).

Another form of bias was introduced by the random normal
distribution of estimated age. Since mortality acts throughout
the lifetime of the fish, an older fish is less likely to get sampled
from the population. Since it was assumed that ageing varia-
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Figure 8.—Simulated effect of the percent random variation in age estimates (SD)
on the square root of the mean square error (MSE) of Kin relation to K = 0.1. The
effect is shown for alternative percentages of bias (BIAS = — M%h -10%, 0%,
10%) in the age determination method (BIAS). Sample size for each K was N = 50.

tion increases with age, the age frequency distribution is more
likely to have lower than expected frequencies for older fish
than for younger fish. Therefore, the age distribution becomes
skewed toward higher frequencies for young fish and the mor-
tality rate is concomitantly overestimated. Bias in the mortality
rate becomes accentuated as the percent variation increases.

Similarly, biases in estimation of k and 200 arise when both
length and age are measured with error. The age frequency for
a given length is more likely to be less than the expected value
for older (longer) fish than for younger (shorter) fish due to
the increased variation in age determination as tl)‘e fish
becomes older. Therefore, the asymptotic length (L) is
underestimgted and the rate at which the asymptote is ap-
proached (k) is overestimated.

The effect of variation in length-at-age (SL) was not exam-
ined rigorously in the simulation model due to limitations of
this study. However, SL was changed for a few test cases and
the results showgd that increasing SL tended to increase the
biases in k and L oo.

The reason for studying population dynamics is to measure
the mortality rate of recruited fish and impacts of incremental
changes in the mortality rate. In most cases, a sample of aged
fish is not used directly to estimate mortality. Rather, the sam-
ple consists of a larger set of length frequencies that are con-
\‘l‘erted to age frequerlcies using a fitted growth relationship. If
k is biased high and L 4, is biased low, then the sample catch at
young ages is higher than it should be. This would cause over-
estimation of the mortality rate, as well.

In the process of age determination, we attempt to reduce
both the bias and random error in ageing by improving tech-
niques. But the importance of refined ageing techniques
should be evaluated in the context of the population rate
parameters for which the age estimates are being used. The
costs of increased ageing precision may not justify the gain in
precision of the growth and mortality parameters.

In many cases, the oceanic pelagic tunas, billfishes, and
sharks exhibit relatively low growth and mortality rates com-
pared with other species. The bias that is introduced in their



estimation due to random errors in ageing tends to be elimi-
nated with large sample sizes. This was especially true for the
total mortality rate estimated from the ageing data directly.
However, when the ageing coefficient of variation was 10%

. A
and sample size was 500, the bias in the growth parameter k&
was still 7%. It appears that rather large samples are needed
for fitting growth curves of slow-growing fishes with low-mor-
tality rates. If an increase in precision of ageing can only be
realized by a less efficient technique, then the sample sizes are
likely to suffer. These simulation results indicate that ageing
precision of 10% or less is acceptable and that the ageing tech-
niques should be efficient enough to provide a large number of
aged fish. Thus, emphasis should be placed on the sample size.

If the ageing technique is biased, then increased ageing pre-
cision may actually produce more error in the estimates of the
mortality and growth rates. Once again, larger sample sizes
tend to reduce both the random and systematic error. How-
ever, bias in the ageing technique should be reduced as much
as possible. Ageing accuracy is probably more important than
precision for most instances. If the bias in ageing is < 10%,
then the resulting bias in the mortality and growth rates would
probably be dominated by the random error component. It is
interesting that with moderate sample sizes, a better estimate
of the growth parameter [ is achieved if ages are overestimated
by 10% rather than underestimated by 10%.

Finally, there is likely to be a statistical component as to why
various ageing techniques are biased. It may be that the success-
ful ageing of a fish is not biased, i.e., that the ageing method
when successfully applied provides an unbiased estimate of
age. However, when growth bands cannot be read or when
staining procedures do not produce desired results, these fish
are often rejected from the sample. Rejections of this type
might represent fish from just one side of the probability dis-
tribution. Accordingly, one should guard against this eventu-
ality when rejecting fish from ageing samples.

SUMMARY

1) Monte Carlo simulations were performed to estimate mortal-
ity and growth parameters as a function of age determina-
tion estimated with varying degrees of random and system-
atic error. The underlying mortality and growth parameters
were chosen to mimic the relatively small growth and mor-
tality rates common in the larger oceanic pelagic fishes.
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2) The simulations showed that biased rate estimates resulted
when there were random errors in ageing, especially for
small to moderate sample sizes.

3) Biases in age determination led to biases in the rate esti-
mates. However, in some instances they would tend to be
cancelled by the bias introduced by reduced precision in
ageing.

4) Methods used for ageing should attempt to reduce bias in
the ageing technique to an acceptable level then concentrate
on obtaining larger samples. In these simulations, precision
in ageing of < 10% would probably not be worthwhile if
the technique made it difficult to process large samples of
aged fish. Once precision reaches an acceptable level,
research should be focused on developing the efficiency of
implementing the technique so that the sample size may be
easily increased.
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SUMMARY PAPER

Reduction of Bias Generated by Age-Frequency
Estimation Using the von Bertalanffy Growth Equation’

NORMAN V. BARTOO? and KEITH R. PARKER®

INTRODUCTION

Complex population dynamics techniques rely heavily on
age structure information. For some species, accurate ageing
methods have not been developed. Often the age structure of a
fisheries catch (age-frequency) is estimated from sampled length-
frequency (Majkowski and Hampton 1983), the age relation-
ship being described by either an age-length key or a growth
curve, such as the von Bertalanffy growth curve (Ricker 1958).
The growth curve method is used when there are insufficient
data to construct an age-length key. But as noted by Kimura
(1977) and later demonstrated by Westrheim and Ricker
(1978), under conditions of varying year-class strength and
substantial overlap of lengths between ages, age-length keys
can yield nearly useless estimates of numbers-at-age. Even with
bias correction procedures, the construction of a sufficient key
can present difficulties.

In this paper we deal specifically with the von Bertalanffy
growth equation and the application of stochastic methods to
reduce or eliminate biases. However, it should be noted that
the method presented here may be applied to any growth equa-
tion, as well as to cases where no growth equation has been {it-
ted or where growth is discontinuous, as in crustaceans.

The von Bertalanffy growth equation mathematically models
the relationship between age and length, length being the de-
pendent variable (see Equation (1)). As suggested by Gulland
(1969), age can be estimated from length by algebraically rear-
ranging the growth equation so that age is the dependent vari-
able (see Equation (2)). Regardless of whether length or age is
the dependent variable, the von Bertalanffy relationship is
deterministic, i.e., there is a one-to-one correspondence be-
tween age and length.

Use of the von Bertalanffy growth equation for age-fre-
quency estimation results in several types of biases (Powers
1983), different from those inherent in age-length keys. In this
paper we document these biases and propose a method for
their resolution.

AGE-FREQUENCY BiASES

When growth is modeled according to the von Bertalanffy
age-length relationship (Brody 1945; Ricker 1958)

'"This paper is summarized from research conducted by the authors and ap-
pears in Fishery Bulletin, Vol. 81, No. 1, p. 91-96.

*Southwest Fisheries Center La Jolla Laboratory, National Marine Fisheries
Service, NOAA, 8604 La Jolla Shores Drive, La Jolla, CA 92038.

1837 Puterbaugh Street, San Diego, CA 92103.
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Ly = Loo (1-exp [— k(1= t)]), 0y
then age, ¢, can be converted to length:

where Ly = length at age ¢
L& = the asymptotic length
k = the rate at which length reaches I o, and
to = hypothetical age at which fish would have zero

length.

When computing numbers-at-age from Equation (2), esti-
mation bias occurs from several sources. One bias is due to
L being a fitted parameter. Thus, ali numbers-at-length
greater than Lo must either be eliminated or arbitrarily dis-
tributed to older ages. Bias also results when lengths approach
L » and are mathematically allocated to ages above those at-
tainable by fish within the stock. As lengths (L) approach L oo,
Equation (2) will yield unreasonably old ages (i.e., ages greater
than are known to occur).

Additional bias results from the deterministic nature of the
von Bertalanffy equation. For example, back calculations of
length to age from Equation (2), which are on a one-to-one
basis, result in one determined age for any length. In reality,
there can be a number of possible ages for any given length,
the most probable age-at-length being that with the highest
relative contribution of numbers-at-length. Since these back
calculations are without probabilistic arguments, the deter-
mined age is not necessarily the most probable for the given
length.

Back calculations of length to age also result in a mathe-
matical estimation bias due to the substitution of independent
and dependent variables in moving from Equation (1) to Equa-
tion (2). The degree of bias is likely to be a function of the
amount of residual error in estimating length at age in fitting
Equation (1). The bias will probably not be consistent between
cases and the degree of bias will have to be considered sepa-
rately for each case. Consequently, biases associated with
equation transformation are not specifically dealt with here.

A computer model can demonstrate these biases. For von
Bertalanffy parameters L o = 90.0 units, #, = 0.0 units, and k&
= 0.30, predetermined numbers-at-age are assumed normally
distributed with a standard dzviation equal to 3 units about the
von Bertalanffy length-at-age Equation (1), for ages (1) through
(10). A length-frequency vector is then generated by: 1) Multi-
plying the number-at-age times the probability of age occurring
within each 0.5 unit length interval, thus generating a vector of



number-at-length for length intervals between 0 and 100 units
for each age, and 2) accumulating numbers-at-length for each
length interval over all ages. The numbers-at-age are then de-
terministically estimated from Equation (2) by accumulating
numbers-at-length over the length intervals at age.

The bias from this model is illustrated by inpui and back-
calculated numbers-at-age and their differences, which are
listed in columns 2, 3, and 4, respectively, of Table 1. The in-
put numbers-at-age represent a sample age distribution with
varying year-class strengths. The differences in column 4 indi-
cate a strong bias which increases with overlap of length distri-
butions at age. The estimated ages of 111 fish were greater
than the maximum age, 10. Thirty-five had lengths greater
than L » and, consequently, were not classifiable.

Table 1.—Input and estimated numbers-at-age for both the deterministic (column
3) and stochastic (column 5) models, with the input numbers-at-age in column 1.
The difference between the input numbers-at-age and the deterministic estimates
are given in column 4.

Numbers at age

Estimated
Age Input Deterministic Diff. Stochastic
1) (@] 3 @ )
1 200 19 1 200
2 400 399 1 400
3 800 760 40 800
4 267 —-67 200
5 600 441 159 600
6 300 378 -78 300
7 400 320 80 400
8 300 258 42 300
9 100 164 -64 100
10 100 68 32 100
>10 — 111 —111 —
Inf. - 35 -35 —

STOCHASTIC MODEL

With estimated variance of length-at-age, a stochastic model
can be built from the von Bertalanffy relationship (or any
other growth relation): For any age the probability of a speci-
fied length interval is the probability of that interval taken over
all length intervals containing that age. Thus, for all ages, a
probability matrix (‘‘P’’-matrix) of dimension r by ¢ can be
computed, where r = the number of rows, or length intervals,
and ¢ = the number of columns, or ages, then P (1,1) = P
(max. length, min. age). If the number-at-age vector is “‘q’’
(@) = a (min. age)) and the number-at-length vector is L
(L(]) = L (max. length)), then

Pa = L. 3)

And as long as r > ¢, then the numbers-at-age vector can be
uniquely solved via least-squares:

d = (P'P)—'P'L. 4

Applying this stochastic method (Equation (4)) to the previ-
ous example, the numbers-at-age generated from the number-
at-length vector is given in column 5 of Table 1. Since the
probabilities of the P-matrix are the same as those used to gen-
erate the number-at-length vector, it is not surprising that the
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solution yields unbiased results. This computed example illus-
trates that the stochastic method yields unbiased estimates of
age-frequency.

DISCUSSION

Calculation of age from length via the von Bertalanffy growth
equation results in several types of bias. The degree of bias is
proportional to overlap in lengths-at-age and changes with
weak or strong year-classes. When overlap increases with age,
age-frequency estimates will generally be more biased for older
ages than for younger ages. When overlap occurs, biases will
always result, since the numbers-at-length will be allocated to
unreasonably old ages. Any numbers-at-length for lengths
greater than Lo will be undetermined in age estimation, re-
sulting in downward biases for those ages contributing such
lengths.

Age estimation biases can be effectively removed by creating
a stochastic model based on a matrix of length interval proba-
bilities at age. The probability matrix (P-matrix) is indepen-
dent of year-class strength and will effectively remove all
sources of estimation bias, except that due to random varia-
tion in length-frequency estimation. A probability model of
the distribution of length-at-age with estimated parameters is
necessary for estimating probabilities of length intervals at age
for the P-matrix. As long as the von Bertalanffy growth param-
eters are correct, the stochastic method based on accurate esti-
mates of variance in length-at-age will yield unbiased results.

There may be serious implications to the bias introduced by
using the von Bertalanffy equation without bias correction. In
fishery management, the overestimation of maximum age by
the deterministic von Bertalanffy equation may produce
underestimates of mortality rates, which may result in overesti-
mates of population size and recruitment. Further, the deter-
ministic method tends to “‘fill in”” weak year-classes, which
results in underestimates of year-class variability and overesti-
mates of recruitment stability. In general, all of these affect ac-
curacy of a stock assessment and contribute to improper
advice for fishery management.

Application of the stochastic method shown here to cover
other growth equations and situations, such as discontinuous
growth, is handled by simply estimating appropriate elements
in the P-matrix for each case. )
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SUMMARY PAPER

Validation of Age Determination Estimates:
The Forgotten Requirement’

RICHARD J. BEAMISH and GORDON A. McFARLANE?

INTRODUCTION

Like most scientific disciplines, fisheries science has changed
rapidly in recent years. In a half dozen decades we have changed
our emphasis from observing and describing the biology of
fishes to developing large complex ecosystem simulation
models. In some cases, our changes were in response to tech-
nological advances in other fields, but mainly we were respond-
ing to an urgency to understand how fishery resources respond
to fishing. We built our understanding and models on the
results and conclusions of early studies, the most important of
which were the procedures for estimating age of fishes. Unfor-
tunately, we tended to take these procedures for granted and
often failed to undertake the validation studies essential to any
age determination technique. This failure to assess the accura-
cy of age determinations has resulted in the collection of exten-
sive data that either cannot be used for the purposes intended,
or are used anyway, resulting in significant bias and improper
management strategies.

Our review stresses the need for validation. By validation we
mean confirming the accuracy of a method of age determina-
tion. A clear distinction must be made between the accuracy
and precision of age determinations. Precision relates to the
reproductibility of age estimates and does not imply accuracy
or validity. The various methods of validating age determina-
tions have been summarized by Brothers (1983) and Casselman
(1983).

It is the purpose of this brief review to show that the require-
ment to validate age estimates has been ignored by many fish-
eries biologists and to suggest appropriate techniques for vali-
dating age determinations.

REVIEW OF ATTEMPTS TO VALIDATE
AGE DETERMINATION

A survey of 500 age and growth studies published between
1907 and 1980 was undertaken to determine how often and to
what extent ages were successfully validated. Validation was
considered to be successful when the growth zone considered
to be an annulus (see Glossary) was shown to form annually
for all age groups in the population. It is important to realize
that proving correct interpretation of an annulus for younger
fish does not imply validation for older ages. Techniques such as

'Material in this paper was summarized from a manuscript published in Transac-
tions of the American Fisheries Society, Vol. 112:735-743.

*Government of Canada, Fisheries and Oceans, Pacific Biological Station,
Nanaimo, British Columbia, Canada VIR 5K6.

29

examining the edge of a structure to determine if the zone thought
to be the annulus formed once a year, monitoring strong year-
classes, or length-frequency analyses are useful for validating
the age of younger, faster growing individuals but cannot
always be used for the validation of older age groups (Brothers
1983).

Papers included in this review were from journals of a number
of countries, with the majority (60%) from North America. The
number of papers reviewed had no special significance other
than indicating the amount of effort directed to the subject and
a conviction that increasing the sample size beyond 500 was
unlikely to change any conclusions.

Less than 3% of the studies successfully validated their
methods of age determination. Less than 10% used a tech-
nique that could validate the method for all age groups in the
population, such as mark and recapture or use of known age
fish. Sixty-five percent of the studies either mentioned valida-
tion or attempted validation. However, most of these studies
attempted to show that the annulus was valid for very young
fish (the first few years) and then, by extrapolation, concluded
that it was valid for all age groups in the population. Six per-
cent of the studies compared age estimates from several struc-
tures, but only 1% attempted to resolve any differences that
resulted. It was of interest that 20% of the studies implied or
stated that, because age estimates were reproducible or precise,
they were also accurate.

The applicability of validation techniques in some of the
studies in our survey or the relative success of some validation
attempts may be subject to different interpretations. However,
the overwhelming conclusion remains that fisheries biologists
seldom have successfully validated ages despite the clear direc-
tion of early workers (Van Oosten 1923, 1929, 1941; Hile 1936)
that validation is essential. In fact, an alarming number of
studies that use age estimates never consider the possibility
that ages may be incorrect.

It is fair to ask if the failure to validate age estimates has
made any difference to our understanding of the biology and
management of fishes. Perhaps estimating age is so routine
that most age estimates are accurate, or that any errors that oc-
cur will have little effect on their subsequent use in stock assess-
ment. We believe this is not the case. There are an increasing
number of studies that indicate that application of ‘‘routine’’
methods of age determination have resulted in important mis-
understandings of the age composition of populations (Beamish
and Harvey 1969; Aass 1972; Power 1978; Beamish 1979;
Beamish and Chilton 1982; Chilton and Beamish 1982).



For example, lake trout, Salvelinus namaycush; common
white suckers, Catostomus commersoni; and Pacific ocean
perch, Sebastes alutus, were thought to be faster growing,
shorter lived fishes than now believed. The use of fin rays and
otolith sections rather than scales or surface otolith readings
(Figs. 1-3) has indicated these fish can be quite old. Further-
more, it is our belief that species-specific problems will be
identified once validation of ages becomes routine.

A detailed assessment of the consequences of ageing errors
is beyond the scope of this paper (see Powers 1983). However,
an obvious concern will be the effect ageing errors have on the
various population models. Errors in ageing accuracy will not
be random. There may be a bias to producing younger ages
that could result in an accumulation of estimates in the vicinity
of the age at which the particular technique or interpretation
breaks down. Mortality estimates could be overestimated and
the importance of strong year-classes can be masked. Other,
more subtle features of a population, such as different growth
rates among stocks, or the understanding of the ecological im-
portance of longevity (Leaman and Beamish in press) and the
mechanisms by which a particular population survives in its
environment, may not be detectable.

We stated that successful validation must prove that the fish
is not older (or younger) than estimated, as well as showing
that the growth zone identified as an annulus forms approxi-
mately once a year. To do this, the appearance of the annulus
must be studied throughout the life span of the species. At
present, this can be accomplished by marking and releasing the
fish or by using known age fish. A qualitative or approximate
approach is possible using the recent radionucleide technique
(Bennett et al. 1982) or by comparing the results of several age-
ing methods (Beamish 1981).

We recognize that tagging studies are difficult to apply to
oceanic pelagic species. However, there have been a number of
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Figure 1.—Portion of an otolith section from a lake trout, indicating that lake
trout are relatively old. This fish was part of a study that indicated lake trout and
some other species were much older when aged with otolith sections than by exam-
ining scales or otolith surfaces (Beamish 1976).
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tagging studies of species such as sharks and tunas where suf-
ficient recoveries have been made to validate an age determina-
tion technique. For example, the mark and recapture technique
can be adapted for age validation of tuna by removing a few
fin rays at the time of marking, for comparison upon recapture,
or by applying a ‘‘time mark’’ in some hardpart. A number of
compounds have been used for producing a time mark (Yagi et
al. 1963; Jensen and Cumming 1967; Yamada 1971; Ellenton
and Johnston 1975). However, in our laboratory we have ex-
perimented with intramuscular and interperitoneal injections
of oxytetracycline (OTC) and have successfully produced time
marks in dogfish sharks, Squalus acanthias, and other species.
The results to date (Fig. 4) have been encouraging and we are
currently completing an experiment designed to test the appro-
priate dosage and type of injection for a marine species. Pre-
liminary results indicate that, depending on the species, a dosage
of 25-50 mg/kg of OTC injected into the muscle or gut cavity
produces a clear mark in the structure.

In conclusion, we want to stress that all ages must be vali-
dated. We accept that this can be difficult. However, as a mini-
mum, an estimate of accuracy using several structures should
be made. If agreement is not obtained, then the consequences
of ageing error should be assessed. If these consequences are
important, then there is no choice except to undertake valida-
tion studies. In some cases, if accuracy cannot be assessed it
may be better not to undertake the study.

We encourage biologists to reexamine some long-standing
beliefs such as the general applicability of the scale method for
age determination (Everhart and Young 1981) or the view that
there is a close or isometric relationship between size (length)
of fish and size of hardparts throughout the life span of the
fish (Lagler 1956).

We believe that fisheries biologists have forgotten to ques-
tion the validity of age estimates, and in failing to do this they
may be misunderstanding the biology and population dynamics
of some important commercial and recreational species.
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ANNULI

SCALE

Figure 2.—A) A fin-ray section from a common white sucker (courtesy of B. Paquin, Saskatchewan Research Council). A study by Beamish
and Harvey (1969) indicated that the fin-ray method produced more accurate and older ages than the scale method. B) Relation between ages
based on scale annuli and ages obtained from fin-ray annuli (Beamish 1973). Points are individual fish except where indicated. Ages determined
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Figure 3. — A) Otolith section from a Pacific ocean perch, indicating that this fish may be very old. A study by Beamish (1979)
showed that the age determined from otolith sections was greater than that determined from the otolith surface. B) Comparison
of age frequencies from unexploited stock of Pacific ocean perch when aged from the otolith surface and sections. The difference
in instantaneous mortality (Z) is also shown (Leaman and Beamish in press).
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A LINGCOD (Ophiodon elongatus)

T——=0TC MARK

FIN-RAY SECTION

SABLEFISH (Anoplopoma fimbria)

OTC MARK

OTOLITH CROSS-SECTION

c

SPINY DOGFISH (Sgualus acanthias)

OTC MARK
|

SECOND DORSAL SPINE

Figure 4.—Structures used for ageing from three species that were tagged and in-
jected with oxytetracycline (OTC). The OTC mark appears yellow under UV light.
In all cases, the ageing method was validated by the pattern of growth of the struc-
ture during the period the fish was at liberty after tagging and injection. A) Lingcod,
Ophiodon elongatus, that had been at liberty 2 yr after tagging and injection with
OTC. B) Sablefish, Anoplopoma fimbria, that had been at liberty 3 yr after tagging
and injection with OTC. C) Spiny dogfish, Squalus acanthias, that had been at
liberty for 10 mo after tagging and injection with OTC.
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Summary of Round Table Discussions on Age Validation

EDWARD B. BROTHERS'?

INTRODUCTION

I would like to find some common ground on terminology.
I’ve made a short list that has about 25 terms that have dual
meanings or are inconsistently used by researchers on fish age-
ing (see Glossary). If we could at least agree on some of these
terms, it will certainly improve the consistency of our papers,
which are going to be bound together in the same volume. In
addition, such a discussion might form a framework for better
communication in the future. Hopefully, if we have time later
we can go over the list in detail, but I think first we should get
to immediate business, which is: What do we mean by valida-
tion, and where are we in terms of validating the age and
growth of oceanic pelagic fishes?

On the board is a short summary of techniques used in deter-
mining the growth rate of a given species of fish (see below).

Outline for Age and Growth Rate Determination of Fishes

I. Tag-recapture and growth in captivity
II. Statistical techniques
a.length-frequency analysis: Petersen method
b. modal-progression analysis
Anatomical-periodic markers in calcified structures
a. marginal increment analysis
b. proportionality of growth and back calculation
c. comparison of different structures
d. marking the ageing structure, e.g., tetracycline or
“‘natural’’ marks
e. microstructural analysis
comparison with theoretical growth models
g. correlation with environmental and life history
events
h. establishment of objective criteria; blind readings;
reader comparison
IV. Chemical methods

I11.

=h

Most are only ancillary validating procedures and are not in-
dependent ageing methods. There are three or four basic ways
to go about determining the growth rate of a fish, depending
upon how one categorizes the approaches. First (I), direct
measurements can be made on individuals in a variety of ways.
These measurements may result from tagging a fish and recap-
turing it and looking at its growth rate, or fish may be main-
tained in the laboratory or an enclosure. Growth rate is deter-
mined for individuals, and from that type of information we
may extrapolate and say that this is near the expected growth
rate in the field, or this is the growth rate of all the fish in the
field. Getting good information from tagging studies is a diffi-

'Chairperson and moderator for the round table discussions on age validation.
*Section of Ecology and Systematics, Corson Hall, Cornell University, Ithaca,
N.Y.; present address: 3 Sunset West, Ithaca, NY 14850.
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cult task, as we’ve seen at this meeting. Aside from these prob-
lems, the basic approach described uses direct information
about the growth of certain individuals and extrapolates that
to the population. The second (II) basic approach is based on a
variety of statistical measurements that one can make on pop-
ulation samples. This may include analysis of length frequency
histograms at one point in time, or through time if we are
looking at modal progressions. There are a variety of other ap-
proaches that can also be lumped under the heading of statisti-
cal techniques. The third (III) basic approach is the kind of
measure that most of us have been involved with here. We
might call these anatomical methods, since we are using some
kind of temporal marker in hard structures (usually a calcified
tissue). Basically, we attempt to assign a unit of time to some
kind of cyclical growth discontinuity, i.e., determine a time
period over which that structure is formed. We then use these
markers to age individual fish. Thus far in the workshop we’ve
spent most of our time talking about the measurement of age
and growth from hardparts, and I think we’ll probably con-
tinue emphasizing that subject in this discussion.

There are various advantages and disadvantages of all of the
above approaches. Some are well suited for ageing oceanic
pelagic fishes and others can only be applied with great diffi-
culty. I propose that we get a little bit more specific now about
the various ways that we can age fish. We’ve already seen a
number of them put into practice during this meeting, e.g.,
Petersen analyses of length-frequency data (IIa). The method
works best in the early ages when fish grow rapidly, and if
breeding is somewhat restricted in time. As we know, these
qualifiers may or may not apply to pelagic species, and there-
fore the success of this approach is highly variable. Another
related technique is the analysis of modal progressions (IIb).
Basically this looks at length frequency histograms over time.
If you are fortunate, there are stronger and weaker year classes
that can give you markers to follow through time. As I go
through these techniques, I want you to think about advantages
and disadvantages as they are applied to pelagic fishes. It
would be useful if some concensus emerged from our discus-
sion as to which techniques are good and how important they
are now or have been and how significant they should be in the
future. That is, which should we emphasize and where should
the effort go? Which have worked well and which haven’t? I
think we should try to come up with some recommendations as
to where more effort is needed, where we might push for more
money to be put into certain types of programs—tagging, tet-
racycline marking—whatever we feel might be important in
the future. If we can speak with a united voice, somebody
might listen. We’ve already briefly mentioned tagging tech-
niques and growth in captivity data and will leave it at that for
the moment. Both rely on information on relatively few indi-
viduals which is then extrapolated to the population. There are
clear difficulties and biases inherent in these methods, particu-
larly for pelagic species.



When we discuss anatomical techniques we may be referring
to spines or otoliths or rays or scales, those are the primary
structures used. In doing anatomical ageing and growth deter-
minations, there are several different aspects to the problem
that are quite important. Most significantly, one just can’t
make an assumption about the temporal significance of a
mark without good supporting evidence. In initiating such
studies, we have to discriminate the mark, develop the tech-
niques to enhance the structure or substructure in whatever we
are looking at, and then determine what the significance is.
The final point is: What should we be spending most of our
time on? I think we should be validating anatomical techniques
by more than one independent or different procedure, but
most of us are not doing this. I don’t think one validation pro-
cedure is sufficient in most cases because usually the data are
just not that robust. We also should view structures by a vari-
ety of techniques to see if we can still obtain consistent results.
This does not constitute validation, but rather is a form of
verification, a subject we’ll discuss later.

Determining the time and period of band formation is one
of the more critical steps in using hardparts for ageing. I am
referring to some of the procedures we have seen already, e.g.,
observing the time of the year when the marginal increment is
an opaque zone. This requires serial sampling throughout the
year and should include fishes of different sizes, sexes, and
ages. The reason for such broad sampling is evident in the liter-
ature; fish of various sizes and ages may form seasonal marks
at different times in the year, and they may form more than
one mark in the year during different parts of the fish’s life his-
tory. I think we also have to be very careful to use relative
measurements when we are doing marginal increment studies,
especially if we are dealing with fishes of different sizes, since
absolute measurements can be quite misleading and confusing
in looking at changes over the yearly cycle. Generally, our
catches are not consistent in size structure or age structure
throughout the year and this can offer significant bias into
marginal increment analysis if absolute measures are used. No
matter what particular hard structure we’re examining, most
everyone agrees that it’s difficult to look at, measure, and
categorize the margin. Although it is difficult, it is still an im-
portant aspect of the validation process and should not be ig-
nored or done carelessly.

Most of us have submitted graphs indicating proportionality
of growth of a hard structure and growth of the fish (IIIb). This
is important to determine, particularly if one is going to do
back calculations of growth. I don’t think it comprises a vali-
dating step in itself and should not be treated as such. The rela-
tionship doesn’t have to be linear, it could be of any form, as
long as it can be mathematically described and it’s consistent
amongst individuals. As long as this is true, back calculations
of size-at-age are possible. We shouldn’t always expect or force
the data into a linear relationship because, in fact, many of
these structures rarely grow in the same linear fashion through-
out the whole life of the fish (see Smith 1983). Comparison of
different structures (IILc) in itself isn’t necessarily a validating
criterion. It might be a verification procedure and that’s some-
thing we can talk about later. We will discuss the difference be-
tween verification and validation (also see Glossary).

Marking various ageing structures in a fish or having fish of
a known age are valuable assets in ageing studies (IIId). Some-
times we have fish that we know are young-of-the-year or only
1 or 2 yr old. We can take known age fish, mark them, and
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recapture them at a later date to obtain a measure of their
growth rate. Ideally, we can also mark the ageing structure to
produce a reference point to compare subsequent growth and
time elapsed since marking. We’ve heard of a number of studies
in which tetracycline was used: Other chemicals can also be
employed. Additionally, there are various kinds of natural
marks that one may use, such as those produced by anomolous
environmental conditions. This general approach is one of the
more definitive ways to validate anatomical ageing studies.
The use of natural marks does not necessitate an initial capture
and external tagging. Microstructural analysis (IIIe) is some-
thing we’ve heard a lot about already. This is a relatively new
technique and it can be of considerable help in determining
what is an annual event in the hard structure. In particular,
most of the microstructural work has been done on otoliths. In
an ideal situation the fish grow continuously throughout the
year and also produce a suspected annual mark superimposed
upon a daily growth record. We can then test the temporal sig-
nificance of the longer period time markers by determining
whether there is a full year’s growth between them. Even if we
don’t have a continuous 365-d record in the otolith, we can use
microstructure data if we know something about the seasonal
pattern of growth. There may be changes in growth rate at the
beginning and end of a season; perhaps we can correlate these
changes with movements of the fish or changes in water tem-
perature that the fish is experiencing. If so, we can still pretty
well identify what’s likely to be an annual event in the fish, as
opposed to what are accessory checks and zones or false an-
nuli. In other words, we may be able to discriminate true an-
nual events from the all too common noise that adds consider-
able scatter to our age estimates.

Most of us summarize or analyze our ageing data with refer-
ence to growth models (I1If). There are a number of appropri-
ate models, but the von Bertalanffy model seems to be the
most popular. Different fish obviously follow different models
to different degrees. In addition, different parts of the life
cycle may be expressed by different models. Getting or not get-
ting a good fit does not constitute validation. I think that we
should look to these models to point out when something is
really awry. A poor fit can be a warning signal, but a good fit
to von Bertalanffy does not necessarily indicate that you’ve
aged the fish properly.

A common procedure in anatomical ageing studies is an at-
tempt at correlation between the time of formation of seasonal
marks and environmental and life history events (IIIg). For
example, knowledge of when a growth band is formed on a
skeletal hardpart and coincidental information on fish migra-
tion or an abrupt temperature change may be reassuring that
we’re on the right track and there is a reasonable biological or
environmental basis for the formation of these marks. Unfortu-
nately, the level of precision typical for such studies on pelagic
fish is low: Marks are discriminated in the hard structure, and
there’s general knowledge that the fish reproduce at about the
same time that the marks seem to form. Other events that may
produce marks may or may not be considered and the interpre-
tations is muddled; validation is not certain.

A final category of approaches used in anatomical ageing
studies involves procedures such as establishing objective cri-
teria, blind readings, and comparison between readers (IIIh).
All are very important; however, they don’t in themselves of-
fer validation. For example, 30 people may read the same ver-
tebra with the same result, but that doesn’t mean that we are



reading the correct age of the fish. These are verification pro-
cedures.

We now have a new group of techniques that don’t neces-
sarily go with the anatomical ones, though they do use various
parts of the fish for analysis. I’'m referring to the chemical age-
ing methods (IV) which are currently being developed and
which at least can give us a relative estimate of instantaneous
growth rate or some growth rate at a point in time. Very few of
them can give us an estimate of absolute age. Perhaps John
Casselman can tell us a little bit about that later. I think there
are some that can give us an absolute age estimate if the fish
are old enough, but primarily the techniques deal with relative
growth rate.

What I’d like to do now is open up this session to a general
discussion of ageing techniques as they are applied to pelagic
fishes. Where do we need more work? I’d like to hear some
criticism of the foregoing monologue since it represents a more
or less personal view and I’m sure that many of you have dif-
ferent ideas on the subject. I am proposing the following out-
line as a starting point.

SELECTED STATEMENTS RECORDED
DURING DISCUSSIONS

Schwartz—I1 would like to add one additional item to your
list, behavior of the fish. Behavior will determine whether you
are going to catch them or not in some cases. For example,
hammerheads are best caught on flooding tides and strong cur-
rents, not on weak currents or ebbing tides.

Houde—You can further that. Some kinds of behavior are
obviously age related. Behavior can tell us something about
ageing. For example, we see a salmon in a stream spawning
and we know it’s a mature fish and we know something about
its past history. Ages at which salmon mature have been deter-
mined. If we simply observe behavior then we have an estimate
of age. Thus, behavior associated with spawning and maturity
or being in a particular place where spawning activity might
take place tells us something about them. If you are sampling
the population, it can quickly tell us something about the age
structure of the fish.

Brothers—I can give you a counter example in a similar situ-
ation. Precocious Atlantic salmon have been discovered
recently that are reproductive but younger than the typical
spawners. Changes in life history and sex changes may also
give rise to interpretive problems. I guess we haven’t come to
any definitive conclusions on the question of hermaphroditism
in any of the pelagics we’ve discussed, but in other species this
phenomenon can give rise to anomalous results where there
are growth spurts after sexual maturity or sex transformation
has been achieved. This might be an indication of things to
look at in the pelagic species as well.

Houde—1I guess I'm not advocating that this is one of the
most important things, but I can see where behavior is possibly
a useful indicator.

Johnson—One thing that is ignored pretty much in fisheries
is chemical behavior in the fish, such as hormone levels and
things like that, which we are starting to look at now. Do you
think this can give you an indication of when they spawn? This
obviously would have some sort of effect on the deposition of
calcium or whatever the hardpart structure is made of. There
are various chemical techniques that could be looked at that
have not been adopted to fisheries research.
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Brothers—They’ve obviously been looked at less in the
pelagic species we are dealing with here. These are peculiar
beasts compared to the types of fish that most fishery biolo-
gists have to deal with. For example, large, highly mobile
oceanic pelagic species whose movements transect tropical, as
well as temperate, oceans have inherent problems with age
determination based on hardpart analysis. In addition, they
don’t lend themselves well to experimentation. Sonny Gruber
(with lemon sharks) has a very nice system and there is some
work that could be done in Hawaii on various kinds of scom-
broids. It’s very difficult to do the necessary experimentation
or long-term maintenance of fish required for controlled ex-
periments. What really is plausible with these fish and what
isn’t? Where should we invest more time and energy, and what
just isn’t likely to be practical?

Johnson—Many techniques can be adapted from human
medicine. I’'m thinking of one example that deals with various
estrogen levels. We could use techniques applied in human
medicine, such as radioactivity tagged antiestrogen materials. I
know of one paper in the literature on king mackerel where
they are examining hormone levels in the blood at the time of
spawning. What I am suggesting is that there might be other
techniques, especially those dealing with calcium and phos-
phate in humans and experimental animals, that might be use-
ful for fisheries biologists.

Casselman—I really think that the bottom line here is how
do we approach the problem. We have something that’s show-
ing some type of physiological record. Anything that affects
the metabolism of the organism, such as a behavioral change
or a direct physiological effect, is going to be reflected in the
hardpart. So, if we want to understand what’s going on, then
we have to study the physiology of the growth of the fish and
of the calcified tissue. I think we are confusing a number of
things. The calcified tissue gives us a record and we are trying
now to talk about what this record means without going into the
basics of the physiology of the growth of the fish. This is really
what this is all about. From where I look at it, all our confu-
sion has developed because we have accepted circumstantial
evidence. What we’ve got to really do is separate direct evi-
dence from circumstantial evidence and make sure we know
what we’re talking about. I think this is where a lot of the am-
biguity has developed in terminology (see Glossary). For exam-
ple, we’ve looked at a zone and said that it’s a fast growth
zone. That’s incorrect. That’s circumstantial evidence. We
should describe that zone in terms of direct evidence. Study
the chemistry of a zone, e.g., the calcium content of the zone,
or if you are looking at it optically, give the optical character-
istics of the zone. It has to be direct evidence, and I think that
we can solve this problem if we look at those two approaches
all the way along. Is this circumstantial or is this direct? When
we have something that’s direct then we have something to
build our science on. That’s really important.

Prince—John, that’s really a critical point. Talking about
circumstantial evidence versus conclusive validation is a big
difference and I object to a tone of voice in a manuscript
where it seems like there is conclusive validation, when there is
not. I think a little adjustment in a few words can make all the
difference in the world. Just simply write out what kind of evi-
dence you have. It’s critically important to do that.

Casselman—This tone of voice that you are talking about is
most important if you are presenting circumstantial evidence
and really presenting it as if it’s direct evidence. If we sort this



out, I think we can solve our problems.

Prince—There’s value in circumstantial evidence.

Casselman—Yes.

Prince—It’s very important to record all that we have.

Casselman—But we need to know it’s circumstantial and
how it’s circumstantial.

Brothers—Let’s talk about what’s circumstantial and what’s
direct, with respect to the categories of the procedures on the
board. If there are other techniques, we can add them. Which
techniques give rise to conclusive evidence and which ones are
less robust?

Casselman—Almost all the evidence we have is circumstan-
tial. Direct evidence is if you have a beast and it’s a fry and you
put it in the environment and you pick it up x years, x days later
—that’s direct evidence.

Brothers—With that one fish?

Casselman—That’s right. And if you tag that individual you
have direct evidence from the time of release to time of recap-
ture, but you have circumstantial evidence outside that.

Brothers—We’re always going to be in the position where
we’re going to have to extrapolate from individuals to a larger
population, so if we stick with that then we are never going to
have conclusive or absolute evidence.

Casselman—That’s right. We think that somewhere down
the line we’re going to be able to optically look at a calcified
structure and come up with the absolute age. I don’t think
we’re ever going to be able to do that. We may be able to do
that chemically or with other techniques, but never optically.
You simply have to describe what’s in the calcified tissue and
hope that you can validate it so you can at least have a relative
age. Relative ages are valuable and there are many examples of
this in the literature.

Brothers—I don’t have any doubt you can do it optically us-
ing otolith microstructure. It doesn’t work all the time for all
fish, but there are a number of examples where it’s very clear
that it’s giving an absolute perfect age.

Casselman—But when we get into the sub-microstructure
and the sub-daily problems. . . .

Brothers—There may be other things going on that we may
not understand at a lower level. I can’t tell you the age of a fish
to the minute, but I can sometimes give you the time of day it
died.

Casselman—I see another problem. I think we can do things
in research that we are never going to be able to accomplish in
straight routine age assessment. I think there’s a difference
here. We are talking about the problems, for example, with the
marine stocks in Lowestoff, England, where they age 40,000
fish a year—a routine age assessment. I see problems in trans-
ferring this science to a routine type of assessment. We can be
very precise but it’s going to be very costly and time-consuming.

Houde—1 think that in Lowestoff they have formed it into
an advanced technology and not a science. In fact, the optical
technique that they use there is exact, because certain year
classes are well marked in the hardparts. As Ed said, they
might not get it to a day or to the week but they certainly know
the ages of those tagged cod or herring stocks that they are fol-
lowing. I don’t think there is any doubt or hardly any doubt
for most of those stocks.

Casselman—They are enumerating zonation in those stocks.

Wild—What does enumerating zonation mean?

Casselman—They are counting and they are coming up with
a description of zonation, but it’s the same problem as with
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ocean pelagics and that is, it’s difficult to actually mark them
so that you have some direct evidence.

Houde—The evidence is indirect but very good because they
start out with juvenile indices. They get these fish as young-of-
the-year and then sample intensively. There is some possibility
of having individual fish aged incorrectly, but as Joe Powers
said in his first paper here, when you have a good technique,
and I think theirs is good in those northern waters, precision is
better increased through larger samples rather than more pre-
cise ageing. That’s the direction they’ve gone and I think it’s
very effective. They don’t necessarily manage fish stocks very
well, but they do know the age structure of the stock very well.

Brothers—To get back on track here, which anatomical age-
ing techniques give us good information as to the temporal sig-
nificance of whatever marks we are counting, and which
don’t? How does examination of the marginal increment work
for pelagic fishes? Conceptually, I feel that marginal incre-
ment analysis is a very useful and powerful way to determine
when a mark is formed. Does anybody feel that they have a
good example where it’s really clear that it’s working?

Pratt—I1 worked with the sandbar shark. We came up with
some marginal increment data that to me are significant in
showing that the majority of growth of the sandbar shark oc-
curs in the summer and points to a winter annulus formation.
My senior author is not as confident about marginal increment
formation as I am, but I feel that this is a tentative example of
a marginal increment study that presently shows promise for
determining time of band formation. The problems inherent in
this are that annuli or year marks don’t always form when they
are ‘‘supposed’’ to, or when the investigator needs to see
them. It’s going to be very difficult to apply because of the
narrow banding on some of the larger fish that we really wish
to work with. But I offer the sandbar shark as a tentative ex-
ample of this system working in a rudimentary fashion.

Lawler—It was mentioned when I talked to Jack Casey that
the sharks that were held in captivity laid down their rings on
an annual basis. He said that there was ocean water being in-
troduced into the aquarium system. The fact that they are lay-
ing down these rings in captivity, on a regular basis, just like
free-swimming sharks, shows that they are temporally related
but not necessarily to growth. It was strange to hear of these
fish in captivity, in a relatively closed system, still depositing
annual vertebral zones.

Brothers—Other fish in laboratory situations have annual
cycles of growth and reproduction even under constant condi-
tions (as best as they can be maintained). That’s not unusual,
but what might be unusual about oceanic pelagics are the ex-
tensive migrations they undergo and the variety of habitats
and conditions they experience throughout a year. In fact, it is
the unique characteristics of high mobility and extensive migra-
tions over a large geographical range (including tropical and
temperate regions) that distinguishes oceanic pelagic fishes
from many other species, complicates traditional approaches
to resolving age and growth problems, and was the ultimate
reason for directing this workshop to address this group of
fishes. All individuals in a population may not do this or may
do it at different times. This behavioral pattern might make
the formation of these zones inconsistent between individuals.
If this is so, can we expect to get clear-cut results from marginal
increment analysis? Should we pursue it further? Is the diffi-
culty of reading the margin on some of these structures so



great that we are never going to get consistent results, just
more technical problems?

Prince—The western Atlantic bluefin tuna is one example
where the species ends up off St. Andrews, New Brunswick,
sometime in the fall and then in a couple of months is back in
the Gulf of Mexico and spawning in the spring. One of the
problems we had and the attention we directed in our paper
towards annulus formation in the otolith (see Lee et al. 1983)
was that when collecting samples throughout the year, small
sample sizes in any particular month really weaken the whole
approach. More attention should be paid to that. Another
thing we noticed as we collected our data from 1975 to 1981
was that these fish don’t spawn at the same time every year and
when you collect data over that long a span that fact throws all
kinds of variability into the system. Bluefin tuna are well docu-
mented to spawn in May and June, yet last August a gravid
female was caught off Massachusetts. We had the eggs from
this fish sent to the Miami Laboratory for documentation.
What is a gravid giant bluefin tuna doing off Massachusetts in
August? My point is, they don’t all do the same thing at the
same time. There’s a lot of variability in the population and
this is reflected in some of the data we’ve seen. This is very diffi-
cult to deal with. I think it greatly weakens our ageing analysis.
People are trying to pinpoint the time of annulus formation,
yet it may not be very precise in nature. We’ve got a difficult
problem with this in paper after paper.

Pratt—One of the most encouraging things that I saw in this
workshop towards that end, Eric, was the work by Richard
Radtke with what he calls microincrements. It’s the most time-
consuming, labor-intensive process I’ve ever seen—but poten-
tially we could look at the marginal microincrements that we
seem to think are daily increments—i.e., to determine the
number of marginal microincrements from the annulus to the
time of capture.

Brothers—Let’s just call them increments for now.

Pratt—Okay. But I’m referring to the scanning electron
microscope work, and I don’t want it to be confused with
other things. We could count back through the days of several
clear otoliths, maybe dozens of clear otoliths, and get a statis-
tically significant result to pin down the time of annulus for-
mation. To address another point, you mentioned that this
sort of thing would be the one way you could optically validate
an ageing method. This is only true if we use a technique that
Alex Wild brought to my attention—the work of Joe Tanaka
in Tokyo using Tilapia. Even microstructure analysis has to be
related to real time before you can accept these increments as
daily, twice daily, or half daily in occurrence. I know there are
ways to do this with larval fish, but if you put a man on the
moon with a scanning electron microscope and an otolith, you
have got to relate it to real time to validate it. You can’t just
look at the structure and know what it represents.

Brothers—Exactly! In talking about microstructure and age
determination, you’ve got a whole set of validation procedures
which are basically analogous to those used for annual marks.
In the way you look at the formation of marginal increments
on a yearly basis, you may look at it on a daily basis by sam-
pling fish over different times of day, just the way we would
sample them over different times of the year. That’s what
Tanaka is referring to.

Pratt—The most important thing that we can do before age-
ing pelagic fishes is to get more methods of direct evidence, or
known age methods as Lagler and some of the elementary texts
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call it. We need these kinds of methods for validation of our
counts of rings, annuli, and circuli on skeletal structures.

Casselman—I agree that microstructure appears to give us a
specific daily age. But to transfer that to a routine age assess-
ment, you have to go through this relationship of coming up
with something on a microstructural scale and then relate it to
something on a macrostructural scale. This routine age assess-
ment is a major problem and the things we talk about here may
not be necessarily applicable to routine age assessment.

Wild—We have a very similar problem with that in the yel-
lowfin fishery. There is no way that you are going to age part
of the catch using daily increments. I look at daily increments
as a stepping stone that’s very susceptible to validation once
they have tetracycline marks. Once you’ve established struc-
tures of this nature that are identifiable, you should look for
other types of markers that involve longer periods of time. The
objective is to get away from counting edges, because if you
are dealing with the commercial catch, then you have to have
something that’s infinitely faster than that. This is just a step-
ping stone. If you have to go back to that and use it as an origi-
nal procedure for ageing, fine, let’s start there and then carry
on with something that’s quicker.

Dean—TI totally concur with you. Let me cite an example
that was before us this week. We were looking at increments in
swordfish and trying to relate them to annulus formation with
scanning electron microscopy and light microscopy. Our ob-
jective really was to tie our observations with someone else’s
findings on the same fish using a different structure (anal
spines), which are much easier technically to prepare and read.
Also, if you want to get into a routine application, spines offer
clear advantages. My point is: Do two independent measures
on the same fish constitute validation?

Brothers—No. Verification. Agreement between two struc-
tures does not validate the structure in question (e.g., the
spines) unless the comparative structure is validated. Ideally,
the latter procedure is accomplished for the whole life history,
not the first year or two. I want to go back to the outline so we
all understand what constitutes validation and what doesn’t—
validation in the sense of determining the temporal significance
of a time marker.

Dean—The first step is a move from microstructure analysis
to something that can be used routinely. We’ll never be able to
do the kinds of experiments necessary for true validation with
oceanic pelagics (billfishes, sharks, tunas) that many of us
have done with cod, toadfish, or other temperate species. We
can move one step at a time and accumulate indirect evidence.
I think it’s going to have to take an accumulation of indirect
evidence on pelagics.

Casselman—Definitely, because direct evidence is known
age which is seldom attainable under the best circumstances.

Compedn-Jimenez—1 work with bluefin tuna in the eastern
Atlantic. I can determine with certainty the time of spawning
because we know when the fish go into the Mediterranean Sea
and we also have a long series of gonad data. The fish go into
the Mediterranean Sea in good condition for spawning. In
Sicily, fish are also found in spawning condition in the same
place year after year. In the fall, one can get good modal pro-
gressions for the first two year classes, the only problem is the
mixing with western Atlantic tuna. These mixings seem to be
fairly minor as Walters stated in his paper. He talks about 15%
and this is the high estimate value not the low estimate. Thus,
the biology of bluefin tuna is well-known in the eastern At-



lantic, especially in comparison with other tuna. Also, more is
known about ageing with a variety of structures. In Europe,
we have an acute problem with sampling. This isn’t necessarily
true for the United States, but in Sicily, for example, if you
want one otolith you need to buy the tuna. A 400-kilo fish may
cost $400—all for one otolith.

Houde—1 agree with Alex Wild that the counting of micro-
increments, or whatever we call them, is probably not the rou-
tine way to age fish, but don’t some of you already use image
intensification or computer counting techniques to do some of
these kinds of things? What is the possibility of this in the
future? Maybe it can be a routine method.

Wild—I think that this has been tried. The problem is that
the increments that you plan to look at are subsurface, so you
have to expose them (i.e., etching with acid or refocusing opti-
cally). And if you can expose them so that they are clear, then
you are talking about a technique that could work very well.
The problem is you also have to count the increments where
they are not exposed very well. The equipment I’ve used has
not been that much help in interpreting what’s there, and the
human eye is superior because it can integrate materials much
better. Where it’s difficult to count, you have to guess or esti-
mate. I don’t know of anyone that has applied a densitometer
technique to count age increments for these reasons.

Brothers—What we are doing is trying to determine what
evidence we should be collecting. What evidence really offers
us positive proof that the structures we are looking at are
formed on an annual or bi-seasonal basis or even a daily basis?
Is there some kind of consistent temporal basis to the patterns
and can we use them to age our fish?

First on our blackboard list is a method to determine the
time and period of formation of a particular mark. It’s usually
done by sampling fish through time and examining the appear-
ance on the margin of the spine, otolith, scale, or whatever
structure it happens to be. It should be done in a fashion where
you segregate fish of different sizes and different ages, other-
wise complicating variation can be introduced. Furthermore,
the relative size of the marginal increment rather than absolute
size should be tabulated in order to reduce other sorts of sam-
pling bias. Do you agree that the above is a useful technique?
Do you agree that it’s satisfactorily executed for pelagic fish?
Do you think we should continue working on it? Why haven’t
we been successful? Sampling problems, microscopic tech-
nique, what’s our problem?

Casselman—TI think it’s a combination of things, and I think
that the more you look at this, you have to realize that you
have to sub-sample, you have to use fish of the same age, prefer-
ably, the same calendar year. I think it’s powerful if correctly
carried out.

Houde—1 agree that it’s a useful technique. One of the
problems with oceanic pelagics is that there’s such a protracted
season over which they may spawn (although not in every case).
There is variation among individual fish. There’s a problem.
We have to define the distribution for a given population.

Brothers—So a positive result is confirmatory but a negative
result doesn’t necessarily negate the assumption of an annual
mark. Annual marks may occur but they might be formed at
different times in different individuals and therefore give a
rather shallow seasonal curve.

Houde—We have to understand the distribution. For in-
stance if, simply, there was a normal distribution of frequen-

cies with which an annual mark is formed, you can define the
kind of annulus formation in terms of that distribution.

Brothers—Narrowing down the sizes and the ages that you
are looking at, as John Casselman said, will certainly help.
You undoubtedly reduce some of the variation because fishes
of different sizes, ages, sexes, and perhaps stocks, are doing
things at slightly different times. So, if we can make relatively
discrete samples, partition the analyses, we will certainly
reduce the apparent variation associated with time of band
formation.

Coffers—A point was brought up yesterday that it’s impor-
tant when dealing with marginal increments to address their
distribution rather than the means. You can determine the
mean of a number of very small increments and a number of
very large increments, indicating that there is formation at a
particular time, yet individual values may not be very close to
the mean and indicate something completely different.

Brothers—That’s why we should look at relative values
rather than absolute ones.

Foreman—Sampling is one of the main problems that we
should be careful of, especially in highly migratory pelagics
such as skipjack, yellowfin, or bluefin tuna. You can introduce
incredible error by sampling a fish that’s caught by vessels that
range over 5 or 6 million square miles of ocean, bringing them
back to one central location, and then sampling them and then
making generalizations about the age structure or growth rate.
We don’t know enough about stock boundaries to make an over-
all assumption for an animal when you don’t really understand
its stock structure. That’s a very dangerous thing to do.

Brothers—So you are saying this is a technique that poten-
tially has value, but because of the biological nature of the fish
that we are dealing with there are significant problems. We are
not talking about an easily definable population of rainbow
trout in a lake. We are talking about a much bigger lake, with
several population stocks and so forth. To summarize the dis-
cussion thus far, we agree that marginal increment analysis is
important though sometimes difficult to execute. To move on
to the next subject, could someone explain to me why propor-
tionality measurements are important other than for utility in
back calculation? (Also see Smith 1983.)

Pratt—May I back up just for a second while we think about
that? Marginal increment interpretation would be greatly facili-
tated with tag-recapture studies of any sort, as long as they are
done accurately and with tetracycline marking.

Brothers—Yes. It would be a more powerful approach. A
good point. Would someone like to address proportionality?

McGowan—If you get a linear fit between the growth of the
hardpart and length of the fish, it shows that (at whatever rate
those increments are being laid down) their growth is isometric
to the growth of the fish. So you do have a measure of the
growth rate of the fish using the hardpart.

C. L. Smith—TIt seems to me that this is a case where agree-
ment is very supportive. Disagreement is more critical, though,
because if you make back calculations and they don’t agree
with the observed frequency or the observed modes, then you
know that something is wrong. This is an aspect that falsifies
your identification of marks as annual marks but doesn’t actu-
ally prove anything if it does agree with it.

Houde—You said that you couldn’t see any use for it except
for back calculating. Well, I think it’s possibly enough justifi-
cation.



Brothers—That’s important but I get the impression that
people look upon this as having some value beyond that and I
want to know why.

Houde—But it does tell you something about the way the
hardpart grows relative to body growth and you want to know
that.

Brothers—Yes, but 1 can envision a situation where the
hardpart grows inconsistently with respect to body growth but
it does lay down a beautiful mark every year—sometimes there
is a large increment, sometimes a small one. In that case you
have a perfectly good structure for ageing, but it’s useless for
back calculation.

Houde—Okay, that’s the negative side of it, but Mike
McGowan gave us the positive side if it’s isometric—you, in
fact, measured the growth rate. It can be very useful.

Stillwell—]Is there an alternative? I mean, you have a mark
and you would like to be able to relate that mark to something
else. Doesn’t anyone have an alternative to proportionality
measurement and back calculating the diameter of vertebrae?

Brothers—1 don’t think we need an alternative. It works
fine. We can establish relationships and do our calculations.
The point I am addressing here is whether proportionality de-
termination validates the usefulness of the markers in terms of
our being able to use them to age fish.

Prince—This is an important point. Eighty percent of the
papers submitted for publication in our proceedings had pro-
portionality analysis included. I talked with Frank Schwartz
about this topic. Apparently, fulfilling the proportionality as-
sumption is not necessarily an important criterion for deter-
mining average age, but it is important in terms of back calcu-
lating previous growth history. Concepts of age and growth
are so closely aligned that they are almost always referred to in
the same context. However, they are distinctly different ideas
that should be kept separate, particularly when it pertains to
proportionality measurements. It should be clearly recognized
that when you don’t have a good relationship between size of
fish and size of hardpart, the utility for back calculation is
suspect at that point. For example, spines on swordfish seem
to have a good relationship (see Berkeley and Houde 1983),
but the otoliths from these same fish don’t seem to show iso-
metric growth (see Wilson and Dean 1983). In this case, let’s
not try to back calculate previous growth history using oto-
liths, let’s stick with a better structure.

Wild—That was very important in the yellowfin study that I
did. I examined several different variables and all were corre-
lated with each other and fork length and weight. So what?
They’re all measures of growth; they’re not necessarily mea-
sures of time, which is what I’m interested in. It strikes me that
the importan't variable or relationship to look for is between
time and some other growth characteristic that has the minimal
variance for prediction. It’s unimportant to me at this point
that the length of the otoliths is related to fork length. They’re
both measures of growth but have nothing to do with time.

Casselman—That’s a very good point. We have a whole
other problem here when we start talking about growth. When
we talk about age and age validation, that’s one thing, there’s
a time parameter. But when we start talking about growth,
then all the work that I’ve done with tetracycline indicates that
the more you do with it, the more you suspect your growth
work. You’re describing the growth of a particular structure
and then you’re trying to relate that to body growth or some
other parameter. The back calculation problem is another
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problem and I prefer now to just address the ageing problem.

Brothers—Let’s move on to the next point. The comparison
of the different structures, scales vs. otoliths vs. spines vs. ver-
tebrae: How important is this in ageing studies? What does it
tell us?

Compedn-Jimenez— This point is very important for practi-
cal considerations. We should sample several structures since
some may work better on young fish, while others may be
more useful for older fish.

Brothers—Yes, there is a practical aspect to it. You may not
be able to use the spine but the vertebrae may be very good.
We should sample a variety of structures. But do comparisons
help us in terms of validating annual or seasonal marks?

Foreman—We may look at what we call daily increments
and we may get a good validation of a daily increment series on
an otolith and then go back and do a whole count on an oto-
lith. If we’re convinced that we have daily periodicity for the
whole otolith, it seems to me it’s pretty easy then to count the
number of rings on a spine or vertebra and compare the two.

Brothers—If you have one validated structure or time
marker then you can look for agreement with other structures.
Thus, it takes one validated structure to validate another.

Foreman—That makes sense to me.

Brothers—But does agreement between two non-validated
techniques tell you anything?

Foreman—No. If you haven’t validated anything it won’t
work. All you have are two verified, non-validated structures.

Prince—That’s the point of the whole thing.

Unidentified—Comparing two structures is still important.
I’ve noticed this especially in. the bluefin papers. Non-agree-
ment between two structures can tell you a lot. It seems that it
can point the way to further research. The fact that you’re not
getting the same age should raise suspicions. It’s very impor-
tant to look at multiple structures.

Brothers—Good point, also.

Compedn-Jimenez— We should also remember that tetracy-
cline injections mark several structures at once and therefore
we can potentially compare and validate several ageing struc-
tures at once.

Prince—My interpretation is that agreement between two
different unvalidated hardparts is verification, i.e., that both
hardparts are showing the same number of marks and this in-
dicates that perhaps they were both responding to some envi-
ronmental stimulus at the same time. But that’s verification,
not validation. That’s the distinction I’ve made between vali-
dation and verification.

Brothers—To summarize thus far, we agreed that IIIa may
constitute validation, but IIIb does not. Procedure IlIc only
works if one structure is already validated, so let’s go to IIId,
marking ageing structures with various chemical tags or de-
pending upon some sort of natural tag. For example, we may
identify a particularly good year that leaves a characteristic
mark in an otolith, as has been seen in temperate fish popula-
tions. We then sample over a sequence of years and count
from the anomalous natural mark to the margin, comparing
the number of presumed annual marks to the known elapsed
time. This is basically what we do when chemically tagging an
ageing structure. How important is this to validation?

Foreman—Some medical literature on tetracycline indicates
this chemical inhibits bone mineralization and alters growth.
In some cases, body growth would increase (I believe this in-
volved chick embryos). Marking procedures may cause a slight



bias in growth. It’s something we should be aware of more
than anything else.

Prince—Al, you’ve injected a lot of fish, is that a significant
problem?

Wild—I think basically what the literature says is that it can
accelerate growth but it can inhibit calcium deposition. And
that’s pretty critical if we are going to be using this material as
a marker.

Foreman—1 think that’s dosage related, though.

Brothers—I1 haven’t seen any evidence of that phenomenon.
Has anybody seen any evidence of that in their work?

Casselman—In the chick work, the dosage was quite a bit
higher than we are using. If there is an inhibition of calcifica-
tion, a very distinct mark should be produced at the point of
tetracycline deposition. I’ve done some probe analysis across
my tetracycline zones and I couldn’t find any difference or any
decrease in calcium content. The effect referred to in chicks
just hasn’t shown up.

Foreman—1 think someone showed slides with a very wide
tetracycline mark that was being deposited over months at a
time.

Casselman—Well, you could see a wide mark, depending
upon dosage rate.

Prince—It was in shark centra shown by Gruber. I guess he
used a very large dosage. The entire centrum was yellow, but
you could see that it still had a very distinct mark at the top. Is
that what you’re referring to?

Foreman—Yes. 1 was thinking that maybe that has some
bearing on the question.

Casselman—Well, you get this over-fluorescence because
you have more than just uni-dimensional growth. It’s really
critical when you start working with tetracycline to get the
right dosage rate so that you can see exactly where the mark is.
The usefulness of the technique depends on our ability to be
precise in locating the mark.

Stout—In reference to the shark centrum Terry mentioned,
we just wanted to show that it was not the same as the others.
We were pointing out an anomaly in the system. There is no
apparent reason for that, it wasn’t because it was a short-term
effect and hadn’t as yet been incorporated. It just didn’t fol-
low the pattern others had. The band was just as narrow, just
as discrete, and from the visual analysis we gave it on the sur-
face and in various cross sections, it didn’t look any different.

Brothers—I think we agree on the utility of the technique.
What do we want to say about the feasibility? What problems
have we encountered in working on pelagic fish on the high
seas, tag return problems, and so forth? Should we put a lot
more emphasis into this? Should we ask for more support?

Wild—T1 think it’s important to look for more concentrated
solution forms that we can use. In injecting yellowfin, for in-
stance, if you try to put in more than 2 cc’s of 100 oxytetracy-
cline, it tends to back up and flow out of the needle pore. All
of the otoliths that have been returned from injected fish do
have a mark, so there’s never been a problem. But I talked to
Eric Prince, for instance, and what do you do when you are
trying to deal with a large bluefin that may take a quarter of a
gallon? What we need is some more concentrated material that
you could apply under pressure, possibly several different
kinds of chemicals.

Cayré—In our preliminary results from tetracycline injec-
tion, we noted that we don’t have an identifiable annual mark
produced each year. The mark may appear in a different form
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or number in different years. We have to do more work on
this.

Brothers—So in that case, you may never be able to use any
particular mark as an index to age individual fish, but at least
you’ll get growth rates on those fish. Okay, let’s move on to
microstructure, which we’ve already discussed to some degree.
Are there any other comments that we want to make about it?
There’s clear utility in the technique in helping to validate
other kinds of longer periodicity marks. For juveniles and lar-
vae, it can be easily applied to directly ageing individuals.
There are, of course, problems with it. It’s time and energy in-
tensive and does require its own form of validation.

Foreman—For microstructure studies, we should probably
start looking for a kind of cross-referencing of the different
hardparts. For example, we should look for coincidence of
marks and back-calculated fish size for different ageing struc-
tures.

Brothers—Is what you are saying akin to validating one
structure with another?

Foreman—Yes. If we could get a good relationship between
otoliths and centra, for example, we might be able to really pin
down annulus formation by back calculating one structure on
the other.

Prince—Microstructure studies have mixed validation and
verification problems. In the larvae, there are good validation
techniques. If you raise larvae in the laboratory and count pre-
sumed daily increments you can validate conclusively. When
you get to mature fish where major bands are unvalidated and
you count the minor bands in between them, this is not neces-
sarily a concrete validating technique. It comes more into the
category of verification, and it’s not that conclusive.

Brothers—Yes. If you are using otolith microstructure and
if you are saying something about information you can get
from daily growth units or daily growth increments, then
you’ve got to demonstrate or validate that those are in fact
formed with a diel periodicity.

Prince—The one exception is the work by Alex Wild where
he had tetracycline marks and counted the daily increments on
the margin of mature fish. You can do that, but without some
kind of a chemical mark, I don’t see how one can validate dai-
ly growth increments in large fish.

Dean—1 concur, but I think we’re also going to be facing
the fact that we are going to have to accept a certain amount of
transfer of information. I don’t really feel that there is that
much difference between a yellowfin and a bluefin, biologically.
If Alex can directly demonstrate daily increments in yellowfin
and we can see the same microstructure leading to annulus for-
mation in bluefin, I don’t know that we necessarily have to
have tetracycline labeling of bluefin. So I think we are going to
have to ultimately accept a certain transfer of information be-
tween species.

Wild—]1 disagree with that. When we worked with the skip-
jack, results showed that, at least over a period of time during
the growth of skipjack, one increment was not equal to a day.
I need to find out at what time during the growth of a fish in-
crements stop equaling a day. I think there is a reasonable
amount of evidence to indicate that during the larval or juve-
nile stages that one increment does equal a day. After these
early stages, this generalization is much less certain.

Johnson—I’m not too familiar with the intricacies of the
microstructure analysis, but I believe that one paper mentions
something about a possible mark that might be put on a lunar



basis, something done in Hawaii. Mentioning the fact that in-
crements might not be daily marks in older fish comes back to
knowing about the life history of the fish and what it responds
to. There may be some kind of photoperiod situation that’s
not really 24 h. There may be spawning every 28 h, and that’s
why you could be getting 340 marks a year instead of 365.

Cailliet—Would you include in this category the histological
characteristics of calcified bands in elasmobranch vertebrae,
or would you include that in the first category of determining the
time and period of formation? I would like to include it in the
microstructure.

Brothers—1I agree and believe we should move further in this
directicn of anatomical and chemical studies. Jack Casey has
started to do this. Certainly it will help to refine our under-
standing of what those bands really represent. It’s not quite
the same as the SEM studies but it will tell you whether you
have large cells, small cells, dense concentrations of calcium,
and so on. It can be carried out at the edge of the centrum in
samples taken over time, but it has a greater potential value.

Microstructure might also be broadened to include chemical
analyses and studying the metabolism of calcium and other
constituents. From these sorts of data we should be better pre-
pared to interpret the significance. Let’s go on to comparison
with growth models (I1If). What does a fit or non-fit to a von
Bertalanffy or any other model tell us about verification or
validation?

Wild—T1t doesn’t tell you anything about validation.

Brothers—Correlation with life history and environmental
events (IIIg): Of what utility is this sort of information? Is it
simply reassuring to know that the marks we’re using seem to
relate to the biology of fish? Is that all we can say about it?

Compedn-Jimenez— There is a problem with this approach
since the life history of the bluefin tuna is poorly known. Fur-
thermore, there is a problem with stock definition.

Brothers—Is it worth pursuing? Occasionally we do get a
correlation, so what?

Prince—1 think looking for correlation with events and pos-
sible causes is significant, but I’'m not sure it’s directly related
to conclusive validation.

Johnson—Consider a bluefin tuna or some other species
that has a very discrete spawning period in which it spawns
during a couple of weeks of the year. Maybe it has to have cer-
tain light and temperature conditions. A time mark may be
produced by such an event.

Brothers—How do you know that it puts down a mark at
that time?

Johnson—Well if you can show it, that’s what I’m saying.
You have to know the life history or you’re back to marginal
analysis again. If you don’t know the life history of a species,
then you don’t know what you’ve got.

Brothers—You may know the life history of the species but
how do you know that a mark is formed at a particular time
and only at that time?

Johnson—By virtue of your marginal analysis.

Brothers—Okay, so we’re back to that again.

Smith—In Brothers’ work, he was able to correlate the ap-
pearance of anomalous daily increments in freshwater stream
fish during unusual weather conditions. That seems to me a
perfectly valid way of correlating this. It’s essentially a natural
tetracycline event here and I think it’s a very important aspect
to validate these marks.
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Brothers—Yes, 1 suppose that goes under the category of
utilizing natural marks. Objective criteria, blind readings,
comparison between readers, etc. (IITh): These obviously help
in verification. Do they do anything in terms of validation?

Wilson—It’s a helpful analysis. It does add credibility to
what you’re looking at. Sometimes there are great variations in
counts conducted by only one person. On the other hand, there
may be relatively little variation by one reader, but another
may have a completely different interpretation.

Foreman—What that does is give you reproducibility. It
may not validate any temporal significance, but it sure increases
the confidence you have in your results.

Casselman—What we are doing here is measuring consis-
tency, and that’s the way I’d like to look at it, regardless of
whether we’re doing it between interpreters or within interpre-
ters or within a study or between studies.

MoacLellan—Verification vs. validation is precision vs. ac-
curacy (see Glossary). What we are after in determining whe-
ther an ageing technique works is accuracy.

McGowan—1 would like to comment about the von Berta-
lanffy fit we saw yesterday with the shark data. The ages were
unvalidated and the von Bertalanffy curves didn’t seem to
quite reach L. From a practical point of view, it might be
better to accept those curves as being based on the best avail-
able current data, whereas the L derived from some rogue
shark that was caught before there was actually a fishery may
be an unrealistic value. You might want to consider it even
though the fits don’t seem too good. They may actually be ap-
ropriate for the population that exists now.

Cailliet—It seems to me that goes back to procedure IIIf
concerning growth rate determination and comparison with a
theoretical growth model. I agree with you that there’s a lot of
individual variation. The largest reported size doesn’t neces-
sarily have to correlate with L o . The von Bertalanffy growth
model may not fit the curve the best. We just used it as a rough
approximation to see if we’re in the ball park. I think it’s use-
ful in that instance. It certainly isn’t a very powerful validation
procedure.

McGowan—Right, it doesn’t validate it, but in terms of
modeling the growth, it may actually be better than it looks us-
ing that other L.

Foreman—I think it gives some insight. Because, like the
data that I’'m looking at, one to three age classes show up in
bluefin in the Pacific —that’s all I can sample on bluefin and
when I calculate a von Bertalanffy curve, it’s based on the fast
growth period of their life. I get an L o of about 750 cm. I
know this is an unrealistic L since the fish do not grow to
anywhere near that size in the Pacific. It’s a good tool, but it’s
not validating anything.

Cailliet—Yes. I think this goes back to Ed Houde’s com-
ment yesterday. With a few points and the equations you can
complete a von Bertalanffy fit and still not know what the
valid time frame is.

Hurley—1 agree with Terry Foreman. It’s a descriptive tech-
nique more than anything else. The only other thing that it
might do, though this isn’t directly related to ageing, is that
sometimes fitting some sort of model gives managers a tool
they can use in stock assessment.

Houde—I1 want to add to Peter’s comment. We’re all trying
to age fish for some useful purpose. Most stock assessments
depend on either cohort analysis or yield per recruit analysis
and in both cases the von Bertalanffy fit seems to be the stan-



dard way to get a growth curve and determine the age structure
of the population. In the yield per recruit plot, both the k’s
and the L ’s are worked right into the model.

An additional comment I have concerns what I feel has been
a surprisingly underemphasized category, i.e., the use of long-
term tag-recaptured fish as a source of hardparts and age and
growth validation. As we saw in at least one paper (Lee et al.
1983), this can be a valuable source of information and more
effort should be expended in this direction.

Brothers—At this point, we have to draw our discussion to
an end. I'll let Eric Prince have the last word.

Prince—One recommendation that I think we can all agree
on now is that we need to make a greater effort to obtain a
variety of hardparts from tag-recaptured oceanic pelagic fishes.
Improving rewards for tag-recaptured tunas, billfishes, and
sharks is one approach which may eventually provide at least a

partial answer to the validation questions we have discussed
today.
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Summary of Round Table Discussions on
Back Calculation

C. LAVETT SMITH"*

BACK CALCULATION

Back calculation, defined as the process of determining how
large an individual fish was at some previous age, is done by
comparing a standard dimension of some skeletal hardpart
(i.e., scales, vertebrae, otoliths, or spines) with a standardized
measure of the overall size of the animal. If there are growth
zones on the hardpart that can be related to a time scale, back
calculation will make it possible to trace the growth history of
that individual fish.

Back calculation is a powerful tool for the fishery resource
manager. By monitoring average growth rates of various age
classes (cohorts) in the population, it is possible to identify
fast- and slow-growing seasons or years. This information can
be used to establish correlations with environmental factors
and ultimately provide the baseline data for constructing pre-
dictive growth models. The ability to age fish accurately per-
mits assessment of reproductive and recruitment success and
calculation of mortality rates and growth parameters. Back
calculation greatly increases the amount of information that
can be derived from each specimen and provides a means of
monitoring biomass production of each cohort.

BASIC ASSUMPTIONS

One of the most obvious assumptions in making back calcu-
lations of an animal’s past growth history is that there is a pre-
dictable and unchanging relationship between the size of the
skeletal hardpart and the size of the animal. The hardpart is
usually measured as the linear distance between a central point
(i.e., focus, nucleus, or core—see Glossary) and the periphery
of the structure. The length of the fish is normally taken as a
standardized measurement (standard, fork, or total length),
although, under some circumstances, other measurements may
be substituted. For example, sailfish, Istiophorus platypterus,
taken by sportsmen often have the rostrum removed before
they are examined by biologists (Hedgepeth and Jolley 1983).
In this case, an alternate measure of length (distance from the
center of the pupil to the fork of the tail) was adopted, making
it possible to use many more of the specimens from the sport-
fish catch.

Previous research has often demonstrated that the relation-
ship between the size of a hardpart and the size of many spe-
cies of fish can be adequately represented by a straight line that
may or may not pass through the origin. In other cases, the
relationship is better expressed by a curvilinear expression (Lee
et al. 1983). Therefore, there is no justification for routinely

'Chairperson and moderator for the round table discussions on back calculation.
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assuming that this relationship can be adequately represented
by a straight line and the relationship should probably be
checked empirically for each population. In addition, numer-
ous examples in this volume (Lee et al. 1983; Wiison and Dean
1983; Radtke 1983) have demonstrated that a strong relation-
ship between certain hardparts (particularly otoliths) and the
size of fish does not always exist. In these cases, back calcula-
tions should not be attempted because violation of this assump-
tion renders the results dubious.

Another assumption involving the use of back calculations
is that growth zones on hardparts should be related to time inter-
vals. In temperate areas where there are well-defined seasons,
winter cessation of growth can produce marks on hardparts
that can usually be distinguished from marks that are a result
of spawning, temporary starvation, short-term environmental
perturbations, or other causes. True annual marks provide a
time scale against which size can be plotted to produce a growth
curve. To some extent, agreement between back-calculated
lengths for each year mark (annulus, see Glossary) and the
observed size of the fish from the same cohort at the end of
successive growing seasons serve as an indirect means to vali-
date growth zones as true year marks. However, if there is
some variation in the time of formation of the annual mark,
this can introduce a sizeable error and this problem should be
addressed.

ADDITIONAL CONSIDERATIONS

Once it has been established that the observed marks are
produced at some reasonably consistent time interval (these
need not be yearly, so long as they are consistent), the dis-
tances between the marks, or the successive body lengths cal-
culated from these distances, can be used for fitting growth
curves. It must be emphasized, however, that a calculated
growth curve is only an approximation of the actual growth
history, which consists of alternating periods of slow and rapid
growth. It is this variation in growth rate that produces the
translucent (fast growth) and opaque zones (slow growth, see
Glossary) that constitute the growth marks. For some pur-
poses, it might be desirable to obtain a truer representation of
the growth pattern. For example, accurate models might make
it possible to control fishing effort so that the harvest would be
reduced during the periods of rapid growth, thus allowing
more individuals of a particular cohort to survive until they
reached a length plateau.

Since growth rate depends on many factors, not all of which
are thoroughly understood, periods of rapid growth can best
be determined empirically rather than through theoretical
models.

Conspicuously few attempts at back calculating length of
oceanic pelagic fishes were presented at the workshop. Most



growth curves have been based on observed lengths of fish
whose age could be estimated from hardparts. From this I con-
clude that most of the workshop participants do not believe
that the basic requirements for accurate back calculations have
been met, or that many of us have just not reached this stage
of analysis. Presumably we all agree that the first problem lies
with the time axis. There are still difficulties with the valida-
tion of growth marks as annual events (see Brothers 1983).

Merely demonstrating that one pair of opaque and translu-
cent zones are formed each 12 mo will not be sufficient for ac-
curate back calculation unless it can be determined exactly
when in the year the transition from opaque to translucent oc-
curs. It now appears that the assessment of daily increments on
otoliths may help solve this problem or at least reduce it to
manageable proportions. Obviously, the counting of daily in-
crements requires too much time and skill to use it routinely,
unless it becomes possible to automate this process, using
scanning electron microscopy and microprobes. If this could
be accomplished, then back calculations could be developed
into a very precise technique.

If the time frame problem can be resolved, then it may be
beneficial to reexamine the assumption that hardparts, once
formed, do not change dimensions. It appears for some species
that shrinkage of the central portion of scales with increasing
age might account for the Rosa Lee phenomenon (tendency
for back-calculated lengths at a given age to be smaller, the
older the fish), so commonly encountered when making back
calculations from scales. The problem is perhaps less likely to
occur with otoliths and other hardparts, but it certainly should
be considered and tested if possible.

During our discussion, there have been several suggestions
that standardizing our technique would be advantageous and
allow results between studies to be more readily comparable. It
is true that there are several areas in which standardization of
back calculation techniques will ultimately be desirable. For
example: What measurements do we use? How do we measure
marginal increments? How do we deal with hardparts in which
the center of the structure is reabsorbed or early increments
obscured due to vascularized tissue? What mathematical treat-
ments are we to use to describe growth histories? What will be
acceptable as adequate validation of marks? (See Brothers
1983.) How do we deal with a situation when a good relation-
ship between size of fish and size of hardpart is not evident?

Given the present state of the art, it seems undesirable to at-
tempt such standardization at this time. We are still very much
in an exploratory research phase, and because there are no uni-
versally accepted techniques, workers have had to develop
their own ideas, and they have been free to ask, ‘“What obser-
vations will be most informative?’’ If there were set standards,
there would be a temptation to try to bend the data to meet
standards that in some cases may be quite inappropriate. It is
my opinion (and that of many workshop participants) we are
better off without guidelines at this stage, provided we keep in-
formed as to what other research workers are finding. At this
time our most crucial needs are closer communication and
flexibility rather than rigid standards.

SELECTED STATEMENTS RECORDED
DURING DISCUSSIONS

Foreman—About a year ago, I think there was a paper that
dealt with standardization. It made the point that no one could
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tell how the calculations were made unless the technique is
spelled out in the paper. Perhaps we could adapt something
like the procedures suggested by F. W. Tesch in the IBP Hand-
book [Methods for Assessment of Fish Production in Fresh
Waters, W. E. Ricker (editor)]. Is that a good reference, John?

Casselman—TIt’s pretty acceptable. I don’t like back calcula-
tion in general. It’s a completely independent subject from age
determination and has its own set of problems (many unre-
solved).

Casselman—If we think we have problems in age assess-
ment, we haven’t seen anything until we start looking at back
calculations. I’ll give just one little example of this. I found
this really confusing when I was trying to sort out my problems
in looking at the growth of various structures in relation to the
body. I would go to the literature and would find the statement
that the fish grew at a certain rate during a certain period of
time in the year. I looked at this, and it didn’t make sense in
the model I was building in my own mind. Low and behold,
the growth rate that the person was talking about, in terms of
body growth, was in fact something they’d constructed from
the scales. So they were really talking about scale growth and
just automatically calling it body growth. I think the first im-
portant thing is that when you’re working with the growth of a
structure, you’re describing the growth of that structure—
you’re not necessarily describing exactly what is going on in
the body of that fish or in another structure of that fish at that
time. I think you have got to make sure that you explain that.

Foreman—TI think that in the future, someone, or perhaps a
group of people, should do a review paper on back calcula-
tions. I went through some bluefin literature and over and over
I saw that the authors say they use the scale method. Good
grief! What’s the scale method?

Casselman—I think the next step (beyond the scale method) is
the use of tetracycline. When you come back with that marked
tissue that we can relate directly to a time scale, then we can
talk about growth.

Unknown—There’s a growing amount of statistical litera-
ture on the inappropriateness of using model one regression
techniques where model two techniques should be used. There’s
error in measuring lengths and weights of fish and these types
of experimental errors violate model one assumptions. It has
been suggested that functional regressions are appropriate in
most fishery work. Right now, however, there is no valid way
to compare functional regressions.

Wild—I1 think we should ask how many people believe what
Ricker had to say concerning the subject. I don’t believe it’s
significant.

Unknown—I know that Dr. Carlander doesn’t particularly
agree with Ricker’s conclusions because it depends on how
well your data are correlated, whether you use functional or
regular regression.

Johnson—We’ve run into problems with port samplers. I
think the definitions of things like total length are variable be-
tween studies. I know one slide that we were shown this week
was based on total lengths taken after the tail was squeezed to-
gether. Where I come from you don’t squeeze the tail. I don’t
know who’s right but it can make a big difference. I did a
paper on yellowtail snappers and I found that some port sam-
plers were squeezing the tail and some weren’t. Use of fork
length and total length can also be very confusing when there is
a 15 to 20% difference between them.



C. L. Smith—It makes a significant difference and it’s obvi-
ous that somewhere we’ve got to get together and standardize
these measurements. I do think it’s healthy that we’re address-
ing these things, and I believe we’re going to have to ask a lot
more of these questions. The statistical questions are definitely
going to have to be addressed by someone with a good mathe-
matical background. However, I think it’s a concensus of this
group that we simply aren’t ready to settle down to any stan-
dardization of back calculations. Back calculation will continue
to be an important tool and will probably become even more
useful when it’s refined, but for oceanic pelagic fishes, we sim-
ply aren’t ready to make a set of recommendations here.

Crow—I have a question. How many people have actually
compared the measurements of the second year growth mark
on, say, a 3-yr-old fish, to the second year growth mark on a
fish that is 10 or 12 yr old to see if there is any positional
change? I think that is important.

Martin—I1 did, not knowing what the growth bands I was
counting represented. I made the assumption that they were
annual and I found a slight Rosa Lee phenomenon. I had 23
age classes. I felt that my data on the upper age classes were
rather limited. I felt that back calculation worked, although I
calculated some correction factors and did a regression analy-
sis. It seems that back calculation will be useful once we figure
out what circuli we should count and what time period they
represent.
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MacLellan—T1t is interesting to compare growth curves gen-
erated from back-calculated sizes with those derived from the
size at time of capture. I don’t know how useful this is, but it is
interesting.

C. L. Smith—I would think that if there is agreement, it
doesn’t necessarily mean that the calculations have been veri-
fied. If, though, there is strong disagreement, it is a sign that
something is wrong and we need to get busy and find out why.
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Age and Growth of Young-of-the-Year Bluefin Tuna,
Thunnus thynnus, from Otolith Microstructure

EDWARD B. BROTHERS,' ERIC D. PRINCE,? and DENNIS W. LEE?

ABSTRACT

Video-enhanced light microscopy was used to examine the microstructure of otoliths (sagittae and lapilli) of 369 bluefin
tuna larvae, Thunnus thynnus. The larvae, ranging from 4 mm notochord length (NL) to 9 mm standard length (SL), were
collected by neuston and conical plankton nets near Miami, Florida, in May and June 1981. The otolith age distribution
(total number of presumed daily growth units) showed a pronounced peak at 8 d (50% of the fish), 97% falling between 6
and 9 d; extremes were 3 and 10 d. Otolith ages are expected to underestimate absolute age (from fertilization) by approxi-
mately 4 d. Individual larvae collected together exhibited up to a two-fold variation in length, but the otolith ages were often
the same. Otolith size, daily growth unit spacing, and subdaily increment structure were markedly different for ‘‘fast-"’ and

‘“‘slow-growing”’ larvae.

Forty-four juvenile bluefin tuna (267-413 mm fork length, FL) were also collected by hook and line near Miami (1979,
1980) and examined for otolith growth increments. Total counts on 10 specimens were used to back-calculate a mean
birth date (fertilization) of 2 May and a range extending from mid-April to early July. Size and microstructural
characteristics of the area encompassing the first 10 increments in otoliths of juveniles were most similar to “fast-
growing” larvae in increment spacing and subdaily composition. The evidence suggests that differential survival of
larvae is associated with growth rate in the first 2 wk of life.

INTRODUCTION

Several studies have attempted to document the time of
spawning and early age and growth of bluefin tuna, Thunnus
thynnus, in the western Atlantic and Gulf of Mexico. All of
these studies have used what may be termed ‘‘indirect’’ ap-
proaches, i.e., individual specimens were not aged, but rather
inferences were drawn from a time series of collections, often
representing relatively few fish. The time of spawning has been
estimated from the seasonal occurrence of age 0 bluefin tuna
(Rivas 1954; Mather and Schuck 1960; Furnestin and Dardignac
1962; Potthoff and Richards 1970) and from examination of
gonadal condition in adults (Rivas 1954; Baglin 1982). Such
studies have indicated that spawning occurs in the spring, pri-
marily in April, May, and June. Growth rates during the sum-
mer and fall of the first year have been estimated from serial
compilations of juvenile length data collected by a variety of
techniques, including sampling fish regurgitated by terns (Pott-
hoff and Richards 1970). Laboratory or enclosure rearing of
bluefin tuna larvae and juveniles (Sanzo 1932; Harada, Kumai,
Mizuno, Murata, Nakamura, Miyashita, and Hurutani 1971)
has also contributed to our knowledge of the early life history
of this important species. Estimated growth rates are relatively
high, as generally expected for scombrid fishes; however, there
is considerable variation between studies and no clear-cut data
on the shape of the growth curve for the first 2 or 3 mo of life.

Larval fish can be directly aged by examination of their oto-
lith microstructure (Brothers et al. 1976; Methot and Kramer
1979; Kendall and Gordon 1981; Townsend and Graham 1981).
With appropriate correction factors, absolute ages and spawn-
ing dates can be calculated from otolith daily growth unit

'Section of Ecology and Systematics, Corson Hall, Cornell University, Ithaca,
N.Y.; present address: 3 Sunset West, Ithaca NY 14850.

*Southeast Fisheries Center Miami Laboratory, National Marine Fisheries Service,
NOAA, 75 Virginia Beach Drive, Miami, FL 33149-1099.
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counts. Our objective in this study was to apply these tech-
niques to a series of Atlantic bluefin tuna larvae and juveniles
for computation of early growth rate and estimation of young-
of-year age and spawning time.

METHODS AND MATERIALS

Larvae were collected on four occasions (Table 1), using
either surface 1 m conical plankton net tows or a 1 x 2 m neus-
ton sampler, both with 0.947 mm mesh size. Entire samples
were immediately preserved in 95% ethanol. A total of 369 fish
larvae were later identified as bluefin tuna by T. C. Potthoff
and W. J. Richards, NOAA, National Marine Fisheries Ser-
vice, Southeast Fisheries Center, Miami, Fla. The 95% ethanol-
stored larvae were soaked in water for several minutes before
measurement and otolith extraction. This procedure reduced
some of the shrinkage caused by the alcohol and tended to
straighten and soften the bodies. Although shrinkage is known
to occur upon preservation of fish larvae (e.g., up to 15% after
net handling and Formalin® fixation in chub mackerel larvae;
Theilacker and Dorsey 1980), we made no corrections in this
study. Shrinkage was assumed to be a constant proportion for
all fish. These fish were measured (from the tip of the upper
jaw to the tip of the notochord, NL; or to developing hypural
plates, SL) to the nearest 0.1 mm with an ocular micrometer in
a dissecting scope. Otoliths (sagittae and lapilli) were dissected
out of the larvae with fine needles (Brothers and McFarland
1981) and then placed in a drop of immersion oil on a micro-
scope slide. Otoliths were examined without any further prepa-
ration with a compound light microscope adapted for video
viewing. Increment counts and measurements were made off
the video monitor at magnifications of either 1,536X or

*Reference to trade names does not imply endorsement by the National Marine
Fisheries Service, NOAA.



Table 1.—Larval samples of bluefin tuna taken off Miami, Fla., May and June 1981.

No. for Mean Mean
No. otolith length? otolith age*
Date Gear Locality' identified data (mm) (d)

19 May 1981 1 m conical plankton Pacific Light 52 51 5:22 7.90
net; 0.505 mm mesh size

20 May 1981 1 m conical plankton Fowey Light 176 141 5.14 7.80
net; 0.505 mm mesh size

21 May 1981 1 m conical plankton Fowey Light 93 90 4.96 7.26
net; 0.505 mm mesh size

2 June 1981 1 x 2 m neuston net; Fowey Light 48 46 5.48 6.83

0.947 mm mesh size

'All sampling locations were at the edge of the Gulf Stream (5-10 mi offshore).

*Based only on fish used for otolith data.
*Not corrected to fertilization.

2,790 x . Otolith radii were measured as the maximum distance
from the primordium (central, optically dense area) to the oto-
lith margin, which was usually to the rostrum (especially in lar-
ger larvae). In the final analysis of the 369 larvae, only 328
were used because of damage to 41 specimens and resulting un-
certainties with regard to fish length.

Hook-and-line caught juvenile bluefin tuna were obtained
from charter boats fishing off Miami during the summer and
fall of 1979 and 1980. A total of 41 fish (267-413 mm FL) were
measured and sampled for sagittae. Otoliths were placed in im-
mersion oil on microscope slides for preliminary viewing. Fur-
ther preparation was necessary to view otoliths with high mag-
nification since focusing on critical regions was prevented by
otolith thickness and projecting surfaces. Two areas of interest
were identified for total counts and examination of early larval
growth history. Relatively unambiguous and continuous incre-
ment counts could be made from the core (‘‘nucleus’’) to the
margin of the antirostrum (terminology of Messieh 1972; also
see Glossary). This count was facilitated by breaking the dor-
sal-posterior quadrant away from the rest of the otolith by
slight pressure with a scalpel blade. There was considerable in-
dividual variation in the ‘‘readability’’ of the otoliths, which
was correlated in part with greater breadth (lateral view) of the
antirostrum. As a result of eliminating difficult-to-analyze spe-
cimens or those inadequately prepared, only 10 fish were used
for total increment counts.

Maximum radius measurements were made from the pri-
mordium to the middle of the eighth daily growth unit (defined
below). This measurement was made on a total of 25 fish.
Breaking away (with scalpel) or grinding down (600 grit Car-
borundum) of the dorsal-posterior quadrant of the otolith was
necessary to focus on the early growth stages.

All statistical inferences were based on a significance level of
a = 0.05. Line fits were calculated by the method of least
squares (Dixon and Massey 1969) or Bartlett’s best fit (Bartlett
1949).

RESULTS

Growth increments in the sagittae and lapilli of fish at the
middle and upper size ranges represented in our sample are
shown in Figure 1. References to otoliths in the remainder of
the text refer to the sagitta unless otherwise stated, since most
counts and measurements were made on these otoliths. Sagittae
are nearly circular or anteriorly elongate ovals when viewed
from the interior or exterior (= sagittal section) side, flattened,
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elongated hemispheres when viewed from above or below (%
frontal section), or flattened hemispheres as seen from an an-
terior or posterior point of view (£ transverse section, see Glos-
sary). All microscopic observations were made with larval oto-
liths lying on the external (distal) face, i.e., flattened or internal
(medial) face upwards. Under these viewing conditions, there
is an irregularly round, optically dense region in the center of
the otolith. This region, approximately 5 um in diameter, is
termed the primordium. Surrounding the primordium are usu-
ally two (sometimes three) diffuse and difficult to discern opti-
cally dense layers. The first optically dense layer has an average
diameter of 12 um; the second has an average diameter of 18
um. They are not clearly visible on all specimens. This area,
described above, is surrounded by well-defined growth incre-
ments. Growth increments are defined as bipartite structures
composed of one optically transparent and one less transparent
layer. The area circumscribed by the first clear growth incre-
ment subunit may be termed the core. Thus, the core includes
the primordium and an area of ‘‘nonincremental’’ growth or
at least atypical incremental growth. In some specimens, the
whole core is more optically dense than surrounding material,
although a primordium is still clearly visible (Brothers and
McFarland 1981; Tanaka et al. 1981). The incremental subunits
are of approximately equal thickness for the first two or three
increments, thereafter gradually changing, so that the optically
transparent subunit becomes progressively wider relative to the
denser subunit. Care has to be taken in observing dark and
light subunits since they can reverse appearance under differ-
ent focusing conditions. Consistent results are obtained at a
““high’’ focal point, i.e., the greatest lens to object distance
giving a sharp image. Increments on larval bluefin tuna oto-
liths appear visibly distinct in nature for most specimens and
are structurally analogous to the simple daily growth units seen
in many species (Brothers 1979; Pannella 1980). In the largest
and apparently fastest growing individuals, this basic pattern is
modified in the last three or four increments. Fine increments,
termed subdaily (see Fig. 1), appear superimposed over the
presumed daily growth unit structures. Subdaily increments
are structurally homologous to simple daily growth units. Their
presence has been noted in acetate replicas and SEM prepara-
tions of this species and other tunas (Brothers*). Thus, certain

“Brothers, E. B. 1981. Daily growth increments in otoliths from laboratory-reared

chub mackerel (Scomber japonicus) larvae. Unpubl. manuscr. Cornell University,
Corson Hall, Ithaca, NY 14853.



Figure 1.—Microstructure of larval bluefin tuna otoliths. All micrographs were taken from the video monitor: A) Sagitta from 5.3 mm NL larva. Note the dark, central pri-
mordium with two diffuse increments surrounding it. There are eight daily growth units around the core. B) Lappilus, same specimen as above. The photo was taken at ‘‘high”’
focus (see text). C) Same as B, but with ‘‘low’’ focus. Note the reversal of light and dark areas in the core and surrounding increments. D) Sagitta from 8.2 mm SL larva. Note
lower magnification in comparing with A. E) Higher magnification of above specimen. F) Sagitta of 9 mm larva. Subdaily increments are clearly visible. Bracket indicates one
daily growth unit.
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Figure 2.—Microstructure of juvenile bluefin tuna otoliths: A) Central area of 413 mm FL specimen. Compare with D in Figure 1. B) Higher magnification view of same specimen. C) Central area of 344 mm FL juvenile otolith. D) Tip of
otolith antirostrum, 306 mm FL juvenile.



daily growth units may be considered complex, comprised of
10 or more fine growth increments.

Since age validation (establishing the time sequence of incre-
ment formation, see Glossary) was not accomplished in this
study, reference to daily growth increment or unit in the re-
mainder of this paper is a presumption that they are formed on a
daily basis unless qualified with the term ‘‘subdaily.’”” This is
based on the evidence that bluefin tuna microstructural patterns
described as growth increments, growth units, or daily growth
units are structural homologues of features demonstrated to be
formed with diel periodicity in a wide variety of species (Brothers
et al. 1976; Taubert and Coble 1977; Barkman 1978; Brothers
1979; Pannella 1980; Brothers and McFarland 1981; and many
others), particularly in other scombrids (Wild and Foreman
1980; Uchiyama and Struhsaker 1981). Some of the strongest
direct evidence of daily formation of increments in scombrid
larvae otoliths was found for laboratory-reared chub mackerel
(Scomber japonicus; Brothers footnote 4) larvae. Accordingly,
we feel that the presumed daily growth units we describe for
young-of-the-year bluefin tuna can be used for ageing. The va-
lidity of this assumption is addressed in the Discussion section.

The portion of juvenile otoliths corresponding to larval
growth (Fig. 2) appeared essentially the same as otoliths from
larval fish, with the exception of two features: 1) The growth
unit spacing averaged greater for the juveniles, and 2) subdaily
increments were more common. Growth units along a counting
path from the core to the tip of the antirostrum were highly
variable in clarity and thickness. A zone of very thick, optically
dense and diffuse growth units begins after approximately the
15th growth unit and continues for a substantial distance, cov-
ering 30 or more growth units. Beyond this point, growth units
are more distinct and gradually thin as they approach the oto-
lith margin (see Fig. 2).

Growth increment counts on larval otoliths include only pre-
sumed daily growth units outside of the core; subdailies are
not tallied (Fig. 3). Half of the 328 larval specimens had eight
increments and 97% had between six and nine increments. The
lowest number recorded was three for a specimen 4.2 mm NL
and the highest number was 10 for two specimens 5.6 and 6.5
mm SL. Six specimens over 7 mm SL had counts of either eight
or nine. Lapilli from larvae were also examined and were found
to have essentially the same primordium and core features.
Daily growth unit counts were in good agreement with the
sagittae counts, and increments on lapilli were sometimes less
ambiguous, especially in larger specimens.

Maximum otolith radius was measured and compared with
fish length (Fig. 4). Although there is a clear positive relation-
ship between these two measurements, the form of the best fit
line is uncertain. A least squares regression in an exponential
form, y = aeb*, gave the best fit (@ = 7.02, b = 0.24, and r* =
0.71) to all the data; however, it appears that the largest and
fastest growing fish have reached a transition to another, more
rapid otolith growth stanza. The rostral region begins to grow
very rapidly in some fish over 7 mm SL. Since maximum
diameter was measured, this leads to two of the larvae having
what appear to be disproportionately large otoliths. A more
representative description of otolith growth would probably be
achieved by fitting power functions to individual growth stan-
zas, but more larvae in the larger size classes are necessary. A
final observation on the data in Figure 4 indicates that there
may be some slight variation in the relative size of the otoliths
as a function of collection date. There are several possible
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causes for this, including differential fish shrinkage as a func-
tion of net handling or time of preservation, or differential
otolith growth as a function of fish growth. The variation
observed is not great enough to affect our major conclusions
on fish growth rates. When radius data for a representative



sample (N = 25) of larval otoliths with eight increments are
compared with measurements of the eighth increment on juve-
nile otoliths, some overlap in the distributions and three excep-
tional larval points are evident (Fig. 5). In general, juvenile
measurements show a larger average otolith size than larvae at
the same otolith age.

Otolith ages were adjusted to absolute age from fertilization
by a correction factor of 4 d (see Discussion below) and then
used to calculate spawning dates for the 1981 samples (Fig. 6).
Similar calculations for ten 1979 and 1980 juveniles gave a range
of spawning dates from 13 April to 20 May, with a mean date
of 2 May.

Juvenile fork lengths were plotted against collection dates
(Fig. 7) to yield an estimate of growth rate. For purposes of
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Figure 5.—Frequency distribution of otolith radii for larvae with eight daily growth
units (open bars), and radius to the eighth growth unit in otoliths of juveniles (solid
bars). The mean radius value and sample size are indicated for both groups.
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this analysis, all fish were assumed to have been spawned on
the same day of the year, 10 May. A least squares regression
line fitted to the data had a slope of 1.15 (#* = 0.74). Thus, a
linear fit indicated a growth rate of 1.5 mm/d. Adjusted age
data for 10 juveniles were also regressed against length to give
a slope of 1.39 (» = 0.88). This slope was not significantly dif-
ferent (« = 0.05) from that of the date-length regression.

DISCUSSION

Implicit in the Results section was our discrimination between
growth increments and daily growth units. Both are structurally
equivalent with the exception that some growth units were
observed to be comprised of finer lamellar structures, provi-
sionally termed subdaily growth increments. In order to vali-
date the temporal nature of increment formation, a number of
tests or criteria should be applied (Brothers 1979, 1983). Assum-
ing that all observable growth increments are daily can be highly
misleading if in fact subdaily increments are prevalent, as they
appear to be in a number of species and growth stages (Broth-
ers footnote 4). Direct validation is often not possible within
the scope of a study. Therefore, indirect or comparative meth-
ods must be employed to determine the likelihood of whether
daily growth units are present and correctly discriminated. The
protocol used here is simply for an experienced otolith reader
to make counts. Subjective decisions are used when suspected
subdaily growth increments are present. A hypothesis is pro-
posed that the counted increments or units are all daily and,
therefore, counts can be used to determine age and growth
rate. If such counts are accurate representations of age and
growth, then they should yield results compatible with other
independent measures of age and growth. This is basically the
procedure followed here. The otolith reader (Brothers) was ex-
perienced with otolith microstructure of many species, includ-
ing several scombrids, in which daily growth units have been
experimentally validated in lab-reared and wild fish. The reader
made a decision of what to count based on structural similarity
to known daily growth units in other species. Several lines of
evidence were then used to compare the otolith microstructure



results with available data on the early life history of bluefin
tuna. This is not a totally satisfactory approach since it does
contain an element of circularity; however, we feel that the use
of independent estimates of age and growth from other studies
makes our analysis valid and we are confident that daily growth
units have been correctly identified and counted.

Otolith ages were corrected by adding 4 d to total counts.
This correction implies that the first counted increment was
formed 4 d after spawning or fertilization. Daily growth unit
formation can be initiated at a variety of points in ontogeny,
based on the species and developmental pattern (Brothers et al.
1976; Barkman 1978; Brothers footnote 4). Otoliths (the sagit-
tae and probably lapilli) are known to be present at hatching in
many scombrids (see illustration and description of Scomber
Japonicus in Fritzsche 1978; Radtke 1983; Brothers footnote 4)
and specifically in bluefin tuna (Sanzo 1932). Tropical tunas
have typically small eggs, short development times, and rapid
yolk absorption. For example, in Fritzsche (1978), hatching
times for seven tunas averaged just over 1.5 d. Mediterranean
bluefin tuna eggs reared by Sanzo (1932) hatched in just over 2
d. Yellowfin tuna, Thunnus albacares, eggs hatched in 1 to 1.5
d at 25 °C (Harada, Mizuno, Murata, Miyashita, and Hurutani
1971). The time of yolk absorption and the onset of exogenous
feeding are also temperature dependent, but usually commence
about 2 d after hatching, as for example in yellowfin tuna
(Harada, Mizuno, Murata, Miyashita, and Hurutani 1971).
Sanzo (1932) illustrated that a bluefin tuna larva with a well-
developed mouth could resorb its yolk 2 to 3 d posthatching.
Even in relatively cooler temperatures (19 °C), chub mackerel
take only about 4 d from fertilization to reach the feeding stage.
At 16 °C, chub mackerel take 3.6 d to hatch and 4 more days to
the onset of feeding. Otoliths of chub mackerel larvae reared
under these conditions did not form increments until 3 or 4 d
from hatching (Brothers footnote 4). Thus, in this species, and
in the northern anchovy, Engraulis mordax, (Brothers et al.
1976), daily growth units begin to form about the time of the
onset of exogenous feeding. Using these data as a guide, adjust-
ing counts upwards by adding four to the otolith counts for
bluefin tuna should be very close to the correct value for this
species. Radtke (1983) found that in skipjack tuna, Euthynnus
pelamis, the first increment formed 1 d after hatching, or ap-
proximately 3 d from fertilization. The two or three diffuse,
poorly defined intracore ‘‘increments’’ likely correspond to
preyolk absorption and possible prehatching daily marks.
Similar features are very common in a wide variety of other

species, and some have been demonstrated to be daily in for-
mation (Brothers footnote 4).

Back calculation from total corrected ages to fertilization
dates for larvae results in two peaks centering on 8 and 22 May
(Fig. 6). Back calculations from juvenile ages (N = 10) give
fertilization dates overlapping with the larval data. This result
is in complete agreement with several other studies that have
examined adult gonads or the seasonal appearance of larvae
(Rivas 1954; Mather and Schuck 1960; Tiews 1963; Potthoff
and Richards 1970; Richards 1976; Mather®; and others sum-
marized in Fritzsche 1978). Thus, the hypothesis that the
counted structures are in fact daily growth units is supported
by the spawning date analysis.

A second line of evidence for the daily nature of the counted
growth units is based on two calculations of growth rates for
juveniles. The first assumes that fish were spawned at approxi-
mately the same time and that a temporal series of specimens
represents fish of successive ages. Illustrated in Figure 7 is the
calculated slope for the juvenile series used in this paper, com-
pared with a linear estimate of growth rate derived from otolith
counts. The slopes are not significantly different and, therefore,
these independent measures of growth rate are in agreement. If
a linear growth rate is accepted as a reasonable approximation
for the pattern, at least during the late summer and early fall,
then we can compare our estimate for juveniles of between 1.0
and 1.5 mm/d with those of previous studies on bluefin tuna
(Table 2). Even for only 10 fish, growth unit counts give results
(1.4 mm/d) that are clearly compatible with other studies (Table
2) and are in agreement with the hypothesis of daily increment
formation.

How do these data for bluefin tuna young-of-the-year growth
rates compare with published studies on bluefin tuna and other
scombrids? Although there is general agreement on juvenile
(>~ 30 cm FL) rates, there is much more uncertainty on the
shape of the curve in the first 3 mo of life. Starting with the
well-supported evidence that fish about 100 d old (mid-August)
are approximately 300 mm FL, then larvae and postlarvae
must have an average growth rate of 3 mm/d. But is growth
during this period following a linear or curvilinear form? Illus-
trated in Figure 8 are examples of early growth data for bluefin
and other related species. The various studies are based on a

*Mather, F. J., I11, Associate Scientist, Woods Hole Oceanographic Institution,
Woods Hole, MA 02543, pers. commun. 1982.

Table 2.—Average growth rates for juvenile bluefin tuna, mid-August to mid-October.

Length range Rate
Source Method FL (mm) (mm/d)

This study Size progression 267-413 '1.15 £ .21

Otoliths 306-413 '1.39 + .40
Mather and Schuck (1960) Size progression 45-450 11
Rivas (1954) Size progression 20-460 1.0
Rivas? Size progression 15-450 1.4
Furnestin and Dardignac (1962) Size progression 310-450 1.6

(eastern Atlantic)
Harada, Kumai, Mizuno, Murata, Rearing in enclosures 250-410 1.8

Nakamura, Miyashita, and
Hurutani (1971)

(Pacific)

'Mean + 95% confidence limits.

*Rivas, L. R., Nova University, Ocean Science Center, 8000 North Ocean Dr., Dania, FL 33004, pers.

commun. 1982.
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Mizuno, Murata, Nakamura, Miyashita, and Hurutani (1971); L) Katsuwonus pelamis, field (otoliths), Uchiyama and Struhsaker (1981); M) Thunnus albacares, lab,

Harada, Mizuno, Murata, Miyashita, and Hurutani (1971).

number of techniques including laboratory and enclosure rear-
ing, length progression, and otolith analysis. Growth rates
after the first month may be < 1 mm/d to over 6 mm/d. When
scombrid larval growth has been examined in detail in the
laboratory, as for the chub mackerel (Hunter and Kimbrell
1980), a relatively slow-growth phase (~ 0.25 mm/d) for the
first 8 to 10 d is followed by a rapid acceleration to a rate of 0.9
to 3.2 mm/d (dependent on temperature). The high-growth
rates then show an exponential decay to the lower juvenile
rates. This general form of growth curve may be common for
fish larvae in general (Zweifel and Lasker 1976), although the
parameters are expected to vary widely. Using the otolith data
available for this study, a curve of this general form was extra-
polated from our largest larvae through the lower end of our
juvenile data (dashed lines on Fig. 8). The growth rates derived
from such a curve are well within the limits suggested by other
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studies. The position of some of these curves is the result of
other authors also extrapolating over size ranges where data
were absent, but assuming a different shape to the curve
(Mather and Schuck 1960). Other problems are likely to arise
due to selective sampling of smaller individuals (both younger
and slower growing). For example, in the data of Potthoff and
Richards (1970), a very low growth rate is indicated (0.73
mm/d), which probably arose from differential availability of
small versus large juveniles to the terns they sampled. Their
June sample appears to be fairly representative of the expected
size range; however, the latter two samples are probably poorly
underestimating larger individuals. There is reason to believe
that differences in catchability of larger larvae also affect our
data. Only the higher speed neuston sample contained individ-
uals (5) over 7.5 mm SL, even though some of the other plank-
ton net collections contained more than three times as many



larvae. The otolith data are clearly on the “right track”; how-
ever, further refinements of the growth curve for the first 3 mo
will require additional collections of fish in the size range of 20
to 250 mm FL.

An interesting feature of the larval otolith data is the great
variation in length for a given age. At an adjusted otolith age
of 12 d, larvae were from 4.5 to 9.0 mm SL, differing by a fac-
tor of two. If body mass was considered, the range is likely to
be from an order of a magnitude to 15 X, since changes in body
shape during these sizes result in length-mass relationships
with exponents of approximately four (even for chub mackerel,
which does not undergo as dramatic a change in head and body
form; Hunter and Kimbrell 1980). Thus, there appears to be a
large spectrum of growth rates with some individuals on the
“fast” end and others on the “slow” end. Ototlith size and
daily growth unit spacing are broadly related to length of lar-
val bluefin tuna (Fig. 4). Therefore, examination of early oto-
lith characteristics of juveniles provides an opportunity to deter-
mine whether both “fast-” and “slow-growing” larvae
are represented in those fishes that have survived the larval and
postlarval stages. Although sample sizes for the juveniles are
small and restricted in geographic coverage, preliminary indi-
cations are that juveniles had a larval growth history more in-
dicative of “‘fast’’ growers than the more commonly collected
“slow”” growers. Because of likely size sampling biases for the
larvae, conclusive statements on the relative abundance of
fast- and slow-growing larvae are difficult; however, the data
support the intuitive hypothesis that rapid early larval growth
is related to a greater probability of survival to the juvenile
stage. Two basic mechanisms may operate independently or in
combination to effect higher mortality rates as an inverse func-
tion of growth rate: 1) Starvation and 2) predation (including
cannibalism). Undernourished fish larvae, not encountering
adequate concentrations or size distributions of food organisms,
may reach a “point of no return” (Blaxter and Hempel 1963),
and suffer high mortality as a result of physiological failure
and increased susceptibility to disease, parasitism, and preda-
tion. The “critical period” of Hjort (1914) and subsequent
authors (May 1974; Sharp 1980) is an expression of the extreme
sensitivity of the early stages, immediately after yolk absorp-
tion. There are a number of well-documented cases of this
phenomenon in the laboratory and field (Hunter 1972; Lasker
and Zweifel 1978; O’Connell 1980; Theilacker and Dorsey
1980; Lasker 1981), and Hunter and Kimbrell (1980) have
noted that starvation was irreversible for chub mackerel larvae
if they were not feeding by day 4 or 5 (19 °C). Bluefin tuna lar-
vae are likely to be subjected to predation by a wide variety of
other fishes, invertebrates, and particularly conspecific larvae
and postlarvae. The smaller a larva is and the slower it grows,
the greater the number of potential predators and the longer
the period of intense predation. This effect may be particularly
severe when one of the important predators are conspecifics in
relatively high abundance due to localized spawning. Piscivory
and cannibalism were significant features of laboratory-reared
chub mackerel feeding behavior (Hunter and Kimbrell 1980)
when mean length of fish averaged 8 mm SL. Cannibals as
small as 10 mm SL could consume other fish 6 mm NL long.
Mouth width was found to be a major determinant of prey size
in these fishes. We do not have mouth width data for bluefin
tuna, but our measurements of upper jaw length in bluefin
tuna larvae should be correlated to gape size. For S mm SL
bluefin tuna, the upper jaw is approximately 24% of the body
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length and 28% for 10 mm SL fish. By comparison, chub
mackerel have an upper jaw length of 15 to 16% for the same-
sized fish. A field study on the food and feeding of Atlantic
mackerel, Scomber scombrus, by Grave (1981) demonstrated
the high incidence of cannibalism in this species. For larvae
and juveniles 13-19 mm SL, 83% of their prey were mackerel
larvae. Mackerel larvae as small as 10 mm SL were found to
consume conspecifics almost half their size. Thus, it is clear
that bluefin tuna larvae have a greater potential for piscivory
and cannibalism at even smaller sizes than the mackerel. Mayo
(1973) noted that Euthynnus alletteratus, Scomberomorus
cavalla, S. regalis, and Auxis sp. became cannibalistic at about
S mm SL. The early availability of larger prey and the onset of
piscivory (including cannibalism) seem to be necessary condi-
tions for the successful growth and survival of chub mackerel
larvae (Hunter and Kimbrell 1980). Such a statement probably
holds for bluefin tuna, and all indications are that the require-
ments are even more restrictive for this species.

One possible interpretation of the data presented in Figure
3, in light of our observations on growth rates of successful
recruits, is that many, if not most, of the larvae at the lower ends
of the size distributions for each age are doomed—perhaps to
fall prey to a variety of predators, including faster growing
members of their cohort. Are those fish that appear to be ex-
periencing a very rapid acceleration of growth the ones which
have gotten a head start by an earlier onset of piscivory? We
do not know the source of the variation in very early growth.
Chance exposure to patchy food sources may play a role, as
may slight differences in egg and hatching size (Bagenal 1971;
Theilacker and Dorsey 1980), but we have no data to support
either hypothesis. We cannot take the relative proportion of
fast and slow growers in our larval sample as a direct measure
of differential mortality, because sampling biases are almost
certainly affected by total numbers for each size. The very
smallest larvae, 3.0 to 3.8 mm NL, are subject to net extrusion
and may be underrepresented. Small- to intermediate-sized
(<7.5 mm SL) larvae are probably overrepresented and the
average growth rate calculated from the sample would be low.
The indicated mean growth rate for the whole sample is sub-
ject to other biases which may have the opposite effect of size
selection. If size-selective mortality has already occurred when
the larvae are 8 or 9 d old, then the sample growth rate may
overestimate the average rate for all larvae. These uncertain
and conflicting sources of bias have to be considered in inter-
preting the observed larval growth rates (see Methot and Kra-
mer 1979 for a discussion of similar problems in the northern
anchovy).

In summary, analysis of otolith microstructure for larval
and juvenile bluefin tuna indicates that daily growth units are
present and can be used to age individuals with a high degree
of accuracy. Early larvae show a substantial amount of varia-
tion in growth rate. Preliminary results suggest that fast growth
is correlated with a likelihood of survival to the juvenile stage.
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Interpretation of Growth Bands on Vertebrae and

DENNIS W. LEE, ERIC D. PRINCE, and MICHAEL E. CROW!'

ABSTRACT

Vertebrae and otoliths were collected from 2,287 western Atlantic bluefin tuna, Thunnus thynnus, to gain in-
sight into problems associated with interpretating growth bands on giant-size (= 209 cm fork length) fish. Examina-
tion of terminal growth in otoliths from 554 giant bluefin tuna suggested two major annual slow-growing periods
from January through October. Skeletal hardparts were selected from 20 giant female bluefin tuna to determine if
more than one growth band forms on otoliths each year after maturity (about 8-10 yr). A total and revised count (2
bands per year) of bands on otoliths and counts of bands from the 35th and 36th vertebrae were used to estimate age,
and the results were compared with length-at-age relationships of nine other studies. None of the four counting
methods approximated previous work very closely, but the estimates of age based on revised counts of bands on oto-
liths compared equally well with estimates of age based on the other methods.

Tagging records from a giant bluefin tuna recaptured after almost 16 yr indicated an age of 18 + yr. Counts of
growth bands on the 36th vertebra from this fish resulted in an age estimate of 15+ yr. A correction factor for ap-
proximating age to the 35th vertebra revised this estimate to 17 + yr, which underestimated age based on tagging rec-
ords by 1+ yr. Early growth bands (1-5) appeared to be correctly interpreted and errors in the age estimates were
probably due to miscounting bands on the outer margin. These data also indicate that growth bands on giant bluefin
tuna vertebrae, including the closely spaced bands at the outer margin, should be interpreted as equal to at least 1 yr

Otoliths of Atlantic Bluefin Tuna, Thunnus thynnus

each.

INTRODUCTION

Atlantic bluefin tuna, Thunnus thynnus, support important
recreational and commercial fisheries that have recently shown
signs of decline (Mather 1974; Caddy and Butler 1976; Butler
1982). Since 1970, the International Commission for the Con-
servation of Atlantic Tunas (ICCAT) has been responsible for
recommending policies for management of this species ICCAT
1971). Biological studies on age and growth are an integral part
of stock assessments necessary to formulate management recom-
mendations made by the Commission.

Problems inherent in estimating the age of fish increase as
age increases (Pannella 1980) and become severe for long-lived
fish, such as bluefin tuna, which may live 30 yr or more (Caddy
and Butler 1976; Butler et al. 1977). The age and growth of At-
lantic bluefin tuna have been studied since the 1920’s, using
skeletal hardparts such as vertebrae, otoliths (sagittae), dorsal
spines, and scales (Sella 1929; Westman and Gilbert 1941;
Mather and Schuck 1960; Rodriguez-Roda 1964, 1971; Nichy
and Berry 1976; Butler et al. 1977; Compeén-Jimenez and Bard
1980; Farrugio 1980; Farber and Lee 1981; Hurley et al. 1981).
Papers from this volume addressing bluefin tuna include Broth-
ers et al. (1983), Hurley and Iles (1983), and Compedn-Jimenez
and Bard (1983). Although many studies show close agreement
in ageing young fish (< 6 yr old), authors have noted difficulty
in interpreting growth bands on skeletal hardparts of tuna older
than ages 6-10.

For example, Mather and Schuck (1960) reported that caudal
vertebrae and scales provided reasonable estimates of age for
Atlantic bluefin tuna up to 10-12 yr, but these structures were

'Southeast Fisheries Center Miami Laboratory, National Marine Fisheries Ser-
vice, NOAA, 75 Virginia Beach Drive, Miami, FL 33149-1099.
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unreliable for older fish. In addition, Caddy and Butler (1976)
reported estimates of age for bluefin tuna based on vertebrae
and otoliths from the same fish. They observed good agree-
ment up to age 16, but for older fish, age estimates based on
interpreting the crowded growth bands at the outer margin of
vertebrae were cited as the reason for these discrepancies.
Mather and Schuck (1960) and Rodriguez-Roda (1964) also
recognized the difficulty of interpreting the crowded growth
bands evident on the outer margin of vertebrae after the 8th or
9th band. Caddy and Butler (1976) had greater confidence in
estimates from otoliths because presumed year marks were ap-
proximately constant in width after age 9. However, the con-
sistent spacing of growth bands on giant bluefin tuna otoliths
has not resulted in a consensus on the accuracy of subsequent
age estimates. Berry et al. (1977) speculated that there was a
tendency when using otoliths to overestimate the age of giant
bluefin tuna by as much as 10 yr, because after about age 10,
annual marks consist of a ‘“pair of paired’’ bands (e.g., two or
more pairs of translucent and opaque bands for each year of
life). Compedn-Jimenez and Bard (1980, 1983) also reported
that more than one growth band a year was found on dorsal
spines of Atlantic bluefin tuna from the eastern Atlantic Ocean
and Mediterranean Sea. Accordingly, the relationship between
the rhythmic marks found on vertebrae and otoliths of giant
bluefin tuna and specific time sequences generally have not
been established. These problems are summarized from the
literature as follows:

1) Vertebrae tend to underestimate age. Growth bands
on vertebrae are well-defined up to estimated ages
9-10, but beyond this, results are unclear due to the
crowded banding on the centrum margin.

2) Otoliths tend to overestimate age. Growth bands on
otoliths are vague up to about estimated ages 9-10.



Although these bands are well-defined and have a con-
sistent width beyond this point, two or more bands
may be deposited for each year of life thereafter.

Our objective in this paper is to provide insight into inter-
preting the growth bands on vertebrae and otoliths of Atlantic
bluefin tuna by: 1) Analyzing the growth bands on a vertebra
obtained from a tag-recaptured giant bluefin tuna where age is
known from tagging records, and 2) assessing the possibility
that two or more bands are formed on otoliths from giant
bluefin tuna for each year of life after about age 10.

MATERIALS AND METHODS

Vertebrae and otoliths were collected from United States
and Japanese commercial catches and U.S. recreational catches
of western Atlantic bluefin tuna from the Gulf of Mexico, the
Florida Straits, and the western North Atlantic Ocean (North
Carolina to Prince Edward Island, Canada) since 1975. No
fish were collected in November and December, when bluefin
tuna move off the northeast coast and migrate to overwinter-
ing grounds (Rivas 1978). The collection of vertebrae, otoliths,
and the complete array of supplemental data (fork length,
round weight, sex, date captured) were not always obtained
for all fish sampled. However, the accumulation of samples
from 2,287 bluefin tuna (4.7-280.0 cm fork length, FL) since
1975 has allowed us to examine some of the problems associ-
ated with interpreting growth bands on vertebrae and otoliths.

Vertebrae

Caudal peduncles containing the 33rd-36th vertebrae were
removed from bluefin tuna following the procedures of Nichy
and Berry (1976) and Prince and Lee (1980). The techniques of
Berry et al. (1977) for preparing and staining (alizarin red) ver-
tebrae were adopted for this study. The following measure-
ments were taken from each vertebra (in millimeters) with a
plastic ruler: 1) Vertebral cone radius—the distance from the
focus to the outside rim of the cone, and 2) size of annulus—
the distance from the focus to the outside edge of each growth
band. The term annulus is used in the remainder of this paper
to refer to rhythmic growth increments or bands on vertebrae
and otoliths, but the formation of these bands (annuli) may
not necessarily coincide with annual events. The morphology
of bluefin tuna vertebrae prevents light penetration; therefore,
growth bands viewed on the vertebral cone surface consist of
one alternating bony ridge and valley. Conversely, growth
bands on sectioned otoliths, which allow light penetration (dis-
cussed in next section), consist of one alternating translucent
and opaque zone (see Glossary).

The relationship between fork length of bluefin tuna and
vertebral cone radius was examined for three categories: 1) All
sizes (4.7 to 280 cm FL); 2) small- and medium-sizes (4.7 to 208
cm FL); and 3) giant-size fish (209 to 280 cm FL). Statistical in-
ferences for all regression analyses were based on a significance
level of @ = 0.05.

We obtained the caudal peduncle from a giant bluefin tuna
tagged (no. 01171) off New Jersey by Canadian biologists on 5
August 1965 and recaptured in the Bahamas on sport gear on
28 May 1981, 15.8 yr later. The 36th vertebra was the only
skeletal hardpart we were able to recover. The fish was reportec
to be 80 cm FL at release and the rouna weight at recapture

was 224 kg (493 Ib). A direct measure of length at recapture
was not obtained, but we estimated recapture length from a
photograph of the fish by using the known length of the fore-
arm and height of a woman standing alongside.

The 35th vertebra has been the primary source of vertebrae
age information for Atlantic bluefin tuna in recent years
(Berry et al. 1977; Farber and Lee 1981). To relate our findings
from the tag-recaptured fish to the literature, we revised the
estimated age from the 36th vertebra to approximate that of
the 35th using a correction factor (1.7 yr) based on the mean
differences between annuli counts of the two vertebrae from
20 giant bluefin tuna (Table 1). Accuracy of our interpretation
of growth bands on the 36th vertebra was examined by com-
paring the measurement of each annulus of this vertebra with
mean focus-annuli calculations of the 35th vertebra from 1,029
bluefin tuna having 1 to 17 annuli.

Table 1.—Mean absolute difference, standard deviation of difference, and ¢ values
from regression analysis (Ho: slope = 1.0) for all pair-wise comparisons of verte-
brae and otolith counts of annuli of 20 female giant Atlantic bluefin tuna. Estimates
of age were based on the ption that one lus is equal to 1 year for counts
on the 35th and 36th vertebrae and total otolith. The revised otolith counts were
modified by counting two annuli (bands) for each year after the 10th annulus.

Mean absolute Standard
difference deviation
Age estimate comparisons (yr) of difference ¢ values'
35th vertebra vs. revised 0.95 0.6 2.74
otolith
35th vs. 36th vertebrae 1.65 1.0 2.15
36th vertebra vs. revised 1.70 1.4 3.70
otolith
35th vertebra vs. total 6.15 3.5 12.40
otolith
Total otolith vs. revised 6.20 2:7 21.90
otolith
36th vertebra vs. total 7.80 3.9 12.20
otolith

‘Critical ¢ values: ¢ value > 2.10sig. < 0.05, ¢ value > 2.88sig. < 0.01 (Steel and
Torrie 1960).

Otoliths

Otoliths (sagittae) were removed from the head of bluefin
tuna according to procedures outlined by Nichy and Berry
(1976) and Prince and Lee (1980). Otolith length was measured
with an ocular micrometer by recording the distance (in microm-
eter units and converting to millimeters) from the rostrum to
the postrostrum (Fig. 1). The relationship between fork length
of bluefin tuna and otolith length was examined using regres-
sion analyses for three size categories (as previously stated for
vertebrae, except smallest size began at 30 cm FL).

Sagittae were prepared and sectioned in a transverse plane
(Fig. 1) as described by Berry et al. (1977) and otolith terminol-
ogies follow those suggested by Hunt (1978). Sections were
made with a variable speed Isomet? saw and averaged 0.34 mm
thick. At least three sections through the focus of each sagitta
(Fig. 1) were mounted on slides. The last growth zone at the
terminal edge of medial-ventral (long arm) and medial-dorsal
(short arm) ridges of sectioned sagittae from 554 specimens
were examined by two independent readers for opaque (as-

*Reference to trade names does not imply endorsement by the National Marine
Fisheries Service, NOAA.
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Figure 1.—Proximal and distal view of whole right sagitta otolith (top) and cross
section of sagitta otolith (bottom) from a giant Atlantic bluefin tuna.

sumed to represent fast growth) or translucent (assumed to
represent slow growth) characteristics. These data gave an in-
dication of the state of growth at time of capture. When viewing
sagittae sections with a compound microscope (1,000 X ) under
reflected light with a dark background, opaque zones exhibited
a broad white band, while translucent zones appeared as thin
dark areas (Blacker 1974; Pannella 1980). If the terminal edge
was found to be translucent, the widest point of this zone was
measured (1,000 x) with an ocular micrometer to the nearest
half unit. Mean and variance calculations were computed for
monthly samples, and differences in monthly translucent mea-
surements were tested with a Kruskal-Wallis sign rank test
(Hollander and Wolfe 1973) to examine seasonal growth.

To investigate whether more than one annual growth band is
formed on giant bluefin tuna otoliths, the age of 20 female giant
bluefin tuna (from 221 to 278 cm FL) were estimated using a
total count of growth bands on the long arm of sectioned sagitta
and a revised count, where after the 10th band, each band was
equal to 0.5 yr. In addition, the 35th and 36th vertebrae were
also analyzed from the 20 fish for comparative purposes and
this resulted in four estimates of age for each fish: 1) Total
count on sagitta, 2) revised count on sagitta, 3) 35th vertebra

63

count, and 4) 36th vertebra count. The null hypothesis that
there was no difference in the counts of annuli from the four
methods was tested, using all possible pair-wise regressions of
hardpart counts and testing each of the slopes against unity and
the intercepts against zero. We used the length-at-age relation-
ships for bluefin tuna developed in nine separate studies (al-
though age validation was not accomplished in any of them) to
compare the results of our four methods of ageing with previ-
ous work. Mean differences were computed using each of our
four ageing methods to determine how close the predicted
length-at-age from each of the published relationships com-
pared with the observed length-at-age.

RESULTS

Relationship Between Size of Fish and
Size of Hardparts

The linear relationship between fork length and vertebral cone
radius was significant for all sizes of bluefin tuna (#* = 0.99,
Fig. 2A) and the small and medium category (r* = 0.98, Fig.
2B). A separate analysis on giant-size fish also demonstrated a
significant relationship (> = 0.71, Fig. 2C), but fork length
and vertebral cone radius were not as closely related as in other
size categories.

A significant relationship was detected between fork length
and otolith length for all sizes (#* = 0.93, Fig. 3A) and the small
and medium category (»> = 0.94, Fig. 3B). These relationships
appear to fit a curvilinear model better than a linear model (2
= 0.97 for both, Fig. 2A, B). When giant-size fish were analy-
zed separately, a significant relationship was not evident (> =
0.10, Fig 3C).

Vertebrae

Estimated recapture length of the tagged giant bluefin tuna
was 254 cm FL, using the known height of the woman (155 cm)
in the photograph and 257 cm FL, using the known length of the
woman’s forearm (22.9 cm). We feel that the forearm estimate
was more reliable, since the woman’s height in the photograph
was cut off at the ankles and could have caused an underesti-
mate of recapture length. Tagging data (Hurley and Iles 1982)
supported an age of 18 + yr, based on the reported size-at-tag-
ging (80 cm FL), the presumed hatching months of May or June
for western Atlantic bluefin tuna (Richards 1976), the original
tagging date of 5 August 1965, and the time-at-large (15 yr
10 mo).

A total count of annuli on the anterior cone surface (including
closely spaced bands on the outer margin) of the 36th vertebra
resulted in an age estimate of 15+ yr. We found that when the
35th and 36th vertebrae of the 20 tuna were examined, the 36th
vertebra underestimated the assigned age of the 35th by an
average of about 1.7 yr (Table 1). Therefore, we revised our
original age estimate by incorporating this correction factor.
The revised estimate (16.7 + or 17 yr) still underestimated the
known age based on tagging records by 1 + yr. Measurements
from the focus to each annulus on the 36th vertebra of the
tagged fish and mean calculations from the 35th vertebra of
1,029 bluefin tuna demonstrated that differences between these
measurements become quite large after the 5th annulus (Fig. 4).
Dunn’s multiple comparison analysis (Hollander and Wolfe
1973) between median focus-annuli measurements on the 35th
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vertebra indicate that after the 8th annulus, it is increasingly
difficult to differentiate annuli on the basis of measurements
(Fig. 4). Differentiation between measurements of annuli on
the 36th vertebra also seems to be difficult after the 8th annulus.

Otoliths

The mean width of the terminal translucent zone for female
western Atlantic giant bluefin tuna captured in January through
October 1975-81 indicated that May, June, and October were
the months of slowest growth (Fig. 5), although slow growth
was also observed during other months. Differences between
monthly median terminal translucent measurements were not
significant (a < 0.05) based on Kruskal-Wallis analysis of either
the long or short arms of sectioned sagittae. The occurrence of
larval bluefin tuna in plankton net samples (Richards 1976)
was closely associated with peaks of slow growth during the
spring (Fig. 5). The peak of slow growth in the fall (October)
was not associated with reproduction and appears to be related
to fall offshore movement from the northeast coast and migra-
tion to overwintering grounds (Butler 1971; Rivas 1976).
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Figure 5.—Seasonal growth derived from otoliths of western Atlantic bluefin tuna
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plankton net samples from the Gulf of Mexico as taken from Richards (1976).

Comparison of Otolith and Vertebrae
Ageing Methods

Six pair-wise regressions (Table 1) between the four hard-
part counting methods showed that estimated ages of all meth-
ods were significantly different from each other at a < 0.05
(i.e., none of the slopes were equal to unity). However, the
comparisons between counts on the 35th and 36th vertebrae and
between the 35th vertebra and revised otolith were not signifi-
cantly different at « < 0.01. Mean absolute differences clearly
show that the total otolith count is very different from the other
three estimates of age. No relationship was found between the
estimated ages of the four counting methods and fork lengths
of the 20 tuna (r* < 0.10 for all methods vs. fork length).

Comparison of the Four Ageing Methods and
Other Studies

Comparisons between the four methods of counting annuli
and the length-at-age relationships developed in nine other
studies (Table 2) indicated the following: 1) Estimated age
from the 36th vertebra and the growth relationship from verte-
brae and length frequency analyses of Bard et al. (1978) had
the best agreement; 2) the second best agreement was with age
estimates from otoliths and the growth curves from otoliths
(Butler et al. 1977; Hurley et al. 1981); 3) the growth curves
derived from tagging studies had the poorest agreement; 4)
overall, the 35th and 36th vertebrae and revised otolith count
performed about equally well, and the total otolith count con-
sistently overestimated actual length of fish, except when com-
pared with growth curves derived from otolith studies; and 5)
in general, all age comparisons were poor as evidenced by stan-
dard deviations being 3-4 times the mean difference in lengths
when this mean was < 10 cm.



Table 2. — Mean difference (length in cm) and standard deviation (in parentheses)
for length-at-age comparisons between nine bluefin tuna growth studies (via von
Bertalanfiy growth equations) and four ageing methods from 20 giant tuna.

Ageing methods

S Vertebrae Otoliths
tudy
Method of ageing 35th 36th Tota. Revised
Parrack and Phares (1979) 12.3 24.4 -16.5 13.1
tagging (15.6) (16.1) (23.3) (18.6)
Farber and Lee (1981) -37.1 -21.0 -77.6 -36.0
tagging (18.8) (19.3) (31.3; (23.1)
Hurley et al. (1981) 1) 6. 20.2 -5.2 12.3
otoliths (female; (13.2) (14.1) (16.0i (15.3)
Butler et al. (1977: 17.4 27.2 -3.2 18.2
otoliths (female) (13.8) (14.5) (18.0) (16.1)
Farrugio (1980) -8.5 9.8 -64.G -1.7
vertebrae (36th) (21.0) (20.6) (42.0; (25.6)
Bardetal. (1978) 9.2 2.6 -34.9 -8.2
vertebrae and length frequency (15.2) (16.0) (21.3) (18.2)
Rodriguez-Roda (1971) -19.4 -5.5 -52.2 -18.4
vertebrae (4th & 5thi (16.9) (17.5) (26.3) (20.6)
Mather and Schuck (1960) 9.2 77 -57.2 -8.3
vertebrae (caudal), scales, (19.7) (19.6) (36.5) (24.0)
length frequency
Mather and Jones (1972)? -10.4 6.8 -59.4 9.5
length frequency (19.9) (19.8) (37.2) (24.2)

'Von Bertalanffy growth relationship computed by Sakagawa and Coan (1974).

*Mather, F. S., III, and A. C. Jones. 1972. A preliminary review of the stock
structure of bluefin tuna in the Atlantic Ocean. Unpubl. manuscr., 18 p. Woods
Hole Oceanogr. Inst., Woods Hole, MA 02542.

DISCUSSION

Relationship Between Size of Fish and
Size of Hardpart

An important assumption inherent in growth studies using
skeletal hardparts is that size of fish and size of hardpart are
closely related throughout the entire life cycle (Watson 1967;
Lagler 1970; Smith 1983). Although many attempts have been
made to estimate the age of western and eastern Atlantic blue-
fin tuna using skeletal hardparts, only rarely have studies ex-
amined this relationship for the purposes of back calculation.
Rodriguez-Roda (1964) and Farrugio (1980) found significant
relationships between vertebral cone radius and fork length of
bluefin tuna (» = 0.99 in both studies). These analyses involved
the entire size-range of fish available (up to 275 cm FL), and
giant-size specimens had relatively small sample sizes and were
not analyzed separately.

The problems related to determining age and growth of giant
bluefin tuna are illustrated by our regression analyses between
size of bluefin tuna and size of their vertebrae and otoliths. As
bluefin tuna reach the giant-size category, the relationship be-
tween the size of both hardparts and fork length deteriorates.
The linear relationship between vertebral cone radius and fork
length indicates a better fit than either the linear or curvilinear
reiationship between size of otolith and fork length. In addi-
tion, a significant linear relationship between vertebral cone
radius and fork length was found for all size classes (including
giants), whereas there was a breakdown in this relationship for
otoliths (> = 0.10) in giant bluefin tuna (accounting for the
curvilinear fit). Although some deterioration of these relation-
ships was expected when analyses were conducted on partial
size categories of the entire data set, the significance level of
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these relationships is the important statistical indicator. There-
fore, the linear fit for vertebrae will provide a more accurate
back-calculated estimate of length for giant bluefin tuna than
the curvilinear fit for otoliths. Accordingly, vertebrae should
be used rather than otoliths in growth studies of bluefin tuna
using back-calculated lengths from hardparts.

Growth Bands on Vertebrae

The return of tag 01171 extends the at-large tag-recapture
data for Atlantic bluefin tuna from 14 yr (Mather 1980) to 15.8
yr. The 36th vertebra obtained from this fish represents the first
opportunity to validate age estimates of giant bluefin tuna based
on a skeletal hardpart. Previous reports of giant bluefin tuna
tagged as school-size fish (< 5 yr old) and recaptured after 10
or more years at liberty (Mather 1980) indicated that fish caught
in the summer with recapture lengths of 251 and 256 cm FL
weighed 329 and 397 kg, respectively. Sexes of these recap-
tured fish are unknown. The estimated iengths for tag return
01171 (254 and 257 cm FL) closely approximate those reported
by Mather (1980), but the recapture weight of 224 kg was more
than 100 kg less than other tag returns of about equal length,
which suggests this fish might be a female. This disparity in
weight could be a result of the Bahamas specimen being an
unusually slow-growing individual, the effect of spring vs.
summer growth pattern, or differentiated growth between
sexes. However, previous reports by Rivas (1976), Butler et al.
(1977}, Hurley et al. (1981), and Hurley and Iles (1983) indicate
that female giant bluefin tuna weigh less, on the average, than
males at similar lengths.

The predicted lengths for an 18-yr-old from Parrack and
Phares (1979), females from Butler et al. (1977), and females
from Hurley et al. (1981) were 256.2, 239.5, and 260.3 cm FL,
respectively. Since our most reliable estimate of length at cap-
ture (257 cm FL) falls within 1 cm of that predicted by Parrack
and Phares (1979), we agree with the conclusion of Mather
(1980) that this relationship is accurate for giant bluefin tuna.
Therefore, our study supports continued use of the Parrack
and Phares (1979) length-at-age relationship for stock assess-
ment, until a better alternative becomes available.

The tagging data used to determine the age of the giant blue-
fin tuna caught in the Bahamas appear reliable (Hurley and
Iles 1982). If the reported size at tagging is assumed to be accu-
rate, then previous data on early growth (Parrack and Phares
1979, and others) indicate virtually no chance that the fish was
short enough in fork length to be 1+ yr old and only a slight
chance that the fish could have been long enough to be in its
3rd year of life. However, it was not clear from the tagging rec-
ords whether this fish was actually measured or size was esti-
mated on the basis of average length from that particular catch
or school (Hurley and Iles 1982). Overestimates of length at
tagging could account for the 1-yr difference observed between
age based on tagging records (18 + yr) and revised age esti-
mated from the 36th vertebra (17 + yr). We feel an error of
this type is remote since average lengths between 1- and 2-yr-
olds do not overlap (Westman and Gilbert 1941; Mather and
Schuck 1960; Parrack and Phares 1979), and this distinction
would have been obvious, even in a field situation. Mather
(1980) also recognized the possibility of error related to esti-
mated lengths of tagged school-size fish, but concluded these
errors are minor and were not sufficient to affect estimated
age. Therefore, the factors contributing to differences in age
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Figure 4.—Distance (mm) from focus to each annulus on the 35th vertebra (mean
+ 95% confidence interval) and 36th vertebra (from a single-tagged fish) for west-
ern Atlantic bluefin tuna. Multiple comparisons based on Kruskal-Wallis rank
sums using Dunn’s procedure (Hollander and Wolfe 1973) are shown with mean
annuli (35th vertebra) within brackets not significantly different (a < 0.05).

vertebra indicate that after the 8th annulus, it is increasingly
difficult to differentiate annuli on the basis of measurements
(Fig. 4). Differentiation between measurements of annuli on
the 36th vertebra also seems to be difficult after the 8th annulus.

Otoliths

The mean width of the terminal translucent zone for female
western Atlantic giant bluefin tuna captured in January through
October 1975-81 indicated that May, June, and October were
the months of slowest growth (Fig. 5), although slow growth
was also observed during other months. Differences between
monthly median terminal translucent measurements were not
significant (« < 0.05) based on Kruskal-Wallis analysis of either
the long or short arms of sectioned sagittae. The occurrence of
larval bluefin tuna in plankton net samples (Richards 1976)
was closely associated with peaks of slow growth during the
spring (Fig. 5). The peak of slow growth in the fall (October)
was not associated with reproduction and appears to be related
to fall offshore movement from the northeast coast and migra-
tion to overwintering grounds (Butler 1971; Rivas 1976).

65

—LONG ARM 9 53
Br SHORT ARM Q
¥s
RZ 24}
%g s LARVAE
gé 20} -
»0
<qu.
=S Ief
o
wo
ouw et
Iztl '
62
=2 o8t
Z W
5}—
=2 oaf
0 | 1 L | | | 1 1 | 1 1 ]
J FMAMUJ J A S ONOD
MONTHS

Figure 5.—Seasonal growth derived from otoliths of western Atlantic bluefin tuna
sampled between 1975 and 1981. The seasonal occurrence of bluefin larvae in
plankton net samples from the Gulf of Mexico as taken from Richards (1976).

Comparison of Otolith and Vertebrae
Ageing Methods

Six pair-wise regressions (Table 1) between the four hard-
part counting methods showed that estimated ages of all meth-
ods were significantly different from each other at « < 0.05
(i.e., none of the slopes were equal to unity). However, the
comparisons between counts on the 35th and 36th vertebrae and
between the 35th vertebra and revised otolith were not signifi-
cantly different at a < 0.01. Mean absolute differences clearly
show that the total otolith count is very different from the other
three estimates of age. No relationship was found between the
estimated ages of the four counting methods and fork lengths
of the 20 tuna (»* < 0.10 for all methods vs. fork length).

Comparison of the Four Ageing Methods and
Other Studies

Comparisons between the four methods of counting annuli
and the length-at-age relationships developed in nine other
studies (Table 2) indicated the following: 1) Estimated age
from the 36th vertebra and the growth relationship from verte-
brae and length frequency analyses of Bard et al. (1978) had
the best agreement; 2) the second best agreement was with age
estimates from otoliths and the growth curves from otoliths
(Butler et al. 1977; Hurley et al. 1981); 3) the growth curves
derived from tagging studies had the poorest agreement; 4)
overall, the 35th and 36th vertebrae and revised otolith count
performed about equally well, and the total otolith count con-
sistently overestimated actual length of fish, except when com-
pared with growth curves derived from otolith studies; and 5)
in general, all age comparisons were poor as evidenced by stan-
dard deviations being 3-4 times the mean difference in lengths
when this mean was < 10 cm.



Table 2. — Mean difference (length in cm) and standard deviation (in parentheses)
for length-at-age comparisons between nine bluefin tuna growth studies (via von
Bertalanffy growth equations) and four ageing methods from 20 giant tuna.

Ageing methods

Study Verteorae Otoliths
Method of ageing 35th 36th Total Revised
Parrack and Phares (1979) 12.3 24.4 -16.9 13.1
taggirs (15.6) (16.1) (23.3) (18.6)
Farber and Lee (1981) -37.1 -21.0 -77.6 -36.0
tagging (18.8) (19.3) (31.3) (23.1)
Hurley et al. (1981; 11.5 20.2 -5.5 12.3
otoliths (female) (13.2) (1a.1) (16.0) (15.3)
Butler et al. (1977; 17.4 21.1 -3.2 18.2
otoliths (female} (13.8) (14.5) (18.0) (16.1)
Farrugio (1980) -8.5 9.8 -64.0 -7.7
vertebrae (36th} (21.0) (20.6) (42.0) (25.6)
Bardetal. (1978) -9.2 2.6 -34.9 -8.2
vertebrae and length frequency (15:2) (16.0) (21.3) (18.2)
Rodriguez-Roda (1971) -19.4 -5:5 -52.8 -18.4
vertebrae (4th & 5th: (16.9) (17.5) (26.3) (20.6)
Mather and Schuck (1960)' 9.2 7.7 -57.2 -8.3
vertebrae (caudal), scales, (19.7) (19.6) (36.5) (24.0)
length frequency
Mather and Jones (1972)* -10.4 6.8 -59.4 9.5
length frequency (19.9) (19.8) (37.2) (24.2)

'Von Bertalanffy growth relationship computed by Sakagawa and Coan (1974).

*Mather, F. S., III, and A. C. Jones. 1972. A preliminary review of the stock
structure of bluefin tuna in the Atlantic Ocean. Unpubl. manuscr., 18 p. Woods
Hole Oceanogr. Inst., Woods Hole, MA 02542.

DISCUSSION

Relationship Between Size of Fish and
Size of Hardpart

An important assumption inherent in growth studies using
skeletal hardparts is that size of fish and size of hardpart are
closely related throughout the entire life cycle (Watson 1967;
Lagler 1970; Smith 1983). Although many attempts have been
made to estimate the age of western and eastern Atlantic blue-
fin tuna using skeletal hardparts, only rarely have studies ex-
amined this relationship for the purposes of back calculation.
Rodriguez-Roda (1964) and Farrugio (1980) found significant
relationships between vertebral cone radius and fork length of
bluefin tuna (r = 0.99 in both studies). These analyses involved
the entire sizetange of fish available (up to 275 cm FL), and
giant-size specimens had relatively small sample sizes and were
not analyzed separately.

The problems related to determining age and growth of giant
bluefin tuna are illustrated by our regression analyses between
size of bluefin tuna and size of their vertebrae and otoliths. As
bluefin tuna reach the giant-size category, the relationship be-
tween the size of both hardparts and fork length deteriorates.
The linear relationship between vertebral cone radius and fork
length indicates a better fit than either the linear or curvilinear
relationship between size of otolith and fork length. In addi-
tion, a significant linear relationship between vertebral cone
radius and fork length was found for all size classes (including
giants), whereas there was a breakdown in this relationship for
otoliths (#» = 0.10) in giant bluefin tuna (accounting for the
curvilinear fit). Although some deterioration of these relation-
ships was expected when analyses were conducted on partial
size categories of the entire data set, the significance level of
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these relationships is the important statistical indicator. There-
fore, the linear fit for verteorae will provide a more accurate
back-calculated estimate of iengtn for giant bluefin tuna than
the curvilinear fit for otoliths. Accordingly, vertebrae should
be used rather than otoliths in growth studies of bluefin tuna
using back-calculated lengths from hardparts.

Growth Bands on Vertebrae

The return of tag 01171 extends the at-large tag-recapturs
data for Atlantic bluefin tuna from 14 yr (Mather 1980) to 15.§
yr. The 36th vertebra obtained from this fish represents the first
opportunity to validate age estimates of giant bluefin tuna based
on a skeletal hardpart. Previous reports of giant bluefin tuna
tagged as school-size fish (< 5 yr old) and recaptured after 10
or more years at liberty (Mather 1980) indicated that fish caught
in the summer with recapture lengths of 251 and 256 cm FL
weighed 329 and 397 kg, respectively. Sexes of these recap-
tured fish are unknown. The estimated lengths for tag return
01171 (254 and 257 cm FL) closely approximate those reported
by Mather (1980), but the recapture weight of 224 kg was more
than 100 kg less than other tag returns of about equal length,
which suggests this fish might be a female. This disparity in
weight could be a result of the Bahamas specimen being an
unusually slow-growing individual, the effect of spring vs.
summer growth pattern, or differentiated growth between
sexes. However, previous reports by Rivas (1976), Butler et al.
(1977), Hurley et al. (1981), and Hurley and Iles (1983) indicate
that female giant bluefin tuna weigh less, on the average, than
males at similar lengths.

The predicted lengths for an 18-yr-old from Parrack and
Phares (1979), females from Butler et al. (1977), and females
from Hurley et al. (1981) were 256.2, 239.5, and 260.3 cm FL,
respectively. Since our most reliabie estimate of length at cap-
ture {257 cm FL) falls within 1 cm of that predicted by Parrack
and Phares (1979), we agree with the conclusion of Mather
(1980) that this relationship is accurate for giant bluefin tuna.
Therefore, our study supports continued use of the Parrack
and Phares (1979) length-at-age relationship for stock assess-
ment, until a better alternative becomes available.

The tagging data used to determine the age of the giant blue-
fin tuna caught in the Bahamas appear reliable (Hurley and
Iles 1982). If the reported size at tagging is assumed to be accu-
rate, then previous data on early growth (Parrack and Phares
1979, and others) indicate virtually no chance that the fish was
short enough in fork length to be 1+ yr old and only a slight
chance that the fish could have been long enough to be in its
3rd year of life. However, it was not clear from the tagging rec-
ords whether this fish was actually measured or size was esti-
mated on the basis of average length from that particular catch
or school (Hurley and lles 1982). Overestimates of length at
tagging could account for the 1-yr difference observed between
age based on tagging records (18 + yr) and revised age esti-
mated from the 36th vertebra (17 + yr). We feel an error of
this type is remote since average lengths between 1- and 2-yr-
olds do not overlap (Westman and Gilbert 1941; Mather and
Schuck 1960; Parrack and Phares 1979), and this distinction
would have been obvious, even in a field situation. Mather
(1980) also recognized the possibility of error related to esti-
mated lengths of tagged school-size fish, but concluded these
errors are minor and were not sufficient to affect estimated
age. Therefore, the factors contributing to differences in age



determination of the tagged fish appear to be related to prob-
lems of distinguishing, counting, and measuring growth bands,
not errors related to estimates of age at tagging.

Numerous studies have established the relative ease of deter-
mining age of young bluefin tuna (< 5 yr) from length fre-
quency analysis, scales, otoliths, and vertebrae (Westman and
Gilbert 1941; Mather and Schuck 1960; Berry et al. 1977; Par-
rack and Phares 1979; Farber and Lee 1981). Our interpreta-
tion of early growth bands (1-5) on the 36th vertebra was in
close agreement with focus to annuli measurements on the
35th vertebra for 1,029 bluefin tuna (Fig. 4). Thus, interpreta-
tion of early growth on the vertebra from the tagged fish ap-
pears to be correct and suggests that if errors were made, they
probably occurred as counts of increments progressed towards
the centrum margin. In addition, our analysis demonstrated that
the difficulty of distinguishing between the closely spaced in-
crements on the centrum margin was acute. This problem starts
after the 5th annulus and becomes severe at about the 8th, 9th,
or 10th annulus (Fig. 4). Changes in patterns of growth related
to reproduction (i.e., mature vs. immature growth discussed
by Pannella 1980) appear to be related to this problem since
Baglin (1982) found that most western Atlantic bluefin tuna
were spawning by ages 8-10. Although similar problems of dis-
tinguishing and counting growth increments on vertebrae after
the 8-10th annuli have been reported by others (Mather and
Schuck 1960; Rodriguez-Roda 1964; Caddy and Butler 1976),
the reasons for it have not been addressed. )

Other attempts to age bluefin tuna using vertebrae have been
unable to establish the interpretation of the crowded incre-
ments on the centrum margin (Mather and Schuck 1960; Rod-
riguez-Roda 1964; Caddy and Butler 1976). Since the revised
estimate of age based on the vertebra from the tagged fish indi-
cates an underestimate of 1+ yr, it appears that these bands
should be interpreted as equal to at least 1 yr each.

Growth Bands on Otoliths

Metabolic changes associated with migration and reproduc-
tion have been reported to contribute to periods of slow growth
and annulus formation in bluefin tuna (Rivas 1954; Tiews
1963; Butler et al. 1977; Compedn-Jimenez and Bard 1980,
1983). Butler et al. (1977) speculated that slow growth and
translucent zone formation on bluefin tuna otoliths occurred
during December to May. However, they also acknowledged
the occurrence of peripheral translucent bands on otoliths
from some fish in Canadian waters in late fall. The peaks of
seasonal slow growth we observed in the spring and fall corre-
spond well with the migration and reproduction of western At-
lantic bluefin tuna. This suggests that giant bluefin tuna could
be depositing two or more bands on their otoliths each year after
age at first spawn, which is believed to be about age 10 for
females (Baglin 1982). Although we felt these data were strong
enough to warrant examination of this hypothesis, our two
bands per year approach should be tempered by the assumption
that translucent characteristics represent slow growth (Brothers®
reports this is not always the case) and the lack of statistical
difference found in monthly translucent zones.

Our revised otolith method of ageing (counting two bands
each year after the 10th increment) closely approximated results

*Brothers, E. B., Assistant Professor, Section of Ecology and Systematics, Cor-
son Hall, Cornell University, Ithaca, NY 14853, pers. commun. 30 December 1981.
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of the 35th vertebra estimates for the 20 female giant bluefin
tuna examined (Table 1). In addition, the revised otolith method
performed equally well with the other methods in fitting length-
at-age relationships of previous studies (Table 2). Therefore,
interpreting two annual growth bands per year after the 10th
band on giant bluefin tuna otoliths appears reasonable and has
a strong biological rationale, although we were not able to
definitively test this hypothesis. Thus, we believe this interpre-
tation warrants further investigation.

Length at Age

The lack of a relationship between fork length and estimated
age based on vertebrae and otoliths of the 20 giant bluefin tuna
indicate that this relationship may be unreliable for use in age
and growth studies, no matter what ageing method is used.
The occurrence of a greater proportion of slow- and fast-grow-
ing individuals in giant-size fish or the relatively small sample
size of our study may contribute to the lack of correlation be-
tween fork length and age compared with younger bluefin
tuna, but the reason(s) for this remains unknown.

The degree of agreement between length-at-age comparisons
of the four ageing methods and relationships developed in nine
other studies (Table 2) generally reflected the method of ageing
used in each. For example, the 36th vertebra counts came close
to predicting length-at-age from Bard et al. (1978) based on
vertebrae and length frequency analyses, whereas total otolith
counts reflected previous studies based on otoliths (Butler et
al. 1977; Hurley et al. 1981). An exception to this trend was the
revised otolith method, which came closest to predicting length-
at-age for studies based on scales, vertebrae, and length fre-
quency analysis. The fact that the revised otolith method per-
formed about equally well compared with other methods leads
us to conclude that the hypothesis of two annuli per year after
age 10 cannot be rejected at this time. In addition, all age com-
parisons were relatively poor as evidenced by the large standard
deviations of mean differences (Table 2), and few if any addi-
tional conclusions can be made.

Many of the studies examined had relatively small sample
sizes for giant-size bluefin tuna and none of the previous works
offered conclusive validation of their age estimates for giants.
Therefore, a more detailed assessment on the accuracy of these
studies and those methods used in this study cannot be made.
Overall, these analyses indicate that many of the problems re-
lated to ageing giant bluefin tuna remain, for the most part,
unresolved.

SUMMARY

1) The linear relationship between vertebral cone radius and
fork length was stronger than either linear or curvilinear rela-
tionships between otolith length and fork length. This suggests
that vertebrae should be used rather than otoliths in growth
studies when back-calculated estimates of length are made
from hardpart measurements.

2) The tag return of a giant bluefin tuna recaptured in the
Bahamas after 15.8 yr extends the tag-recapture at-large data
by almost 2 yr. The 36th vertebra obtained from this fish repre-
sents the first opportunity to validate vertebrae estimates of
age for giant bluefin tuna.

3) All growth increments on vertebrae, including the closely
spaced bands on the centra margin of giant bluefin tuna, should



be interpreted as equal to at least 1 yr each based on our analy-
sis of the 36th vertebra from one giant bluefin where age was
known from tagging records.

4) Early growth bands on the 36th vertebra (1-5) were in close
agreement with mean focus to annuli measurements on the 35th
vertebra of over 1,000 bluefin tuna and indicate correct inter-
pretation. Thus, any errors in estimating age of this fish are
probably due to miscounting the closely spaced increments on
the centrum margin after annuli 8-10.

5) The length-at-age of the tagged fish fell aimost directly on
the Parrack and Phares (1979) growth curve and supports con-
tinued use of this relationship for stock assessment.

6) The weight at capture for the tagged fish was more than
100 kg lighter than previous recaptures of similar length and
could be a resuit of unusually siow growth, the effect of a spring
vs. summer growth pattern, or differentiated growth between
sexes.

7) Migration ana reproduction aspects of western Atiantic
biuefin tuna life history correspond well with presumed slow
growth as determined by terminal translucent zone measure-
ments of sectioned sagitta and suggest at least two major siow-
growing periods between january and October for giant bluefin
tuna after age at first spawn.

8) The revised otolith method of ageing when compared
with other ageing methods performed equally well in agreeing
with length-at-age relationships of previous studies. Thus, the
hypothesis that two annuli are deposited on otoliths each year
after age 10 cannot be rejected at this time.

9) The lack of a relationship between fork length and age of
the 20 giant bluefin tuna indicate that length-at-age relation-
ships for giants may be unreliable, no matter what ageing
method is used.

10) Of the four methods of age determination examined, the
35th vertebra and the revised otolith count appear to give the
most accurate estimates of age. The 36th vertebra count tends
to underestimate age and the total otolith count seems to over-
estimate age.

11) Present estimates of age for giant Atlantic bluefin tuna
are not validated (except for the vertebra example given above),
and thus the problem of ageing giants remains, for the most
part, unresolved.
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Age and Growth Estimation of Atlantic Bluefin Tuna,
Thunnus thynnus, Using Otoliths

PETER C. F. HURLEY' and T. DERRICK ILES?

ABSTRACT

Age and growth were estimated by examining otolith sections from 1,416 Atlantic bluefin tuna, Thunnus thyn-
nus, collected in the northwest Atlantic from 1975 to 1981. Individual length-at-age data were fitted to the von Ber-
talanffy growth curve and produced estimates for L o, , k, and ¢, of 278 cm FL, 0.17, and 0.25 yr for males, and 266
e¢m FL, 0.17, and 0.11 yr for females, respectively. Our estimates of L o, are lower and of k higher than those reported

in other ageing studies on bluefin tuna.

INTRODUCTION

Recent studies have indicated a serious decline in abundance
of the Atlantic bluefin tuna, Thunnus thynnus, particularly in
the western Atlantic (Caddy and Butler 1976; Parrack 1980,
1981, 1982; Hurley et al. 1981; Hurley and Iles 1982a). Because
the Atlantic bluefin tuna supports valuable commercial and
recreational fisheries, a suitable method of age determination
is necessary to insure effective management.

A wide variety of ageing techniques have been applied to At-
lantic bluefin tuna, including modal analysis of length fre-
quencies, tagging studies, and examination of hardparts such
as scales, vertebrae, otoliths, and dorsal fin spines (Sella 1929;
Westman and Gilbert 1941; Mather and Schuck 1960; Butler
1971; Rodriguez-Roda 1971; Caddy and Butler 1976; Nichy
and Berry 1976; Berry et al. 1977; Butler et al. 1977; Bard et al.
1978; Parrack and Phares 1379; Mather 1980; Compedn-
Jimenez and Bard 1980, 1983; Farrugio 1980; Farber and Lee
1981; Hurley et al. 1981; Lee et al. 1983). While many studies
produced comparable results in ageing younger bluefin tuna,
those using length frequencies, scales, and vertebrae reported
difficulty in estimating the age of older bluefin tuna. This
problem was also recently addressed by Lee et al. (1983).

It was only recently that otoliths were used for estimating
the age of giant (>210 cm fork length, FL) bluefin tuna (Nichy
and Berry 1976; Caddy and Butler 1976). Butler et al. (1977),
using otoliths from 189 giant bluefin tuna taken in Canadian
waters during 1975 and 1976, estimated ages ranging from 13
to 30 yr. They fitted these data to the von Bertalanffy growth
curve and obtained estimates of L, 4, and #, of 287 cm FL,
0.13, and —0.33 yr for males and 277 cm FL, 0.12, and —0.80
yr for females, respectively. Hurley et al. (1981) expanded this
data set by continuing to sample bluefin tuna in Canadian
waters from 1977 to 1979 and obtained similar results using
1,095 giant bluefin tuna (Table 1).

Butler et al. (1977) and Hurley et al. (1981) sampled only
giant bluefin tuna and used weighted mean length-at-age data

'Departme=t of Fisheries and Oceans, Biological Station, St. Andrews, New
Brunswick, Canada; present address: Marine Fish Division, Fisheries Research
Branch, Department of Fisheries and Oceans, Bedford Institute of Oceanography,
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for ages 1 to 4 from Mather and Schuck (1960), in order to ob-
tain a fit to the von Bertalanffy growth curve. Our objective
was to further expand this data set by sampling smaller fish, so
that data would be available over the entire age range to obtain
a more accurate otolith estimate of Atlantic bluefin tuna age
and growth.

Table 1.—Parameter estimates of the von Bertalanffy growth
curve for Atlantic bluefin tuna from various sources.

Parameters
Source Ligs k to

Rodriguez-Roda (1971) 356 0.09 -0.89
Sakagawa and Coan (1974)

from Mather and Schuck 437 0.06 -1.49

from Mather and Jones 447 0.05 -1.59
Butler et al. (1977)

males 287 0.13 -0.33

females 277 0.12 -0.80
Bard et al. (1978) 318 0.11 -0.62
Parrack and Phares (1979) 313 0.09 -0.96
Compéan-Jimenez and Bard (1980) 370 0.07 -1.58
Compéan-Jimenez and Bard (1983) 372 0.07 -1.71
Farrugio (1980) 351 0.08 —-1.09
Farber and Lee (1981)

from mark-recapture data 313 0.12 -0.14

from vertebrae data 401 0.08 -0.92
Hurley et al. (1981)

males 281 0.15 0.05

females 271 0.14 -0.21
Present study

males 278 17 25

females 266 A7 1

MATERIALS AND METHODS

Giant bluefin tuna, taken by trap net and rod and reel in
Canadian inshore waters from 1975 to 1981, were sampled to
obtain otoliths for ageing studies. In addition, small- and
medium-size bluefin (< 210 cm FL), taken by purse seine off
the east coast of the United States in 1981 and landed in
Canada, were also sampled for otoliths. All fish were caught
between July and November. Fork length (straight line dis-
tance measured from the tip of the upper jaw to the fork of the
tail) was measured using calipers, and sex was determined by



gross examination of the gonads. The techniques used to col-
lect, section, and read the otoliths were essentially those
described by Butler et al. (1977) and Hunt (1978). The termi-
nology used here to describe structures of the sagitta otolith
(see figure 1 of Lee et al. 1983) follows those recommended by
Hunt (1978).

The otolith collection, preparation, sectioning, and reading
techniques used were described by Butler et al. (1977). Alter-
nating translucent (or hyaline, slow growth) and opaque (fast
growth) bands were clearly visible (see Glossary), particularly
on the distal part of the limbs (Fig. 1). Due to the problems
associated with positively identifying the nucleus and the lack
of an accepted standard, a line was drawn across the narrowest
portion of the otolith limb. This line was assumed to represent
the starting point for initiation of growth, and only the bands
distal to this arbitrary baseline were considered. Band forma-
tion was considered clearest on the short limb (medial-dorsal
ridge) of the otolith section and this limb was used for age esti-
mation, as in Butler et al. (1977) and Hurley et al. (1981).

Butler et al. (1977) speculated that the relationship between
growth bands observed in sections of sagittae otoliths and the
life cycle of bluefin tuna was as follows: 1) Translucent band—
slow growth period, laid down from December to May in sub-
tropical and tropical waters that are usually characterized by
high temperature (15°-25°C) and relatively low food avail-
ability, and 2) opaque band—fast growth period, laid down
from June to November in temperate waters that are usually
characterized by lower temperatures (5°15°C) and an abun-
dance of food. Following this interpretation, age was esti-
mated as the number of translucent bands observed, but not
including the peripheral band if one was present, as was the
case with some fish caught in the fall.

Otolith readings were performed by at least two independent
readers. If agreement between readers was not obtained, the
second otolith was sectioned. The specimen was rejected if
agreement could not be reached. The use of a camera lucida,
used after 1978 as a reference aid for the reader, improved
reader performance and reduced variations in the readings.

Individual length-at-age data were fitted to the von Ber-
talanffy growth model, separately for both sexes, using the
method of Allen (1967). Other growth models were not used,
and there is no suggestion that the von Bertalanffy is the most
appropriate—the von Bertalanffy model was chosen solely for
making comparisons with other studies.

RESULTS

Otolith age estimates were obtained for 1,416 Atlantic blue-
fin tuna; 953 males, and 463 females. Estimated ages ranged
from 1 to 30 yr for males and 1 to 32 yr for females. However,
the fish of maximum observed lengths of 300 cm FL for males
and 297 cm FL for females were assigned estimated ages of 24
and 25 yr, respectively. Parameter estimates for the von Ber-
talanffy growth equation, with 95% confidence intervals,
were:

Males Females

Lower  Upper Lower Upper
Lo 277.805 276.037 279.573 266.431 264.172 268.689
k 0.169 0.160 0.179 0.170 0.156  0.185
to 0.254 0.049 0.460 0.106 -0.234  0.445
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The range of observed length-at-estimated ages for bluefin
tuna based on counts of sectioned otoliths averaged 64.0 cm
FL for males and 64.5 cm FL for females at estimated age 1, to
273.7 cm FL for males at estimated age 30, and 268.0 cm FL
for females at estimated age 32 (Table 2). The fits of the
observed data to the von Bertalanffy growth model (Fig. 2) in-
dicate a high degree of variability for mnales and females.

DISCUSSION

The results presented here indicate that males grow slightly
faster than females and reach a slightly larger size. These
trends were reported previously by Butler et al. (1977) and
Hurley et al. (1981). The estimates of the von Bertalanffy
growth parameters presented here are very close to those using
otoliths reported by Butler et al. (1977) and Hurley et al.
(1981). The effect of extending the data set to include small-
and medium-sized fish and using individual length-at-estimated
age data, compared with mean length-at-estimated age data,
has been to produce slightly lower values of L and slightly
higher values of & compared with other ageing studies on blue-
fin tuna (Table 1). Southward and Chapman (1965) demon-
strated that the von Bertalanffy parameters £ and L are af-
fected by both the range and the distribution of data. We were
unable to determine if this was a factor in producing lower L o
and higher k values in this study, since sufficient information
regarding the range and distribution of data was not available
for most other bluefin tuna ageing studies. The parameter esti-
mates produced here were closest to those reported from studies
using mark-recapture data, where long-term tag returns sug-
gested ages up to 24 yr (Parrack and Phares 1979; Farber and
Lee 1981), while they differed most from those reported from
studies using length-frequency analysis, scales, vertebrae, and
dorsal fin spines (Rodriguez-Roda 1971; Sakagawa and Coan
1974; Compedn-Jimenez and Bard 1980, 1983; Farber and Lee
1981).

Hurley and Iles (1982b) reported a 16-yr-at-large bluefin
tuna tag-recapture and an age-at-recapture of 18 yr based on
length-at-release data (Lee et al. 1983). Unfortunately, sex was
not determined and otoliths were not available for validation
purposes, but the 36th vertebra was obtained and analyzed by
Lee et al. (1983). Using the estimated size-at-recapture of 257
cm FL, the von Bertalanffy parameter estimates calculated for
this example would underestimate age-at-recapture by 3 yr (15
yr old), if the fish was a male, and overestimate age-at-recap-
ture by 2 yr (20 yr old), if the fish was a female. Given the vari-
ability in the length-at-age estimates, no conclusions regarding
either the fit of the model or the question of banding periodicity
on otoliths can be reached based on this tagging data. How-
ever, Lee et al. (1983) were able to make more definitive con-
clusions in terms of banding periodicity on vertebrae, based on
their analysis of these data.

The individual length-at-age estimates (Table 2) suggest a
large degree of variability in growth rate. Lee et al. (1983) also
reported highly variable growth rates of giant Atlantic bluefin
tuna. This may be due to errors generated in the reading tech-
nique or may reflect real variability in the growth rate of this
species. There are several possible sources of error in the read-
ing technique:

1) There is difficulty in defining the nuclear region and the
choice of an arbitrary starting point; however, this would



Figure 1.—Cross section of sagitta otolith of: A) A female Atlantic bluefin tuna 267 cm FL, estimated age 29 yr, and B) a female Atlantic bluefin tuna 141 cm FL,
estimated age 5 yr.
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Table 2. —Mean observed fork length (cm) at estimated age, standard deviation
(SD), and number of observations for male and female Atlantic bluefin tuna based
on counts of sectioned otoliths.

Males Females
Mean Mean

observed No. of observed No. of

Estimated fork obser- fork obser-

age (yr)  length (cm) SD vations length (cm) SD  vations
1 64.0 1.00 3 64.5 — 1
2 75.5 9.10 7 82.3 4.17 4
3 77.3 13.79 2 82.5 7.42 2
4 113.3 15.45 S 130.0 20.06 4
5 147.1 9.03 10 149.4 22.07 8
6 146.4 20.94 4 161.1 15.38 12
7 173.3 37.29 3 175.0 28.28 2
8 253.0 — 1 — — —
9 2237 13.58 3 — — —
10 234.0 — 1 — — —
11 234.5 11.54 7 229.0 12.73 2
12 234.5 4.95 2 262.0 — 1
13 256.3 12.27 5 251.5 9.19 2
14 253.5 12.81 11 252.0 14.14 2
15 262.9 11.39 20 250.3 11.87 4
16 262.5 10.76 31 250.1 7.09 5
17 262.5 10.51 53 252.5 8.97 22
18 264.0 11.36 71 258.9 13.60 25
19 267.5 11.67 126 258.0 10.06 38
20 268.7 9.66 94 259.3 12.27 39
21 268.3 10.09 102 257.4 10.58 49
22 270.4 9.12 129 259.8 8.91 62
23 270.1 7.92 105 259.1 9.52 40
24 271.5 10.58 68 260.3 10.32 48
25 272.2 9.81 45 260.6 11.41 34
26 274.4 9.13 23 262.7 9.59 24
27 274.4 10.44 12 265.0 12.28 13
28 272.5 7.77 4 256.6 7.719 5
29 272.7 4.04 3 259.0 7.52 5
30 273.7 5.60 3 271.1 13.08 5
31 — — — 265.7 7.51 3
32 — — — 268.0 5.66 2

likely produce a consistent error, not the wide variability
observed.

2) There is also difficulty in distinguishing annuli (see Glos-
sary), i.e., the annuli are relatively evenly spaced and dis-
tinct distal to about the 10th annulus but the proximal an-
nuli, particularly the region of the 1st to 5th annuli, are
much less distinct and are a possible source of error.
Also, false checks may possibly be misread as annuli. The
close agreement between readers suggests these errors are
minimal but does not necessarily eliminate them.

3) The occurrence of sub-annular banding or changes in the
pattern of band deposition during the life history may
also cause error. Compean-Jimenez and Bard (1983) re-
ported that bluefin tuna from the eastern Atlantic depos-
ited two bands per year in dorsal fin spines, each band
corresponding to a seasonal migratory pattern. Lee et al.
(1983) discussed in detail the possibility of changes in the
pattern of band deposition during the life history of blue-
fin tuna in the western Atlantic, but could not conclude
whether more than one band is deposited each year in oto-
liths. If changes in the pattern of deposition do occur, this
would produce a consistent error and would increase vari-
ability in the growth rate.

Disregarding the peripheral translucent band in the few

cases in which it occurred in this study may also represent a
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Figure 2.—Von Bertalanffy growth curve from length-at-age data for: A) Male,
and B) female Atlantic bluefin tuna. Brackets indicate one standard deviation on
either side of mean, dashes indicate individual observations.

source of variability. It was not counted on the premise that
bluefin tuna in this study were sampled between July and
November and that a peripheral translucent band would repre-
sent an early onset of slow growth hypothesized to occur be-
tween December and May. This decision was made since sam-
ples were not available beyond November and that the correct
cohort would be identified in this manner. The occurrence of a
peripheral translucent band may lend support to the suggestion
of more than one translucent band per year as Lee et al. (1983)
suggest, but sampling over more of the year was required to at-
tempt a meaningful analysis of terminal band width. Lee et al.
(1983) obtained otolith samples over most of the year (except
November and December), but were unable to draw definitive
conclusions on whether more than one band was deposited per
year based on a study of otolith terminal band width.

The high degree of variability in growth rate observed in our
study, and reported by others, appears to be real and would be
a result of one, or a combination of, the following factors of
the biology of this species:



1) At such a rapid growth rate, especially up to about age 10,
small changes in individual growth rates could produce sig-
nificant differences in relative growth between individuals.

2) A large seasonal component of growth rate could generate
variability in the results if samples are collected over the
period of rapid growth. Butler et al. (1977) reported that
giant bluefin tuna increase approximately 10% in body
weight per month during the 5-7 mo spent per year in
Canadian inshore waters.

3) Migratory patterns in bluefin tuna change with age and
appear to have changed over time, as demonstrated by the
collapse of local fisheries such as the Wedgeport, Nova
Scotia, and Newfoundland rod-and-reel fisheries. Changes
in temperature regime and food supply may produce
changes in growth rate between cohorts.

4) The likelihood of substantial differences in individual
growth rates increases as lifespan increases.

5) The intermixing of more than one stock, as suggested by
tagging data, each with different growth rates, couid con-
tribute to variability in estimates of growth rate.

6) Recent stock assessments (Parrack 1980, 1981, 1982) have
indicated substantial declines in stock abundance over the
last 20 yr, which might result in changes in growth rates.
If the age estimates in this study are accurate, cohorts
from 1949 to 1980 (estimated ages 1-32) are represented in
the study.

7) Long-term trends in the environment, in either tempera-
ture regime or food availability and abundance, could
contribute to changes in growth rate between cohorts.

The results of this study are preliminary and little can be
concluded other than this species appears to be long-lived and
their growth rate is variable. Further study is required, particu-
larly in the area of age validation (see Glossary). Analysis of
hardparts from tagged fish of known size, age, and sex at both
release and recapture or from tetracycline marking experi-
ments would provide significant advances in bluefin tuna age
assessment.
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Growth Increments on Dorsal Spines of Eastern
Atlantic Bluefin Tuna, Thunnus thynnus, and
Their Possible Relation to Migration Patterns

G. COMPEAN-JIMENEZ' and F. X. BARD?

ABSTRACT

The first dorsal spine was taken from 227 bluefin tuna, Thunnus thynnus, caught in the Bay of Biscay, the
Canary Islands, and the Mediterranean Sea during 1978 to 1979 to estimate age and growth rate, and to determine if
arelationship exists between the growth increments registered on sections of the spines and fish migration patterns.
Growth bands were not present in spines from young-of-the-year (40-44 cm fork length, FL), but first appeared in
spines from tuna with an estimated age of 1+ yr (60-67 cm FL). For bluefin tuna < 3 yr old (60-89 cm FL), back-
calculated fork lengths show that growth bands (consisting of one translucent and one opaque zone) are formed
twice a year, except for the first band, which appears after the first growing season. The formation of these bands
seems to be related to their spring and fall migration in the eastern Atlantic area. In addition, this general pattern of
growth (two bands or one couplet per year after the first year) also seems to apply to our sample (139) of larger fish
(100-280 cm FL).

The growth curve calculated for bluefin tuna closely approximates previous estimates of growth reported for
the eastern Atlantic Ocean and Mediterranean Sea. The growth bands on dorsal spines are easily distinguished, par-
ticularly on young fish, and provide a simple, rapid method for estimating age and growth rates.

RESUMEN

La primera espina dorsal fué colectada de 277 atunes aleta azul, Thunnus thynnus, capturados entre 1978 y
1979, en el Golfo de Vizcaya, las Islas Canarias y el Mar Mediterraneo. Las muestras fueron utilizadas para estimar la
edad, la tasa de crecimiento y la existencia de una posible relacién entre las marcas de crecimiento en las espinas y los
patrones de migracion. No se observaron bandas de crecimiento en las espinas de juveniles del mismo afio (40-44 cm
de longitud horquilla, Lh), pero una primera banda aparece en las espinas de atunes con una edad estimada de 1+
aios (60-67 cm Lh). En jovenes atunes de menos de 3 aiios (60-89 cm Lh), el retrocalculo muestra que las bandas de
crecimiento (formadas por una zona trashicida y una zona opaca) se forman dos veces por aiio, excepto para la pri-
mera banda que aparece después del primer periodo de crecimiento. La formacion de estas bandas parece estar rela-
cionada con las migraciones de primavera y de otofio de los atunes jévenes en el 4rea del Atlintico Oriental. Tam-
bién, en general este patron de crecimiento (dos bandas o un par por afio-después del primer afio) puede aplicarse a
nuestra muestra (139) de peces adultos (100-280 cm Lh).

La curva de crecimiento calculada, para el atiin aleta azul, se aproxima bastante a estimaciones previas que han
sido reportadas para el Atlantico Oriental y el Mar Mediterrianeo. Usando las espinas dorsales para estimar la edad se

tiene la ventaja de un muestreo fdcil y bandas de crecimiento muy claras particularmente en los peces jovenes.

INTRODUCTION

Many studies have reported the occurrence of incremental
growth marks on skeletal hardparts of bluefin tuna, Thunnus
thynnus, but these reports have rarely related the observed
growth marks to environmental or behavioral aspects in the
life of the fish (Mather and Schuck 1960; Nichy and Berry
1976; Lee et al. 1983; Hurley and Iles 1983). As indicated by
Farrugio (1979) and Cort (1979), interpretations of growth
bands on skeletal hardparts have been particularly difficult
once this species reaches adult size (= 200 cm fork length,
FL). This problem has recently been extensively reviewed by
Lee et al. (1983) and Hurley and Iles (1983). Age estimates of
giant bluefin tuna vary according to the method of ageing ap-
plied to the samples, the geographical location of the fish at

'Instituto Nacional de la Pesca, Centro de Investigaciones Pesqueras, A. Postal
976, Ensenada, Baja California, Mexico.

*Centre de Recherches Oceanographiques, Office de la Recherche Scientifique
et Technique Outre-Mer, V18 Abidjan, Ivory Coast.
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capture, sample size, length distribution of samples, and the
separation and analysis of samples by sex.

In contrast to ageing adult (giant) bluefin tuna, research
results on juveniles (up to 50 cm FL) have been more consis-
tent between studies and easier to document. For example,
tuna born in the Mediterranean Sea in May-June showed a
rapid growth in weight of 800 to 1,000 g during the first 4 mo
of life (Piccinetti and Piccinetti-Manfrin 1970). This rapid
growth rate was also verified in rearing experiments in Japan
(Bard and Le Gall 1979). As a result of this fast growth and a
single, relatively short spawning season, well-defined size dis-
tributions correspond to early age classes. Thus, these cohorts
can be traced for 1 to 3 or 4 yr with very little error in age esti-
mates. This is well illustrated by Furnestin and Dardignac
(1962) who followed the growth of bluefin tuna along the At-
lantic coast of Morocco from 6 mo old to 3 yr of age. Their
results indicated rapid growth of juvenile tuna after their ar-
rival (from the Mediterranean Sea) near the Moroccan coast
(October-November) and very slow or negligible growth from
January to March of the following year. Maximum growth
was reached thereafter between the end of May and the begin-



ning of September, and slower growth was evident again in the
fall when fish averaged about 63 cm FL or at the end of their
first year of life. From information such as this, a cohesive
pattern of migration and general life history of young, eastern
Atlantic bluefin tuna can be established (Fig. 1).

In the Mediterranean Sea, bluefin tuna spawn principally
from the beginning of June through August (Arena 1979).
However, the possibility of other spawning zones near the
Sahara coast, the Canary Islands (Aloncle 1967), and in the
Black Sea cannot be excluded though they have never been
confirmed. The contribution from these zones, if they exist,
would probably be of limited importance. The majority of
Mediterranean fish leave the area by the Strait of Gibraltar
during the fall of their first year (Rey 1979). The fact that part
of the bluefin tuna population stays in the Mediterranean Sea
is demonstrated by the presence of juveniles caught during the
entire year (Farrugio 1977; Scaccini 1961). The bluefin tuna
that leave the Mediterranean overwinter in Moroccan waters
and some are captured at the beginning of the year by the purse-
seine fleet stationed at Casablanca (Morocco). The next sum-

mer these bluefin tuna can be found in the Bay of Biscay, after
their summer migration starting at the Moroccan coast (Bard
1977). At the end of the summer they return to their wintering
waters in Ibero-Morocco Bay (Brethes 1979; Lamboeuf 1975).
The adults (Fig. 2) are present during August in the offshore
region of Norway. From there they return to southern waters
by September-October (Hamre 1963) and reach their wintering
zone along the south coast of Spain and the Canary Islands
(Santos-Guerra 1976). The spawning migration to the interior
of the Mediterranean Sea takes place during May to June.
Right after spawning, the fish leave through the Strait of
Gibraltar (Sella 1929; Rodriguez-Roda 1964, 1969; Sara 1973).

This information provides an opportunity to determine if a
relationship exists between the growth increments on skeletal
hardparts and the life history aspects of this species. Such hy-
potheses have been suggested in the past but conclusive infor-
mation on the causes of growth band formation on hardparts
are rare and have not been reported for eastern Atlantic blue-
fin tuna. Since Compean-Jimenez and Bard (1980) found that
well-defined growth marks were evident on the first dorsal
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Figure 1.—Migration routes (solid lines) of juvenile bluefin tuna (< 100 cm FL) in the eastern Atlantic. Dashed lines (spo-
radic migration routes) represent general movements and direction (arrows) from data on tagged and recaptured tunas (they
do not necessarily correspond to exact routes). Spawning zone (dots), fishing zone (slashed lines), wintering zone (dots and
dashed lines) are shown for the Bay of Biscay (1), Canary Islands (2), and Spanish Mediterranean coast (3).
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spines of bluefin tuna caught from the Atlantic, we chose the
first dorsal spine as a source of age and growth information.
Accordingly, the objectives of our study were to estimate the
age and growth rate from growth bands on dorsal spine sec-
tions and to relate this information to the life history aspects
of bluefin tuna in the eastern Atlantic Ocean.

METHODS

Bluefin tuna were collected from the bait-boat fishery in the
Bay of Biscay, the handline fishery off the Canary Islands, and
the trap fishery along the Spanish coast of the Mediterranean
Sea (Fig. 3). Young bluefin tuna (< 100 cm FL) were sampled
in the Bay of Biscay at the beginning of the fishing season in
June and July and at the end of the season in September and
November, 1978-79. A few giant bluefin tuna were also sampled
in November 1978. Bluefin tuna > 100 cm FL were collected
off the Canary Islands in March 1979 and a few young-of-the-
year (40-44 cm FL) were also obtained in 1979 from the Medi-
terranean Sea.

The first dorsal spine was collected from each specimen to-
gether with measurements, such as fork length (cm) and total
weight (kg), as well as date and location of capture. The spine
extraction, sectioning, and preparation procedures generally
followed those of Johnson (1983). Briefly, these procedures
consist of making a cut (1.0 to 1.5 mm thick) near the condyle
spine base (Fig. 4a) using a slow-speed saw. Three cross sec-
tions were taken from each spine, mounted on slides, and stored
in boxes before reading.

Growth bands were counted on sections using transmitted
light projected onto a screen through a microprojector (Fig.
4b). Typical growth patterns on bluefin tuna spines included a
narrow translucent zone, which we assumed to be a slow-
growth stage, and wider opaque zones which probably repre-
sent fast growth (Fig. 4b; also see Glossary). Details that sup-
port these assumptions appear in the Results section.

The following measurements were taken from each spine
(Fig. 4b):

1) Spine diameter—the horizontal distance between the out-
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Figure 2.—Migration routes (solid lines) of adult bluefin tuna (> 100 cm FL) in the eastern Atlantic. Dashed lines (sporadic
migration routes) represent general movements and direction (arrows) from data on tagged and recaptured tunas (they do
not necessarily correspond to exact routes). Spawning zone (dots), fishing zone (slashed lines), wintering zone (dots and
dashed lines) are shown for the Bay of Biscay (1), Canary Islands (2), and Spanish Mediterranean coast (3).
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side margin above the posterior notch where the least cur-
vature of banding occurred in each spine.

2) Spine radius—the distance (along the diameter) from the
estimated center of the spine to the outside margin.

3) Growth increments—the distance along the diameter
from the estimated center of the spine to the outside mar-
gin of each translucent zone.

The theoretical center of the spine, often obscured by the vas-
cularized core, was estimated as a point one-half the diameter
measurement inside the spine (Antoine et al. 1983). The rela-
tionship between spine diameter and fork length was determined
with regression analysis. Statistical inferences were made with
a significance level of « = 0.05.

Growth band measurements were used as the basis for back
calculating the size of fish at the time of band formation. In
(8) CROSS SECTION particular, the relationship between the size of young bluefin
tuna (Bay of Biscay) and the location of their growth bands
were used to establish the growth pattern for the first several
years of life and to interpret growth bands in older bluefin
tuna from the Canary Islands. Early growth bands on bluefin
tuna 3 yr old and older were progressively obscured by the in-
creasing size of the vascularized core as the size of the fish in-
creased. Accordingly, the number of these obscured (lost)
bands was estimated from observations of their position and
number on younger specimens.

Estimated ages resulting from increment counts, measure-
ments, and interpretations of growth bands were combined
with fork lengths to construct a von Bertalanffy growth curve
using the method of Abramson (1971).

= “Te—AREA SECTIONED

CONDYLE /

BASE

RESULTS

Clearly defined rhythmic growth marks were observed on
dorsal spine sections from almost all specimens < 89 cm FL
and in most of the larger bluefin tuna. The marks appeared as
either translucent or opaque zones (see Glossary) when viewed
with transmitted light (Fig. 4b). Microradiographs (X-rays) of
the translucent zones revealed hypermineralization, a charac-

I.- TRANSLUCENT ZONE (Slow growth) 3.. RADIUS

Figure 4.—Position of section removed from the first dorsal spine (A), and a cross
2. VASCULARIZED CORE 4 - OPAQUE ZONE ( Fost growth) section of this spine showing areas of zonation and measurements taken (B).
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teristic identified earlier by Meunier et al. (1979) as a slow-
growth zone. There was a significant linear relationship between
spine diameter and fork length (©* = 0.96, Fig. 5); therefore,
we felt justified in using spine measurement to back calculate
previous growth history.

Spine Diameter (mm)
5

Y= - 1-0658 + 0-588X
N=137

r's o-e67e

X L
130 200

Fork Length (cm)

Figure 5.—Relationship between spine diameter (mm) and fork length (cm) of 137
eastern Atlantic bluefin tuna.

Mediterranean Sea

Six bluefin tuna (40-44 cm FL) were caught in October 1979,
off the Castellon (Spanish) coast of the Mediterranean Sea,
and examination of spine sections indicated no apparent growth
marks or bands. Therefore, the reported spawning dates of
May-June (Arena 1979) and the date of capture suggest that
these fish were young-of-the-year or about 4-5 mo old. The fall
season has been reported (Rey 1979) as the time of year when
these young tuna make their first migration out of the Mediter-
ranean Sea to Ibero-Moroccan Bay (Fig. 1).
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A total of 144 bluefin tuna (60-165 cm FL) were collected
from the Bay of Biscay at the beginning of the fishing season
in 1978 and at the end of the fishing season in 1978 and 1979
(Fig. 3). About half (78) of these specimens were < 100 cm
FL. However, 66 larger fish (100-166 cm FL) were obtained
from this area during the same period in 1979. A few giant
bluefin tuna (14, > 200 cm FL) were also obtained in Novem-
ber 1978.

Examination of the Bay of Biscay samples revealed that the
number of translucent (slow growth) bands increased between
bluefin tuna with an estimated age of 1 + yr (60-67 cm FL) and
an estimated age of 2+ yr (69-89 cm FL). Back calculations of
the size and estimated age at band formation indicated, in gen-
eral, that except for the first band, all others were formed in
pairs or couplets each year (Figs. 6-9). The first band is well
separated from the first complete couplet (Fig. 6), and infor-
mation from young-of-the-year tuna from the Mediterranean
Sea, as well as back calculations of fish from the Bay of Bis-
cay, suggest this singular, first band is formed at about the 6th
mo of life.

Figures 7-9 illustrate the progressive increase in the number
of bands on spine sections from Biscay bluefin tuna with an
estimated age of 1+ and 2+ yr. For example, 12 tuna sampled
at the beginning of the season (Fig. 7) had one growth band
with a back-calculated average size at band formation of 48.08
cm FL and a back-calculated date of band formation of Octo-
ber or November (6-7 mo after birth). Of the 17 tuna sampled
at the end of that same fishing season (Fig. 7), 75% (12) had a
second band (corresponding to the formation of the first part
of the first couplet). The back-calculated average size at band
formation of the second band was 55.25 cm FL, and the back-
calculated date of band formation was August (about 1 yr 2
mo after birth). The 16 tuna with an estimated age of 2+ yr
sampled at the beginning of the season (Fig. 8) had three dis-
tinct bands: One band formed after the first 6-7 mo of life and
two bands formed during the following 12 mo. However, of
the tuna sampled at the end of the season during the second
year of life (Fig. 9), only 37% (9 of 24) had a fourth band. In
addition, the first singular growth band, in four of these tuna,
was obscured by the increased size of the vascularized core.

Figure 6.—Mean (+ 2 SD) back-calculated fork lengths (cm) based on
counts of bands (1-6) from spine cross sections of bluefin tuna caught
in the Bay of Biscay, 1978-79. Fishing season in the Bay of Biscay is
shown by slashed lines and growth curves of juvenile bluefin tuna esti-
mated by Sella (1929, solid line) and Furnestin and Dardignac (1962,
wavy line) are also shown.
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Canary Islands

A total of 63 bluefin tuna (164-280 cm FL) were collected
from the fishery off the Canary Islands in 1979 (Fig. 3). Exam-
ination of spine cross sections indicated that the increased size
of the vascularized core obscured early growth bands. In such
cases, the method of estimating age is given by a detailed ex-
ample in the paragraph immediately below. A maximum of 8
couplets or 16 bands were observed on spine sections of larger
tuna. These data were combined with information from tuna
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collected in the Bay of Biscay to fit a curve to the von Ber-
talanffy growth model.

An example of the interpretation of growth bands applied to
older fish is illustrated by back calculation of size-at-band-for-
mation for a 201 cm FL specimen from the Canary Islands
(Table 1). There were a total of 13 bands (6 couplets) plus the
growth zone between the last band and the edge of the spine.
Based on data from young bluefin tuna, the first visible coup-
let was judged to represent the end of the 4th year of life (seven
bands were estimated to be lost due to the vascularized core,
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Figure 8. —Back-calculated date and mean size at band formation for bluefin tuna (V = 16) of estimated age 2 + from the Bay of Biscay at beginning of season (band numbers

Table 1.—Mean back-calculated fork length (cm) at band forma-
tion for a 201 cm FL bluefin tuna captured off the Canary Islands
in March 1979. Back calculations for this example are given for
measurements of the 12 bands or 6 couplets for the dorsal spine
cross section. The marginal growth increment (see Glossary) is not

included.
Couplet no. (2 bands per couplet)
Band no. 1 2 3 4 5 6
1 103.9 121.6 135.0 147.6 171.3 189.9
2 108.3 128.6  140.2  159.7 180.6 198.0

but this assumption could not be validated). The remaining
bands corresponded to age 5 to 9 yr, and growth from the last
couplet to the margin probably represented growth during the
10th year. These procedures and interpretations were used to
assign estimated ages to each specimen in our samples.

1-3).
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Von Bertalanffy Growth Model

Vital parameters for the von Bertalanffy growth curve based
on counts of growth bands on spine sections from 221 bluefin
tuna indicated an Lo = 372.2 cm FL, k& = 0.067 (annual),
and t, = —1.71 yr (Table 2). The growth curve from this study
and size at estimated age from Mather (1980) and Farrugio
(1979), based on Sella’s (1929) data, indicate close (Fig. 10)
agreement with our results.

DISCUSSION
Bay of Biscay

The rapid growth of bluefin tuna during their early years of
life enables the identification of the first age classes. It is there-
fore possible to correlate the observed bands (fish collected in
the Bay of Biscay) with the ecological conditions to which the
fish are subjected. Thus, the first growth band corresponds to
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Table 2.—Vital parameters, mean fork length, and
standard error at ages (including sample size) based
on measurements of growth bands on spine sections
fitted to the von Bertalanffy growth model for 220
bluefin tuna collected from the Canary Islands and
Bay of Biscay.

Vital parameters
Lo = 3122cm FL + 6.13

k = 0.0675 + 0.0021
t =-171lyr +0.06
Estimated Mean fork Sample
ages length (cm) SE size
1.0 62.69 0.321 29
2.0 83.05 0.527 41
3.0 102.07 1.711 14
4.0 119.85 1.271 19
5.0 136.47 1.586 19
6.0 152.01 0.832 23
7.0 166.53 0.369 7
8.0 180.10 2.404 3
9.0 192.78 1.098 8
10.0 203.63 1.258 4
11.0 215.71 3.000 2
12.0 226.07 1.455 11
13.0 235.75 0.615 10
14.0 244.80 1.430 6
15.0 253.25 0.667 3
16.0 261.16 0.754 9
17.0 268.54 1.673 5
18.0 275.45 0.957 4
19.0 281.90 1.333 3

1-4).
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the migration from the Mediterranean Sea to the Atlantic
coast of Morocco (Sara 1973; Rey 1979). This is supported by
the fact that the first band is not present in age class O fish
caught while they are still in the Mediterranean Sea. In the fol-
lowing two couplets, the first band of each pair (bands 2 and 4,
respectively) corresponds to the summer migration from south-

400

© SIZE AT ESTIMATED AGE OF TAG-RETURNS ( MATHER 1980 )

+ SIZE AT ESTIMATED AGE REPORTED BY FARRUGIO (1979 )
BASED ON DATA FROM SELLA (1929)

Fork Length (cm)
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Figure 10.—Fork length (cm) at estimated age of 227 bluefin tuna caughtin the Bay
of Biscay, Canary Islands, and Mediterranean Sea, 1978-79, based on counts of
bands on dorsal spine cross sections. Size at estimated age (o) based on tag-returns
of Mather (1980) and those reported by Farrugio (1979) based on vertebrae (+)
from Sella (1929) are also shown.



ern Morocco to the Iberic Coast and the Bay of Biscay. The sec-
ond band in these same couplets (bands 3 and 5, respectively)
corresponds to the tuna’s return to the wintering area in the
Ibero-Moroccan Bay (Brethes 1979; Lamboeuf 1975). The sixth
band or first mark of the third couplet results from a summer
migration from Moroccan waters to their point of capture in
the Bay of Biscay (Bard 1977).

According to the back-calculated size frequency curves
(Figs. 7, 8, and 9), it seems that the band that appears at the
end of the fishing season (June to September) in juvenile blue-
fin tunas is formed just before their arrival in the Bay of Bis-
cay, and it is only visible after their period of growth has
started. It is known that juvenile bluefin tuna grow during
their stay in the Bay of Biscay. Cort (1976) reported a growth
of 15 cm FL in this period for tunas of estimated age 2. In this
study, the same growth was found by comparing the mean
length of samples at the beginning (Fig. 8) and end of the fish-
ing season (Fig. 9).

Canary Islands

In adult bluefin tuna, the vascularization of bony tissue in
the center of the spine causes a loss of early bands. Neverthe-
less, the sections have bands in the periphery of the spines.
These bands show a disposition in pairs and in this work we
have considered one couplet for each year. In the majority of
sections, up to eight pairs are visible in larger fish (Fig. 11).

The interpretation proposed for the formation of paired
bands in adults is as follows: The first band of each annual
pair, in the 4th or 5th year, corresponds to the reproductive
migration that bluefin undertake from the Atlantic to the
Mediterranean Sea during May-June (Rodriguez-Roda 1967).
Bluefin tuna larger than 200 cm FL make this migration (Sara
1973). Loss of weight during the spawning migration is sub-
stantiated by Rodriguez-Roda (1964). The mean condition co-
efficient of ‘‘right’’ bluefin tuna (entering the Mediterranean)
in June is 2.0, whereas the index of “‘reverse’’ fish (leaving) in

Figure 11.—Section from the first dorsal spine of a bluefin tuna of 201 cm FL,
estimated to be age 10+ yr.
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July-August is 1.6. The bluefin tuna then migrate north, feed:
ing constantly, until they arrive off Norway in August in a
well-fattened condition (Tiews 1963). They continue to feed
actively during their stay in the North Sea. Within a period of
2 to 3 mo, these fish often attain a 34 to 54% increase of their
annual growth in weight (Tiews 1957).

The second band is probably formed during their migration
to the south in September-October. From November to May,
the bluefin tuna remain in the eastern Atlantic between the Bay
of Biscay and the Canary Islands. It is well-known that bluefin
tuna have less commercial value at the beginning of the fishing
season (March-April) because they arrive in a lean condition.

Calculations of the maximum age of bluefin tuna have re-
cently been altered following the recapture of three tagged fish
that were at liberty for 13 to 14 yr (Mather 1980). As a result of
this work, estimates of longevity have increased from about 21
to 23 yr, to that of at least 30 yr. The recaptured size and esti-
mated age of the fish are plotted in Figure 10.

In the present study, age estimated did not exceed 19 yr. The
difference in growth by sex demonstrated by western Atlantic
bluefin tuna (Butler et al. 1977) was not examined in this paper.

CONCLUSION

It is interesting to note that migratory movements may be
the cause of band formation in bluefin tuna, at least in the
eastern Atlantic area. This is particularly true for young, im-
mature fish. For adults, the energetic problems involved in
reproduction probably overlap the consequences of migration.
Nevertheless, band formation in both young and adult bluefin
tunas could be a function of bioenergetic stress associated with
migration. This process clearly distinguishes bluefin tuna from
other marine, temperate, sedentary fishes in which the reduc-
tion or lack of growth in winter reflects physical conditions of
the environment. It should be pointed out that Sharp and Dot-

- son (1977) indicated a high probability of lipid utilization as an

energy source by migrating albacore, 7. alalunga. Other
temperate tuna that undergo long distance migrations probably
register two growth bands each year (Bard and Compedn-
Jimenez 1980).

The use of spinal sections to estimate age has the advantage
of easy sampling and the growth bands stand out clearly. An
additional advantage of the method is easy storage of samples
for future reexamination. However, estimates of age from spine
cross sections has not been validated and further research is
necessary to identify migrations as a probable, primary cause
of growth band formation.

ACKNOWLEDGMENTS

We thank J. Cort, J. C. Rey, and A. Santos for their assis-
tance in obtaining samples. Thanks are also extended to A.
Wild for his helpful editorial comments and translations.

LITERATURE CITED

ABRAMSON, N. J.

1971.  Computer programs for fish stock assessment. FAO Fish. Tech.
Pap. 101, 144 p.
ALONCLE, H.
1967. Mise au point de nos connaissances sur la presence du thon rouge le

long du littoral Atlantique marocain. Observations et commentaires ICES.
Symposium sur les resources vivantes du planteau continental Atlantique
Africain du détroit de Gilbraltar au cap. Vert. No. 45.



ANTOINE, M. L., J. MENDOZA, and P. M. CAYRE.

1983. Progress of age and growth assessment of Atlantic skipjack tuna,
Euthynnus pelamis, from dorsal fin spines. U.S. Dep. Commer., NOAA
Tech. Rep. NMFS 8:91-97.

ARENA, P.

1979. Aspects biologiques et de comportement des concentrations genetiques

du thon en Méditerranée. In F. X. Bard and J. Y. Le Gall (editors), Le thon

rouge en Méditerranée: biologie, péche et aquaculture. Actes Collog.
8:100-106.
BARD, F. X.
1977. Migrations de thon rouge (7hunnus thynnus) a travers la pécherie de

surface du germon (Thunnus alalunga) dans le Nord Atlantique. Int.
Comm. Conserv. Atl. Tunas, Collect. Vol. Sci. Pap., Madrid 6(2):264-266.
BARD, F. X., and G. COMPEAN-JIMENEZ.

1980. Conséquences pour I’évaluation du taux d’exploitation du germon
Thunnus alalunga. Nord Atlantique d’une courbe de croissance déduite de la
lecture des sections de rayons épineux. Int. Comm. Conserv. Atl. Tunas,
Collect. Vol. Sci. Pap., Madrid 9(2):365-375.

BARD, F. X.,and J. Y. Le GALL.

1979. Rapport final. /n F. X. Bard and J. Y. Le Gall (editors), Le thon
rouge en Méditerranée: biologie, péche et aquaculture. Actes Collog.
8:15-47.

BRETHES, J. C.

1979. Sur les premiéres récuperations de thons rouges marqués en juillet 1977
au large du Maroc. Int. Comm. Conserv. Atl. Tunas, Collect. Vol. Sci.
Pap., Madrid 8(2):367-369.

BUTLER, M. J. A, J. F. CADDY, C. A. DICKSON, J. J. HUNT, and C. D.
BURNETT.

1977. Apparent age and growth, based on otolith analysis, of giant bluefin
tuna (Thunnus thynnus thynnus) in the 1975-1976 Canadian catch. Int.
Comm. Conserv. Atl. Tunas, Collect. Vol. Sci. Pap., Madrid 6(2):318-330.

COMPEAN-JIMENEZ, G., and F. X. BARD.

1980. Utilisation de la squelettochronologie chez les tunnidés.

Zool. Fr. 105:329-336.
CORT. J. L.

1976. Datos sobre la biologia y pesca del atiin rojo (Thunnus thynnus L.) en
el Golfo de Vizcaya, campaia de 1975 en el puerto de Fuenterrabia. Int.
Comm. Conserv. Atl. Tunas, Collect. Vol. Sci. Pap., Madrid 5(2):236-241.

1979. Revision on investigation work regarding the bluefin tuna, Thunnus
thynnus (L), age. InF. X. Bard and J. Y. Le Gall (editors), Le thon rouge en
Méditerranée: biologie, péche et aquaculture. Actes Collog. 8:75-78.

FARRUGIO, H.

1977. Données préliminaires sur la péche au thon rouge au filet tournant en
Méditerranée frangaise. Int. Comm. Conserv. Atl. Tunas, Collect. Vol.
Sci. Pap., Madrid 6(2):245-252.

1979. Revue comparative des études sur la croissance du thon rouge Thunnus
thynnus (Linné, 1758). Int. Comm. Conserv. Atl. Tunas, Collect. Vol.
Sci. Pap., Madrid 8(2):343-355.

FURNESTIN, J., and J. DARDIGNAC.

1962. Lethonrouge du Maroc Atlantique (7Thunnus thunnus Linné).

Trav. Inst. Péches Marit. 26:381-398.
HAMRE, J.

1963. Tuna tagging experiments in Norwegian waters.
3(6):1125-1132.

HURLEY, P. C. F., and T. D. ILES.

1983. Age and growth estimation of Atlantic bluefin tuna, Thunnus thynnus,
usingotoliths. U.S. Dep. Commer., NOAA Tech. Rep. NMFS 8:71-75.

JOHNSON, A. G.

1983. Comparison of dorsal spines and vertebrae as ageing structures for little
tunny, Euthynnus alletteratus, from the northeast Gulf of Mexico. U.S.
Dep. Commer., NOAA Tech. Rep. NMFS8:111-115.

LAMBOEUF, M.
1975. Contribution a la connaissances des migrations des jeunes thons rouges

Bull. Soc.

Rev.

FAO Fish. Rep.

86

a partir du Maroc. Int. Comm. Conserv. Atl. Tunas, Collect. Vol. Sci.
Pap., Madrid 4(1):141-144.
LEE, D. W., E. D. PRINCE, and M. E. CROW.

1983. Interpretation of growth bands on vertebrae and otoliths of Atlantic
bluefin tuna, Thunnus thynnus. U.S. Dep. Commer., NOAA Tech. Rep.
NMES 8:61-69.

MATHER, F. J., III.

1980. Note on relationship between recently acquired mark recapture data
and existing age estimates for Atlantic bluefin tuna. Int. Comm. Conserv.
Atl. Tunas, Collect. Vol. Sci. Pap., Madrid 9(2):470-477.

MATHER, F. J., III, and H. A. SCHUCK.

1960. Growth of bluefin tuna of the western North Atlantic.
Wildl. Serv., Fish. Bull. 61:39-52.

MEUNIER, F. J., M. PASCAL, and G. LOUBENS.

1979. Comparaison de methodes squelettochronologiques et considerations
fonctionelles sur le tissu osseux acellulaire d’un osteichthynen du Lagon
Neo-Caledonien, Lethrinus nebulosus (Forskal, 1775). [In Fr., Engl. abstr.]
Aquaculture 17:137-157.

NICHY, F., and F. H. BERRY.

1976. Age determination in Atlantic bluefin tuna. Int. Comm. Conserv.
Atl. Tunas, Collect. Vol. Sci. Pap., Madrid 5(2):302-306.

PICCINETTI, C., and G. PICCINETTI-MANFRIN.
1970. Osservazioni sulla biologia dei primi stadi giovanili del tonno (Thunnus

U.S. Fish

thynnus L.). Boll. Pesca Piscic. Idrobiol. 25:223-247.
REY, J. C.
1979. Interrelation des populations de thon rouge (Thunnus thynnus) entre

I’Atlantique et la Méditerranée. In F. X. Bard and J. Y. Le Gall (editors), Le
thon rouge en Méditerranée: biologie, péche et aquaculture. Actes Collog.
8:87-103.

RODRIGUEZ-RODA, J.

1964. Movimientos migratorios del atun, Thunnus thynnus (L.), deducidos
por nuestras propias marcaciones en aguas Espanolas. Publ. Tec. Juntade
Estud. de Pesca 3:279-304.

1967. Fecundidad del atin, Thunnus thynnus (L.), de la costa sudatlantica
de Espaiia. [In Span., Engl. summ.] Invest. Pesq. 31:33-52.

1969. Resultados de nuestras marcaciones de atunes en el Golfo de Cadiz
durante los anos 1960 a 1967. Publ. Tec. Junta de Estud. de Pesca
8:153-158.

SANTOS-GUERRA, A.
1976. Las pesquerias de tunidos en Canarias durante 1974. Int. Comm.
Conserv. Atl. Tunas, Collect. Vol. Sci. Pap., Madrid 5(1):5-10.
SARA, R.
1973.
ed osservazioni sui meccanismi di migrazione e di comportamento.
Pesca Piscic. Idrobiol. 28:217-243.
SCACCINI, A.
1961. Sur la presence et la distribution de jeunes thons dans la mer de Sar-
daigne. Rapp. P.-Reun. CIESMM 16:353-356.
SELLA, P.
1929. Migrazioni e habitat del tonno (Thunnus thynnus L.) studiati col
metodo degli ami, con osservazioni su I’accrescimento, sul regime delle ton-

Sulla biologia dei tonni (Thunnus thynnus L.) Modelli di migrazione
Boll.

nare ecc. Mem. R. Com. Tallassogr. Ital. 156, 24 p.
SHARP, G. D., and R. C. DOTSON.

1977. Energy for migration in albacore, Thunnus alalunga. Fish. Bull.,

U.S. 75:447-450.
TIEWS, K.

1957. Biologische untersuchungen am roten thun (Thunnus thynnus [Lin-
naeus]) in der Nordsee. Ber. Dtsch. Wiss. Komm. Meeresforsch.
14:192-220.

1963. Anattempt to estimate the rate of transatlantic exchange of large blue-

fin from German tuna catches by mean of the feeding condition “K.” ICES

Scombriforms Fish. Comm.



SUMMARY PAPER

Deterministic Partitioning of the Catch of Southern
Bluefin Tuna, Thunnus maccoyii, into Age Classes
Using an Age-Length Relationship’

JACEK MAJKOWSKI and JOHN HAMPTON?

INTRODUCTION

Southern bluefin tuna, Thunnus maccoyii, are a highly
migratory species intensively exploited by Australian and
Japanese fishermen at various stages of the fish’s life cycle.
The biology and fisheries of this species are reviewed by Hynd
(1965), Murphy (1977), Shingu (1978), Majkowski, Williams,
and Murphy (1981), and Murphy and Majkowski (1981). Catch
information from both fisheries constitutes the main input
data for many of the routine analyses for stock assessment.
Most of these analyses require not only gross annual catch
values, but also estimates of these catches partitioned into age
classes (see above references).

In this paper we present a deterministic method of partition-
ing the annual catch of southern bluefin tuna into age classes
using an age-length relationship. Potential sources of errors in
the partitioned catch estimates are outlined, and the errors in
these estimates, attributable to known uncertainties in param-
eters of the age-length relationship, are quantitatively assessed
with the aid of Monte-Carlo simulations. Knowledge of these
errors and the requirements of the assessment procedures for
which the catch estimates are being used as input data are
essential if the degree of confidence of population assessment
is to be determined (Majkowski 1982, in press).

METHODS
Input Data for the Partitioning Procedure

Estimates of the catches by length class and fishing period
constitute the input data for the partitioning procedure. These
catch arrays were constructed on the basis of gross catch data
and information from routine length-frequency sampling in
Australian canneries and on board Japanese longline vessels
(Williams 1982a, b). One and 2 cm length classes were used in
the Australian and Japanese catch sampling programs, respec-
tively. The sampling information was grouped by half-month
(Australian fishery) and quarter-year (Japanese fishery) periods
(Hampton 1982a, b) and used in conjunction with the gross
catch data for these periods.

'Some information contained in this paper was summarized from a manuscript
submitted to the Canadian Journal of Fisheries and Aquatic Sciences.

*Commonwealth Scientific and Industrial Research Organization (CSIRO),
CSIRO Marine Laboratories, Division of Fisheries Research, P.O. Box 21,
Cronulla, New South Wales 2230 Australia.
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Age-Length Relationship

Kirkwood? has derived the parameter values (t, = —0.429
yr, k = 0.127, Lo = 207.7 cm) of the following von Berta-
lanffy growth equation for southern bluefin tuna from mark
recapture and length mode data:

fim £ ——}(—m ( - L/Lo) )

where ¢ denotes the estimated age (in years) and L denotes the
fork length (in centimeters). This relationship was used as the
basis for partitioning the catch values into age classes.

Partitioning Procedure

Fish lengths from any length class were assumed to be uni-
formly distributed within the length range of that length class.
For each array element (i.e., the catch by length class and fish-
ing period), the following computations were performed: 1)
Estimated age, ¢, was calculated on the basis of Equation (1)
using, in turn, the lower and upper boundaries of the length
class. 2) Dates of birth corresponding to both values of ¢ were
calculated by subtracting ¢ from the date of capture (assumed
to be the midpoint of the period for which the length frequency
was constructed). Fish having a birth date between 1 July of
year X and 30 June of year X + 1 were assigned to a cohort
denoted by X + 1. This assignment is consistent with our
knowledge of the spawning period (September-March) of the
species (Shingu 1978). If the assigned cohorts relating to both
the upper and lower length boundaries were the same, all fish
from that length class were assumed to belong to the one co-
hort. However, if the two assigned cohorts were different, a
cohort boundary existed within the length class. The catch
number was then apportioned between the two cohorts accord-
ing to the exact position of the cohort boundary within the
length class. 3) The age class was identified by the number
defined as being one more than the difference between the year
of capture and the year denoting cohort, e.g., estimated age
class 2 refers to fish estimated to be between 1 and 2 yr old.
The total year’s catch processed in this way resulted in a series
of catch estimates by age class (C/’s).

*Kirkwood, G. P., Senior Research Scientist, Commonwealth Scientific and In-
dustrial Research Organization, CSIRO Marine Laboratories, Division of Fisher-
ies Research, Cronulla, New South Wales, Australia. Unpubl. data.



Sources of Uncertainties

The errors in Cs are contributed to by two uncertainties: 1)
The von Bertalanffy growth equation (i.e., in the form of this
equation and its parameter values), and 2) the length frequency
data (i.e., in the sampling and gross catch information). Since on-
ly information on the uncertainties in #,, k, and L oo exists, only
the effect of these uncertainties on the estimation of accuracy of
C/scanbeassessed.

Method of Accuracy Analysis

Kirkwood (footnote 3) has estimated the variance-covariance
matrix for the southern bluefin tuna growth parameters:

to k L
to 0.004 — —
k 0.0002 0.00002 —

L -0.12 —-0.011 8.4

The multivariate normal distribution defined by the mean
values of #,, k, and L o and the associated variance-covariance
matrix were assumed to represent the growth parameter uncer-
tainties. Values of #,, k, and L were stochastically sampled
from this distribution using an IMSL* computer subroutine.
Monte-Carlo simulations (Miller 1974; Miller et al. 1976; Gar-
ten et al. 1978; O’Neill and Gardner 1979; Gardner et al. 1980;
O’Neill et al. 1980; Majkowski, Ridgeway, and Miller 1981;
Majkowski 1982, in press; Powers 1983) of C;’s were per-
formed using these parameter values in the catch partitioning
procedure. Because the simulated values of Lo never fell
below the largest observed fish length, all lengths could be
classified into age classes for all simulations. We assumed that
the distributions of C; values reflected their uncertainties.

RESULTS

Results of partitioning the 1970 catch into estimated age
classes and cohorts are presented, as an example, in Table 1. It
is evident from these results that the catches of fish younger
than 1 yr old and older than 17 yr old are extremely small.

‘International Mathematical and Statistical Libraries, Inc., 7500 Bellair Boule-
vard, Houston, TX 77036. Routine GGNSM (stochastic sampling from a multi-
variate normal distribution). Reference to trade names or commercial firms does
not imply endorsement by the National Marine Fisheries Service, NOAA.
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Table 1.—The 1970 global catch of southern bluefin tuna, Thunnus
maccoyii, classified into estimated age classes and cohorts.

Estimated catch

Estimated age class Assumed cohort (no. of fish)
1 1970 690
2 1969 68,312
3 1968 695,798
4 1967 163,115
5 1966 88,702
6 1965 104,458
7 1964 53,714
8 1963 68,485
9 1962 85,441

10 1961 111,059
11 1960 89,625
12 1959 60,941
13 1958 35,534
14 1957 15,453
15 1956 8,137
16 1955 3,271
17 1954 1,173
18 1953 480
19 1952 274
20 1951 191

The percentage deviation (D,) of the simulated C; values
from those C; values obtained using the best estimates of #, k,
and L« is presented for the 1970 length-frequency data (Fig.
1). The graphical presentation was prepared on the basis of
500 Monte-Carlo simulations, although a much smaller num-
ber of simulations provided nearly identical information on
the statistical distribution of D; values. Two major observa-
tions emerge from an examination of Figure 1: 1) The mean
values of D,’s are relatively close to zero only for age classes 3
to 13, and 2) the ranges of D; values bounded by the 2.5 and
97.5 percentiles (i.e., encompassing 95% of the D, values) are
relatively narrow only for the above-mentioned age classes.
The D, values for age classes 3 to 13 were approximately nor-
mally distributed. The standard errors of D;’s (the coefficients
of variation of C;’s) for these age classes were < 12%.

DISCUSSION

The major advantage of the partitioning method is its ease
of use. Once a growth curve has been determined (e.g., on the
basis of mark-recapture studies, mode progression analysis,
and/or the analysis of growth rings on hardparts), the classifi-

o 2 4 6 8 10 12 ia
Estimated Age Class

214
J
{ Figure 1.—The mean values (dots) and ranges bounded by the 2.5 and
97.5 percentiles (solid bars) of Dj, both obtained on the basis of 500
Monte-Carlo simulations.
20



cation of the catch into age classes is very simple if the infor-
mation on length-frequencies of the catch is available.

Only errors in the age-structured catch estimates relating to
the growth parameter uncertainties have been addressed in this
paper. From this analysis it follows that the estimates for age
classes 1, 2, and 14 to 20 are very unreliable and should not be
used as input information for southern bluefin tuna stock
assessments.

The relationship between C; uncertainty and age class is
determined by the probability distributions of #,, k, and L o,
the form of the age-length relationship, and the fish-length fre-
quencies. The relatively high uncertainties in the estimated
catches of age classes 14 to 20 may be due to: 1) A reduction in
the growth rate with increasing age, 2) an increase in the over-
lap in the length distributions of these age classes, and 3) the
length-dependent predictive power of the age-length relation-
ship (the uncertainty in the predictions of ages from lengths in-
creases towards the extremes of the length range). The bias in
catch estimates derived in a similar way to that presented by
us, which result from the overlapping length distributions of
older age classes, is considered by Bartoo and Parker (1983).
In addition to cause 3), the high uncertainties associated with
age classes 1 and 2 can be ascribed to the size selectivity of the
fishing method used and the relatively small catches of these
fish (Table 1). As a result of these, the length distributions of
young fish caught may be different from those of fish in the
entire population. In addition, the length frequencies of the
two youngest age classes may be subject to large sampling er-
ror, this being a consequence of the small catches (catches are
sampled randomly). While most simulations result in only a
small absolute number of young fish being reclassified, say,
from age class 3 to age class 2, the relative change in numbers
might be very large for age class 2 because of its small esti-
mated catch number. Similar factors may also affect the catch
estimates for age classes 14 to 20.

The variance-covariance estimates of #,, k, and L o are con-
tributed to by errors in the data set used for the estimation of
these parameters. The unsuitability of the form of age-length
relationship and variabilities in the growth rate from fish to
fish, year to year, and even area to area, are also reflected in
the variance-covariance estimates. Hence, we can presume that
error due to improperly accounting for these variabilities in the
partitioning procedure is not large for catch estimates of age
classes 3 to 13. This conclusion can be verified when a direct
ageing method (i.e., reading hardpart sections) is developed
for southern bluefin tuna, allowing the precise determination
of these variabilities.

The effect of measurement errors on the values of #,, k, and
L » seems small because the mark-recapture and length-mode
data sets used in their estimation are very large and give no in-
dication of bias. Some reductions in the k and L o uncertain-
ties may be possible if more recaptures of very old fish are added
to the data set. The growth curve used for ageing southern blue-
fin tuna does not account for seasonal changes in the growth
rate but this changeability, if identified, can be easily incorpo-
rated into the ageing process by replacing Equation (1) with a
more complex formula (such as those presented by Pitcher and
MacDonald 1973; Pauly 1982).

It may be possible to properly account in the partitioning
method for the age-dependent growth variability among fish
(for examples of such methods, see Schnute and Fournier
1980; Clark 1981; Bartoo and Parker 1983) if some informa-
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tion on this variability is derived. The extent of information re-
quired for the application of each of these methods is different.

If the southern bluefin tuna growth rate for all ages is sig-
nificantly variable from year to year, area to area, or both, the
only possibility of decreasing the uncertainty in the partitioned
catch estimates attributable to this variability is to use the un-
biased age-length key method (Westrheim and Ricker 1978).
This method could be applied if an efficient method of directly
ageing southern bluefin tuna is fully developed. Possibly the
catches of fish younger than 4 or 5 yr old could also be reliably
aged in this case on the basis of a distribution mixture method
(MacDonald and Pitcher 1979; McNew and Summerfelt 1978),
because modes in the length frequencies for these ages are easily
distinguishable.

Uncertainties in the C; estimates are caused not only by the
weaknesses of the partitioning procedure but also by errors in
the input data for the procedure (i.e., catch estimates by length
class and fishing period). These errors may also contribute sig-
nificantly to the C; uncertainties. Therefore, more attention
should be paid to the design of a system of collecting the data
and to uncertainties in the information being derived from the
system.

Until a method of ageing southern bluefin tuna based on
hardpart analysis is developed, the use of the growth curve to
partition catches into age classes is our only ageing option. The
present study has quantified the uncertainties in C; estimates,
indicating that the catch estimates for estimated age classes 1,
2, and 14 to 20 cannot be used for population analyses.
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SUMMARY PAPER

Progress of Age and Growth Assessment of
Atlantic Skipjack Tuna, Euthynnus pelamis,
from Dorsal Fin Spines’

LOIC M. ANTOINE,? JEREMY J. MENDOZA,* and PATRICE M. CAYRE?

ABSTRACT

The present study is a part of an ongoing international research program on Atlantic skipjack tuna, Euthyn-
nus pelamis, coordinated by the International Commission for the Conservation of Atlantic Tunas (ICCAT).
Methodology was developed for estimating age and growth rate based on counts of growth bands on sections of
dorsal fin spines from 78 skipjack tuna.

The precision of counts of growth bands between eight different readers is assessed and the difficulties en-
countered in developing methodology and differences between readers were identified. A preliminary estimate of
growth rate is presented based on samples from three origins. Estimates of age based on counts of growth bands
on spines remain unvalidated, particularly the assumption of two bands per year we used for interpretation.
However, ongoing studies using tetracycline as an internal tag to determine the periodicity of growth marks indi-
cate this substance is deposited on spines, but longer times at liberty (> 1 yr) will be necessary for more definitive
results.

RESUME

Cette étude fait partie d’'un programme international de recherche sur le listao de ’Atlantique, Euthynnus
pelamis, coordonné par la Commission Internationale pour la Conservation des Thonidés de I’Atlantique (CICTA).
Une méthodologie est proposée pour estimer Pdge et le taux de croissance; elle est fondée sur I'étude des bandes
de croissance lues sur des coupes de rayons de la nageoire dorsale chez 78 individus.

La précision relative de lecture a été étudiée chez huit expérimentateurs; les difficultes pour mettre au point
cette méthodologie, ainsi que les différences entre expérimentateurs ont été abordées. Une estimation prélimi-
naire du taux de croissance sur trois échantillons d’origines différentes est présentée. L’estimation de I’age a partir
des bandes de croissance sur les coupes d’épines nécessitent une validation, et particulierement ’hypothése faite
sur la formation de deux bandes par an. Cependant les études en cours au moyen de tétracycline comme mar-
queur interne montrent que cette substance est déposée dans I'os des épines et peut aider & déterminer la péri-
odicité des marques de croissance, mais il faudrait des temps de liberté plus longs (un an ou plus) que ceux ob-

servés a présent pour obtenir des résultats consistants.

INTRODUCTION

Different approaches have been taken for estimating the age
and growth rate of skipjack tuna, Euthynnus pelamis. A synop-
sis of past work is presented by Josse et al. (1979) and includes
a review of length frequency analysis, modal progressions,
mark and recapture studies, and counting growth bands on
hardparts (i.e., vertebrae, otoliths, and dorsal fin spines). The
rates of growth reported by different authors were quite vari-
able and in some cases differences between studies were as
much as two- or three-fold. These differences may be partially
attributed to the diversity of methods and origins of samples.

The International Commission for the Conservation of At-
lantic Tunas (ICCAT) is responsible for making management

'This research is part of the International Skipjack Year program coordinated by
the International Commission for the Conservation of Atlantic Tunas.

?Centre Oceanologique de Bretagne, B.P. 337-29273, Brest Cedex, France.

*Centre de Recherche Oceanographique, B.P. 2241, Dakar, Senegal.
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recommendations for Atlantic scombrids and implemented the
International Skipjack Year Program (ISYP) in 1981. Part of
this research effort, with emphasis on skipjack tuna recom-
mended by the ICCAT working group, included age and growth
rate assessment of skipjack tuna in the eastern Atlantic Ocean.
The objectives of this study were to develop a technique for esti-
mating age and growth rate of skipjack tuna based on counts
of growth bands on spine sections and to assess the precision
of these counts by different readers. We chose the dorsal fin
spine as a source of age and growth information because of the
ease and utility of this structure reported by Shabotinets
(1968), Batts (1972), and Cayré (1979) for estimating age and
growth rate of skipjack tuna.

METHODS AND MATERIALS

Our approach to age and growth assessment of skipjack tuna
was developed during a series of meetings of the ICCAT skip-
jack working group (four scientists) held in Brest, France, and
Dakar, Senegal, during 1980 and 1981. Specimens used for this



analysis were obtained by sampling purse seine and bait-boat
landings during 1980 in Senegal, Ivory Coast, and Venezuela.

The first dorsal spine was extracted from each specimen and
the fork length (cm FL), total weight (g), date of capture, and
location were recorded. A series of three sections (500-700 yum
thick) were cut from the spines above the condyle base (3-5
mm according to length of individual fish), using an Isomet*
low-speed saw.

Spine sections were mounted in a drop of 90% alcohol and
viewed under a projector with transmitted light or with a binocu-
lar lens microscope using incidental light and a dark back-
ground. Sections were roughly cone-shaped and examinations
were restricted to the distal surface of each section (side farthest
to the condyle base). Sections of the second dorsal fin spine
were also examined (when available) to aid interpretation.
Translucent growth zones (see Glossary) appeared clear in trans-
mitted light and dark in incidental light, whereas opaque growth
zones were dark in transmitted light and light in incidental
light. X-ray microradiographs done on several spine sections
indicated that translucent bands represented zones of higher
calcium concentration, which have been reported to represent
areas of inhibited (slow) growth (Castanet et al. 1977; Compean-
Jimenez and Bard 1980). A series of photographs of spine sec-
tions were compiled and distributed to eight readers for count-
ing, measuring, and interpreting growth bands.

We use the term ‘‘ring’’ to refer to translucent zones which
were counted on each specimen. A code was defined to enable
readers to standardize their interpretations. Previous reports
indicate that rings on spines of Pacific and Atlantic tunas are
often present in groups of two or more, which may represent
annual cycles (Chi and Yang 1973; Compedn-Jimenez and
Bard 1980; Cayré and Diouf 1981). Our observations also sug-
gest this hypothesis for skipjack tuna and thus we have adapted
this assumption for interpreting groups of rings to estimate
age. Therefore, each group of rings we identified was assumed
to represent 1 yr of growth. Owing to the sparse knowledge of
the biology, life history, and behavior of skipjack tuna in dif-
ferent geographical areas, it was not possible to recognize rings
as ‘‘accidental,’’ ‘‘spawning checks,’’ or attributable to other
biological or environmental events.

Our code for rings, used by seven out of eight readers (reader
4 was unaware of the existence of this code), was as follows:

A = ring

AR = ring present in vascularized core

AF = blurry ring; not well marked; limits slightly marked
AE = narrow ring

AL = large ring

Ai = incomplete ring

Ad = ring partially split along the longitudinal axis

Al ring particularly well marked.

The reader described each section by this code and then indi-
cated the ring counts or groups that he used to assign an age to
each sample. An example of our interpretation follows:

“Reference to trade names does not imply endorsement by the National Marine
Fisheries Service, NOAA.

Code and ring number AR |, AE + AL , A' + AF
Estimated age 1 2 3

yATA LA
4 +

This example represents a total of eight rings with an
estimated age of 4+ yr.

Measurements were taken with a profile projector fit with a
stage coupled with a micrometer and a binocular lens micro-
scope fit with an ocular micrometer. Measurements taken on
spine cross sections included: 1) Spine diameter (d)—the dis-
tance between the outside margins of the spine above the notch
in the posterior face through the approximate center of the
spine (Fig. 1), 2) radius of growth band (r)—the distance from
the estimated center of the spine to the outside margin of each
growth increment, and 3) diameter of growth band (d')—the
distance from the outside spine margin through the spine cen-
ter to the outside margin of each growth band (Fig. 1).

When using a profile projector, a line was drawn through
the center axis (a' to a?), bisecting the spine in the mid-sagittal
plane (Fig. 1). The location where this line (a' to a?) intersects
the spine diameter (d) was the estimated center of the spine.

Depending on the measurement, the radius of each growth
band was given by the value of r or (d' — d/2). A t-test of the
mean values of the difference between r and (d' — d/2) for 30

a2

Figure 1.—Cross section of dorsal fin spine of skipjack tuna. a'-a> = sagittal
plane; ¢ = estimated center of the spine; d = spine diameter; d' = growth ring
diameter;r = growthringradius.



different section readings did not show a significant difference
(e = 0.05) between the two methods; therefore, observations
from both were pooled for ageing analysis.

In skipjack tuna = 50 cm FL, the first several rings were
often obscured (masked) due to enlargement of the vascular
core. We attempted to resolve the problem following the gen-
eral methods outlined by Cayré and Diouf (1983), Berkeley
and Houde (1983) and Gonzales-Garces and Farifia-Perez
(1983). This approach entails calculating the average number
and location of the first several bands observed in very young
fish to correct for obscured bands in larger (older) individuals.

In order to compare interpretations of different readers,
photographs of 78 dorsal spine sections were sent to eight
readers. The readers did not have the characteristics of the fish
(length, origin), in order to avoid biasing the readings. The
photographic magnification of all prints was the same. Readers
1, 2, 3, 5, and 7 participated in developing the reading code
and applied it, readers 6 and 8 applied the code without having
participated in its development, and reader 4 did not apply the
method code for age estimation but rather counted his inter-
pretation of annual bands to assign an age. The 78 samples
were deliberately chosen from fishes coming from different
origins (Caribbean, central Atlantic, Gulf of Guinea), and for
this reason we will not try to interpret results from the point of
view of skipjack tuna growth since the major objective of this
experiment was to determine the level of agreement between
readers.

A mean age was initially calculated for the spine sections
read by each reader. Variances between readers were tested for
homogeneity and were found to be significantly different (F
max test; « < 0.05). Therefore, statistical comparisons be-
tween readers was accomplished by establishing an age-length
relationship for each reader’s data set. We chose to represent
length as a function of age by a least squares linear model and
this yielded predictive regression lines for each reader (an ex-
ample is given in Fig. 2). Because residual variances of the dif-
ferent regressions were not homogenous, variance analysis was
not used to compare the regression lines. An alternative ap-
proach using the joint confidence region for a given probability
level for both slope and elevation of the regression lines was
adopted (Draper and Smith 1966). This region takes the shape
of an elongated ellipse. Differences between paired estimates

FORK LENGTH (cm)

T T

3 4
ESTIMATED AGE

o

o

| 2

Figure 2.—Example of fork length vs. estimated age regression obtained for reader
5. Solid line is the functional regression, dashed lines are the predictive regressions.
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for elevation and slope between readers were declared signifi-
cant when the ellipses did not intersect. Details of the method
are given by Conan (1978). All statistical inferences were made
with a significance level of « = 0.05.

Two different methods (back calculation and age-length
relationships) were used to study growth. The estimated length
at different ring formation based on spine measurements was
determined by back calculation. This method increases the
number of observations but may be biased from the depen-
dence of the different age-length estimates and from the cor-
rection of obscured rings in larger fish.

For growth estimated by back calculation, the predictive
regressions obtained for each sample were used in calculations.
The formula used in back calculations follows Lee (1920):

FL, = a + (FL - 94! 1)

where FL, = fork length at time i
FL = observed fork length
a = bias adjustment parameter
A; = radius of ring
A = radius of section.

We also examined growth by observing estimated age-length
relationships; this method tends to lend itself better for adjust-
ment to mathematical models.

RESULTS AND DISCUSSION

From a total of 78 photographs of spine sections, 17 (21.8%)
were considered unreadable by at least one person. Only one
specimen (1.3%) produced total agreement among all readers,
and two others produced agreement when interpreted to within
+ 0.5 yr (assuming two rings per year, 0.5 yr is represented by
one isolated ring). This represents a total agreement within +
0.5 yr of 3.8%. It is noteworthy to mention that a similar com-
parison on cod otolith readings showed 39% agreement be-
tween 10 readers (Lopez-Veiga et al. 1977). Berkeley and
Houde (1983) found that only 13% of swordfish, Xiphias gla-
dius, spines were unreadable. Therefore, it appears that agree-
ment between readers was unusually low in our study, and
unreadable spines are relatively numerous compared with what
we had expected and as indicated in other reports.

Comparisons between different pairs of readers (Table 1) in-
dicated < 40% agreement, except for readers 2 and 4 (56%)
and readers 7 and 8 (73%). Lowest values were between read-

Table 1.—Percent agreement between pairs of readers for
counts of rings on cross sections of 78 skipjack tuna spines cap-
tured off Venezuela, Senegal, and Ivory Coast, 1980-81.

Agreement between pairs of readers (%)

Reader 1 2 3 4 5 6 7 8
1 31 38 31 30 23 13 14
2, 31 25 56 31 9 13 10
3 38 25 20 39 24 38 30
4 31 56 20 24 8 16 13
5 30 31 39 24 14 23 26
6 23 9 24 8 14 21 21
7 13 13 38 16 23 21 73
8 14 10 30 13 26 21 73




ers 4 and 6 (8%) and 2 and 6 (9%). Close agreement between
readers 7 and 8 could be related to their close geographical
proximity, which gave them an opportunity to work together
longer during the development of the methodology in their
laboratory. In addition, these readers did not attempt to age
within + 0.5 yr. However, readers 2 and 4 also achieved a
comparatively high level of agreement even though they used
different methods and did not work together.

When comparisons between pairs of readers were tabulated
for counts to within + 0.5 yr, a much higher rate of agreement
was observed (Table 2). Sixteen pairs of readers had an agree-
ment rate that exceeded 50% and 13 pairs of readers exceeded
60% agreement. The low rates of agreement may be related to
reading closely spaced rings near the outer margin of the sec-
tions. This has also been shown to be a problem in reading
bluefin tuna, Thunnus thynnus, vertebrae (Lee et al. 1983).

The mean bias shown in Tables 3 and 4 is a comparative in-
dex defined as the sum of overestimated and underestimated

Table 2.—Percent agreement between pairs of readers within
+ 1ring for counts on cross sections of 78 skipjack tuna spines
from Venezuela, Senegal, and Ivory Coast, 1980-81.

Agreement between pairs of readers (%)

Reader 1 2 3 4 S 6 7 8
1 67 66 62 61 50 40 46
2 67 48 72 41 54 25 22
3 66 48 46 63 65 67 61
4 62 72 46 35 50 26 24
5 61 41 63 35 60 45 48
6 50 54 65 50 60 66 61
7 40 25 67 26 45 66 73
8 46 22 61 24 48 61 73

Table 3.—Bias between percent pairs of readers within + 0.5 yr. Bias is
measured as % overestimated average age, — % underestimated average
age. These values are only relative in the comparative sense since absclute
age is not known.

Agreement between pairs of readers (%)

Reader 1 2 3 4 S 6 7 8 Mean bias
1 49 —-26 47 -24 -23 —-42 -64 -12
2 —49 —68 5 -61 —-63 —64 —-90 -56
3 26 68 70 -2 2 —42 —-46 11
4 —-47 -5 =70 —-57 —41 —-42 -87 —50
5 24 6l 2 57 5 =29 -27 14
6 23 63 -2 41 -5 —45 -42 5
7 42 64 42 42 29 45 1 38
8 64 9 46 87 27 42 -1 50

Table 4.—Bias between percent pairs of readers within + 1 yr. Bias is

ed as % overesti d average age, — % underestimated average
age. These values are only relative in the comparative sense since absolute
age is not known.

Agreement between pairs of readers (%)

Reader 1 2 3 4 5 6 7 8 Mean bias
1 31 -20 36 —-23 —16 —54 -4 -13
2 =31 -51 9 —-57 -4 -76 -79 -47
3 20 Sl 54 0 —-13 -27 -29 8
4 -36 -9 -54 —58 -50 -74 -176 -51
5 23 37 0 58 -3 -31 -29 11
6 16 44 13 50 3 -22 -28 11
7 54 76 27 74 31 22 1 41
8 4 79 29 76 29 28 -1 41

94

age and illustrates the tendency of a reader to count rings in
relation to the entire set of readings. Thus, readers 2 and 4
clearly tend to underestimate age compared with the other
readers (indicated by a minus sign), while readers 7 and 8 clear-
ly overestimate age. Readers 3, 5, and 6 slightly overestimated
age and reader 1 slightly underestimated age.

The coded interpretation from each reader indicated that,
except in several particularly easy cases with well-marked
rings, there was considerable variation in the counts and mea-
surements of rings by individual readers. We felt these discrep-
ancies were due, in part, to differences in the individual read-
er’s ability to recognize groups of rings.

Figure 3 shows that two groups of readers may be clearly
distinguished by non-overlapping ellipses (i.e., these groups
were significantly different from each other): 1) readers 3, 5, 6,
7, and 8, 2) readers 2 and 4. Reader 1 occupies an intermediate
position between these groups. Readers 3, 5, and 6, and read-
ers 7 and 8 may also be grouped (quasi-concentrical ellipses).
Parameters of the functional and predictive regressions of
these analyses are given in Table 5.

The determination of age in skipjack tuna by the use of dor-
sal fin spines remains difficult. Even when a common method-
ology is used, interpretations show important divergences.

ELEVATIONS
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Figure 3.—Ellipses of joint confidence limits for slope and evaluation for the rela-
tionship between fork length and estimated age (see details in text) for 8 readers.
Readers grouped together are: 3, 5, 6, 7 and 8; 2 and 4. Reader 1 is transitional be-
tween the groups. Solid and dotted vertical and horizontal axis for each ellipse
denote the elevation (y intercept) and slope, respectively.

Table 5.—Parameters of functional and predictive regres-
sions FL = a + b (age) for each reader where a = intercept, b
= slope, r = coefficient of correlation, V = number of indi-

viduals.
Functional Predictive
regression regression
Reader a b a b r N
1 27.57 T.727 34.51 5.65 0.727 78
2 2572 9.78 35.14 6.40 0.654 77
3 24.06 8.12 35.12 5.01 0.616 75
4 21.98 1.47 30.55 827 0.721 6l
5 29.23  6.47 3425 509 0.787 76
6 26.34 7.39 34.86 5.03 0.680 78
7 26.14 6.54 3490 441 0.674 78
8 22,19 7.60 3232 510 0.671 78




Differences arise from the number of rings seen and coded and
from the way in which these are grouped. The absence and/or
the blurry nature of rings in the altered central zone most likely
increases the bias in readings, especially when the fish are more
than 50 cm FL. Finally, the nature of the edge of the sections is
difficult to interpret. Nevertheless, the use of a common meth-
odology allows comparisons of precision between readers.
When possible, samples should be read by several investigators
before drawing any conclusion on skipjack tuna age and
growth. Although we considered the precision of our age esti-
mates, accuracy of these estimates (see Glossary) was not
addressed.

Our results show that there was a comparatively high level of
agreement between readers 1, 3, and 5 (Tables 1-5). Each of
these readers examined samples from landings at Cumana,
Venezuela (N = 150), from Dakar, Senegal (N = 49), and
from Abidjan, Ivory Coast (N = 99), and regression lines were
adjusted to estimates of age at length (Fig. 4). The comparison
between regression lines from the three areas was done by
means of ellipses of joint confidence limits because the residual
variances between areas were not homogenous (F max test sig-
nificant; a = 0.05). Figure 4 indicates that samples from these
three areas could not be statistically distinguished from each
other.

5
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Figure 4. — Ellipses of joint confidence limits for slope and elevation of ring radius
vs. fork length regressions for three samples from Ivory Coast (dotted line), Sene-
gal (small dashed line), and Venezuela (large dashed line). Vertical and horizontal
axes for each ellipse denote the elevation (y intercept) and slope, respectively.

Figure 7. —Fork length (cm) at esti d age ob

d by back cal

We found that rings within the central altered zone of sec-
tions, especially for fish with fork lengths > 50 cm, were often
obscured. The measurements of growth rings (Fig. 5) from
each fish identifies (on the average) the location of the first
three rings (800, 1,000, and 1,300 um, respectively). These
data were used to estimate rings obscured in fish larger than 50
cm FL due to enlargement of the core.

The significant relationship between the diameter of the dor-
sal fin spine section and fork length (Table 6) provides strong
rationale for back calculation of length at ring formation. The
fork lengths at estimated age based on back calculation and
from observed data (Table 7) indicate about 4 to 5 cm FL be-
tween cohorts. There was a significant relationship between
estimated age and fork length for each of the three areas (Fig.
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Figure 5.—Frequency of growth ring radius for 994 measurements in all skipjack
tuna spine samples combined.

Table 6.—Parameters for regression analysis of the relation-
ship between fork length and spine diameter by location. FL
= a + bd where: a = elevation; b = slope; r = coefficient of
correlation; /V = sample size.

Location a b r N
Cumana
(Venezuela) 19.6722 0.09275 0.88 150
Abidjan
(Ivory Coast) 19.8645 0.09133 0.84 99
Dakar
(Senegal) 19.4613 0.09216 0.88 49

and average fork length at estimated age based on spine analysis

from three geographical areas. FL = fork length; SD = standard deviation.

Cumana Abidjan Dakar
(Venezuela) (Ivory Coast) (Senegal)
Back Average fork length Back Average fork length Back Average fork length
Fititated calculation at estimated age calculation at estimated age calculation at estimated age

age FL SD FL SD FL SD FL SD FL SD FL SD

1 34.10 1.81 34.68 4.60 34.50 221 3575 4.89  34.20 12.00 35.24 3.69

2 39.00 2.70  39.09 457  38.80 272 39.92 4.84  39.50 2.55  40.27 3.47

3 44.10 290 43.50 4.54 4320 3.08 44.09 4.80 45.10 2.87 4530 3.49

4 47.90 295 4791 4.53  47.50 3.52  48.26 4.78  49.80 2.08  50.33 3.46

5 51.60 3.69 53.32 452 5240 4.68 52.43 4.77  54.00 3.16 55.36 3.47

6 53.60 5.13  56.73 4.52  55.60 5.54  56.60 4.78 57.70 3.69 60.39 3.53
7 62.80 6.18 61.14 4.53  58.70 378 60.77 4.81
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6), but more detailed analyses were not justified, because the
first few rings obscured by the vascularized core were all cor-
rected from the same pooled data base (Fig. 5). Although the
observed and back-calculated fork length and estimated ages
were very close (Table 7), we did find slightly higher values
from Dakar. Statistical comparisons of these data were not
made because of the heterogeneity of sample variances. Over-
all, these data tend to verify that skipjack tuna from the three
geographical areas were generally reacting to the same environ-
mental stimuli.
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Figure 6.—The relationship between fork length (cm) and estimated age for skip-
jack tuna sampled at (from top to bottom) Cumana (Venezuela), Dakar (Senegal),
and Abidjan (Ivory Coast). Solid lines are functional regressions and dashed lines
are the predictive regressions.
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We have mentioned that the hypothesis of two rings per
year assumed for several other species of tuna was also assumed
in this study. We attempted to substantiate this assumption by
observing the nature (translucent or opaque) of the edge of
skipjack tuna dorsal spine sections from fish landed at Dakar
during 1980. The proportion of translucent edges was calcu-
lated per month. Figure 7 suggests that from January to June
there was a long period of inhibited growth (translucent edge).
From July to September, growth appeared to resume (opaque
edge), and later in October a new translucent edge appeared.
Finally, growth resumed in November and December. This
pattern seems to suggest the formation of two rings a year.
Nevertheless, several reservations include: 1) Monthly samples
were small and did not take into account possible interschool
differences or differential growth between sexes (Cayré 1981).
2) The interpretation of the edge of a section is difficult and is
highly variable from one reader to another. 3) A period of in-
hibited growth from January to July seems too long to dis-
count the possibility that several rings may form during this
period.

PERCENT TERMINAL
TRANSLUCENT ZONE
()]
(@]

L

30Illlll T
J FMAMUJU J A S OND

YEAR 1980

Figure 7.—Percent terminal translucent zone (+ range) by month during 1980 for
skipjack tuna caught off Dakar, Senegal.

On the basis of annual periodicity, the increments examined
in this study (averaging 4 to 5 cm FL between cohorts) are gen-
erally two times less than other estimates for Atlantic skipjack
tuna based on hardparts (Batts 1972; Carles Martin 1975;
Cayré 1979). It seems obvious that our results must be regarded
as provisional. The continued research during the ISYP skip-
jack tuna program should provide additional data on this
topic. In particular, tetracycline marking may clarify doubts
concerning the time of ring formation and related interpreta-
tion of bands on spine sections. Following methodology
described by Wild and Foreman (1980), skipjack tuna have
been injected with tetracycline during ISYP tagging cruises.
The first returns from injected skipjack tuna show that the an-
tibiotic is visible on dorsal spine sections under fluorescence
microscopy. The present number of tetracycline marked and
recaptured fish (52) and their time at liberty (maximum time: 5
mo for one individual) are not sufficiently large to permit a
study of growth at this time. Only fish with at least 1 yr at
liberty could validate ring periodicity for the annual cycles and



only for growth during the time each returned fish was at
liberty.

In summary, readers of this study have been led to note that:
1) Inhibited growth bands are numerous and may be large, in-
dicating frequent and/or long periods of inhibited growth. 2)
Growth bands may also be narrow, indicating short periods of
rapid growth. 3) Bands are frequently different from one fish
to another (from the same area), which indicates a great vari-
ability of individual growth.

These remarks lead us to propose a relatively high growth
rate for skipjack tuna which may be related to favorable local
environmental conditions. This hypothesis has already been
advanced based on gonad maturation studies (Cayré 1981). Al-
though reading skipjack tuna spines to assign ages is a simple
and easy method to employ for age estimation, the major diffi-
culties we identified need to be addressed before this method is
widely used.
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Otolith Formation and Increment Deposition
in Laboratory-Reared Skipjack Tuna,
Euthynnus pelamis, Larvae

RICHARD L. RADTKE'

ABSTRACT

Light and scanning electron microscope techniques were used to examine increments in otoliths of 58 laboratory-
reared skipjack tuna, Euthynnus pelamis, larvae. Ten larvae were examined daily until day 5, when only eight larvae
were alive for sampling. Despite the short survival period, it was possible to validate the time sequence of otolith in-
crement formation. Otoliths were the first calcified tissues formed and calcification appeared to initiate in the
otolith core after matrix formation. Increments were first observed 1d after hatching and continued to be formed at
arate of about one each day, until the experiment ended on day 5. Very little body growth was evident in the reared
larvae and they apparently used only yolk-sac nutrients for survival. However, despite the lack of appreciable growth,
incremental zones formed in otoliths on approximately a daily basis for the first 5 d of life.

INTRODUCTION

Skipjack tuna, Euthynnus pelamis, are abundant in tropical
and subtropical waters and compose an extremely valuable
fishery resource. However, there is a general lack of data on
larval stages of their life history, particularly age and growth.
The period between spawning and the first appearance of skip-
jack in surface waters is of interest since this stage may play an
important role in the success (size) of each year class (Seckel
1972). Therefore, an understanding of age and growth of young
skipjack is essential for population analysis. To date, however,
most research has emphasized older age categories using skele-
tal hardparts and length-frequency analysis as methods of age
estimation (Bell 1962; Le Guen and Sakagawa 1973).

Wild and Foreman (1980) and Uchiyama and Struhsaker
(1981) found evidence of incremental growth on otoliths from
skipjack tuna, but did not examine young-of-the-year. Age
and growth estimates of larval fish are often based on length
frequency analysis (Sameoto 1972). However, Brothers et al.
(1983) discovered incremental growth bands on the otoliths of
field-collected bluefin tuna, Thunnus thynnus, larvae which
appeared to form on a daily basis for the first 2 wk of life and
could be used to estimate age for this time period.

In addition, daily growth bands have been found in otoliths
of many species of larval fish. For example, Brothers et al.
(1976), Radtke (1978, 1980), Radtke and Waiwood (1980), and
Uchiyama and Struhsaker (1981) all found daily growth bands
in otoliths of marine teleosts representing numerous families.
These studies did indicate that otolith increments formed at
different developmental stages but were characteristic of the
species being studied. Some species hatch with increments al-
ready formed (i.e., mummichog, Fundulus heteroclitus, Radtke
1978), while others (i.e., northern anchovy, Engraulis mordax,
Brothers et al. 1976) do not form increments until yolk sac ab-
sorption. By rearing fish larvae under controlled conditions

'University of Hawaii at Manoa, Hawaii Institute of Marine Biology, P.O. Box
1346, Coconut Island, Kaneohe, HI 96744.
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and obtaining otoliths from a time series of specimens of known
age, species-specific characteristics of otolith growth can be
accurately determined. Recent breakthroughs in hatching and
rearing of highly pelagic tunas (Kaya et al. 1981) have allowed
such techniques to be applied for the first time. Therefore, the
objectives of this research were to examine otoliths from a time
series of laboratory-reared skipjack tuna larvae to describe
growth characteristics and determine the frequency of incre-
ment formation.

METHODS AND MATERIALS

Approximately 10,000 fertilized eggs were obtained from
adult skipjack tuna held at the Kewalo Research Facility of the
Southwest Fisheries Center’s Honolulu Laboratory, NMFS,
NOAA, Honolulu, Hawaii. The adult tuna were captured by
hook and line and maintained in outdoor circular tanks. The
procedures for adult maintenance and fertilized egg acquisition
were similar to those applied to the scombrid Euthynnus affinus
(Kaya et al. 1981).

The culture system for embryos and larvae was based on the
design of Hunter (1976). A black fiberglass, cylindrical tank
1.22 m in diameter and 40 cm in depth was immersed in a tem-
perature-controlled bath with the temperature kept around
26°C. Light was supplied by fluorescent lights in accordance
with natural photoperiod conditions. The larvae were fed the
rotifer Braebionus plicatus.

Approximately 5,000 larvae were present at the beginning of
the experimental period and 10 larvae were sampled daily
throughout the experiment, except only 8 specimens were avail-
able by day 5. Only actively swimming, live larvae were sam-
pled for otoliths. The larvae were frozen for storage, and later
both sagittae otoliths were dissected from the thawed larvae at
80 x under a dissection microscope with the aid of minute in-
sect needles mounted on wooden rods. The dissected otoliths
were separated from extraneous organic material, washed with
distilled water, dried, and mounted on glass slides with perma-
nent mounting medium. The glass slide mounted otoliths were
examined at 1,000 X under a compound light microscope to



make increment counts and to measure otolith diameters.
Diameters of each otolith were taken from the widest dimension.

Counts of increments on otoliths were based on photographs
taken of each fish. I made three counts of each otolith and
photographs were randomized between each count. If two of
the counts were identical, that increment count was accepted.
If none of the counts were identical, the sample was rejected.
The use of this counting procedure resulted in a zero rejection
rate.

The internal microstructure of skipjack tuna otoliths was ex-
amined by fixing the otoliths on a scanning electron micro-
scope (SEM) stub with a 5-min epoxy. Otoliths were polished
and ground with 0.3um alumina paste until the core area was
revealed. The polished otoliths were etched with 7% EDTA
(disodium ethylenediaminetetraacete, pH 7.4, adjusted with
NaOH) for 1 min, coated with gold, and viewed in a SEM.

RESULTS

The sagitta and lapillus were present in skipjack tuna larvae
at the time of hatching and were the first calcified tissues to
develop. Otoliths of newly hatched larvae did not display in-

crements (Fig. 1), but the core and primordium were observed
(terminology of Brothers and McFarland 1982; Tanaka et al.
1981). At this time the otoliths were spherical and the last stages
of otolith formation apparently took place during the egg stage,
which lasted only 3 d. Growth increments, which were defined
as ‘‘bipartite structures composed of one optically transparent
and one less transparent layer’’ (Brothers et al. 1983), began to
form 1 d after hatching (Fig. 2) and continued at the rate of
approximately one increment per day for 5 d (Table 1). No sig-
nificant difference was detected between the observed number
of increments and an assumed increment periodicity of one in-
crement per day (Student’s ¢-test, « = 0.05). Therefore, daily
increments were validated at the time of hatching for skipjack
tuna larvae and during the first 5 d of life.

Skipjack tuna larvae did not demonstrate significant body
growth (Table 1) throughout the survival period, which lasted
S d, as only eight active larvae could be collected on day S.
Furthermore, only a slight increase in otolith diameter could
be detected. These data suggest that the larvae were relying pri-
marily on yolk sac nutrients for nourishment, even though
food items were available and observed in larval fish stomachs.

Figure 1.—Sagitta otolith from a newly hatched skipjack tunalarva (3.30 mm TL).
No increments are present at hatching.

Figure 2.—Sagitta otolith from a 1-d-old skipjack tuna larva (3.50 mm TL) with
one increment.

Table 1.—Days after hatching, mean fish lengths, increment counts, and mean sagitta diameter for 58
skipjack tuna larvae reared from eggs.

Sagitta diameter

Age Sample Fish length (mm, TL) Increment count (um)

(d) size (Mean + SD) (Mean + SD) (Mean + SD)
0 (hatching) 10 3.35+0.03 0 18.3+0.6

1 10 3.43+0.06 0.8+0.3 18.9+0.6
2 10 3.52+0.07 1.7+0.3 21.0+0.7
3 10 3.60+0.06 2.9+0.7 22.3+0.5
4 10 3.59+0.10 3.7+0.5 23.0+0.7
5 8 3.60+0.13 4.2+0.8 23.8+1.1
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Despite these occurrences, increments were formed on a daily
schedule during the survival period. Even larvae with almost
no growth in total length (Fig. 3) still displayed daily increment
formation, but size of sagittae diameter was proportional to
size of larvae (Table 1). Accordingly, increment formation in
skipjack tuna otoliths is a reliable indicator of age for at least
the first 5 d of life and conceivably longer.

Scanning electron microscope investigations on reared larval
skipjack tuna otoliths corroborated the light microscope
observations that one increment formed per day after hatch-
ing. It was often necessary to perform numerous polishings
and etchings in order to reveal the core of the otolith. The
rugose surface of the etched otolith provided a detailed image
of the otolith increments (Fig. 4). These increments could have
been counted easily and it would also have been feasible to
measure individual increment width. The SEM techniques are
laborious, but they make it conceivable to study otolith micro-
structure, early growth disruptions, and otolith components as
they relate to a larva’s past growth history.

DISCUSSION

Individual growth is a major indicator of a fish’s well-being,
and knowledge of larval skipjack tuna growth is a strong index
of larval fitness. Furthermore, information on larval growth
would provide knowledge of life history strategies and popula-
tion stratifications. The growth of skipjack tuna larvae is eas-
ily studied by examining daily increments found in otoliths

Figure 4.—Scanning electron microscope preparation of a sagitta oto-
lith from a 4-d-old skipjack tuna larva (3.60 mm TL). Four distinct
ridges (numbered) were observed originating from the core region.

6 pum

Figure 3.—Sagitta otolith from a 3-d-old skipjack tuna larva with three increments
(3.50 mm TL). Depsite negligible body growth, increments were still observed.




(Pannella 1971), since the larvae hatch without scales or other
usable hardparts. While otolith ageing techniques have been
applied to adult skipjack tuna (Wild and Foreman 1980; Uchi-
yama and Struhsaker 1981), larval stages have not been inten-
sively investigated. Foremost in the investigation of larval
skipjack tuna otolith increments is the validation of the time
sequence of their formation. Validation would increase the
confidence of presumed daily increment counts and establish
accuracy of resulting age estimates.

Skipjack tuna larvae began otolith increment formation 1 d
after hatching and continued on a daily schedule throughout
the 5-d survival period. Otoliths were the first calcified tissue
formed and were evident in the embryological stages. Although
little information is available on otolith formation in scom-
brids, otoliths are a prominent and easily observed structure as
indicated in scrombrid developmental studies (Sanzo 1932 cited
in Brothers et al. 1983; Matsumoto 1958). Recent studies of
otoliths in other species of larval fish have shown that, while
otoliths are always present at hatching, species differ in the
number of increments present at that time. Brothers et al.
(1976) found that two to four increments may form prior to
hatching in species that have relatively large eggs and long in-
cubation periods, such as the grunion, Leuresthes tenuis. Other
species with small eggs and short incubation periods, such as the
winter flounder, Pseudopleuronectes americanus, did not
begin to deposit increments on otoliths until yolk sac absorp-
tion was complete (Radtke and Scherer 1982). Furthermore,
Atlantic cod, Gadus morhua, begin increment formation at
the time of hatching (Radtke and Waiwood 1980). Skipjack
tuna appear to follow the same incremental formation sequence
as cod. Therefore, because of the wide disparity in initiation of
otolith increment deposition in larval fish, species-specific
studies must be conducted to establish the time of first incre-
ment formation in each case, if otoliths are to be used as sources
of accurate age information.

The larvae in this study hatched at a mean total length of
3.35 mm 3 d after spawning, but appreciable body growth
(mean of 3.6 mm TL by day 5) was not found. Matsumoto
(1958) surmised that skipjack tuna larvae hatch at 2.5-3.0 mm
TL 4 d after fertilization and reach the postlarval stage in 20 d
at about 30-40 mm TL. This would approximate a growth rate
of almost 2 mm/d. Yoshida (1971) postulated that growth is
rapid after metamorphosis and that free-living skipjack tuna
attain a total length of 90 mm or grow at about 3 mm/d. There-
after, growth declines so that skipjack tuna are estimated to be
from 31 cm (Joseph and Calkins 1969) to 44 cm TL (Rothschild
1967) at 1 yr of age. In these previous studies, data on the ac-
curacy of age estimates were not presented, and thus questions
concerning growth rates of young-of-the-year skipjack still
persist. The growth data and short survival time from this study
do not conform to previous data and imply that these larvae
subsisted mainly on yolk-sac nutrition, and the effects of labo-
ratory rearing negated valid comparisons of growth rates with
other studies. Although the data from this study may not pro-
vide much insight into growth of skipjack tuna larvae, valida-
tion of increments as daily events, despite the general lack of
measurable growth, establishes the accuracy of age estimates
during this period, with possible extrapolation to field samples
given additional data.

Recently, Brothers et al. (1983) counted increments in otoliths
of juvenile bluefin tuna (267-413 mm FL) to estimate a mean
growth rate of 1.39 mm/d. This research demonstrated the ap-
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plication of counts of otolith increments for estimating early
growth and at the same time showed the necessity for validating
these experiments, since otolith age was adjusted to absolute
age from fertilization by using an assumed correction factor of
4 d. Such an assumption could have a profound affect on age
estimates and subsequent growth rate calculations for very
young fish, although an error of this type would become pro-
gressiveiy less important in older age categories. However,
Brothers et al. (1983) did observe two or three diffuse incre-
ments, which they postulated to be pre-yolk absorption or pre-
hatcning increments. The otoliths from this study also displayed
finely spaced increments, which probably resulted from poor
growth and a dependence on the yolk-sac for food. In light of
these results, I believe this type of otolith data demonstrates
potential for determining the time period of yolk-sac absorp-
tion and/or periods of nongrowth in larval scombrids and other
species. These types of studies would seem to be particularly
well suited for SEM techniques.

SUMMARY

The paucity of knowledge on age and growth of larval and
juvenile skipjack tuna impedes research of early life history
and population biology of this species. Development of an ac-
curate, more direct ageing method, other than size frequency
distribution analyses, is essential for advancing future research.
The use of daily increments in the otoliths of skipjack tuna lar-
vae increases the resolution of age estimates and promises to
provide fishery biologists with a new level of information.
When the mechanisms of increment formation are fully under-
stood, the otoliths can be used as a calendar of the early life
history for skipjack tuna. Data presented here are the first data
available for increment formation in skipjack tuna larval oto-
liths and confirm that increments began forming 1 d after hatch-
ing and continued on a daily basis for 5 d. These data add new
insights into the initiation of increments in fish in general and
demonstrate that even during no growth or slow-growth condi-
tions, daily otolith increments are still formed. Further research
would be necessary, with longer survival times and increased
sample sizes, to determine which factors may be important to
larval skipjack tuna growth, but otolith studies appear to be
one of the most practicable ways to increase the accuracy of
age and growth estimations.
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SUMMARY PAPER

Estimating Age and Growth of Little Tunny,
Euthynnus alletteratus, off the Coast of Senegal,

Using Dorsal Fin Spine Sections

PATRICE M. CAYRE' and TAIB DIOUF?

ABSTRACT

Estimates of age were made from counts of growth bands on dorsal spine sections of 491 little tunny, Euthynnus
alletteratus, captured off the coast of Senegal during 1979. Analysis of marginal growth bands (by month) indicates
that these bands are probably formed during the cold season (November-May). Mean size at estimated age was deter-
mined for the first 8 yr of life. These results, though not validated, closely approximated other studies for young fish
(estimated ages 1-3), but were highly variable for older age categories. The index of average percent error (F) for age
estimates from our study was 10.5% and infers good precision.

RESUME

La determination de I’age de 491 thonines, Euthynnus alletteratus, a été faite par comptage des anneaux de
croissance sur des coupes transversales du premier rayon de la nageoire dorsale. L’analyse mensuelle de la nature du
bord externe des coupes, indique que les annuli (i.e., zones translucides) se formeraient au cours de la saison froide
(novembre a mai). Les tailles moyennes correspondant aux ages de 1a 8 ans sont données. Ces resultats, bien que non
validés par d’autres methodes, sont tres voisins de ceux exposés dans d’autres travaux pour les ages de 1 a 3 ans; des
différences non negligeables apparaissent cependant pour les poissons plus agés. L’index de pourcentage moyen
d’erreur (E) entre les ages attribués par les deux auteurs est de 10.5% ce qui indique une bonne précision de la

methode utilisée.

INTRODUCTION

Commercial tuna fisheries in the eastern tropical Atlantic
seem to have reached their maximum sustainable yield for
most species (ICCAT 1977-82). Thus, recent economic interest
has developed for the less intensively fished little tunny, Euthyn-
nus alletteratus, along the Atlantic coast of Africa.

The age and growth of little tunny has rarely been studied
off the coast of Africa, except with the Petersen method (length
frequency analysis) applied to a relatively small number of spe-
cimens (Postel 1955). Vertebrae have been used by Landau
(1965) for age determination of little tunny from the Mediter-
ranean Sea. More recently, Rodriguez-Roda (1979) used counts
of growth bands on vertebrae to fit the von Bertalanffy growth
model for this species off Spain. Cayré and Diouf (1981) ana-
lyzed dorsal spine sections to estimate age and growth of little
tunny collected off the coast of Senegal. However, conclusions
in that initial report were limited because of small sample size
(100) and the restricted time of year (June-August) the data
were collected. Therefore, we felt that increasing sample size
and expanding the collection of samples to all months was
warranted. The objectives of this study were to: 1) Estimate

'Institut Senegalais de Recherches Agricoles, Oceanographic Research Center,
P.O. Box 2241, Dakar, Senegal. On temporary assignment, originally from Office
de la Recherche Scientifique et Technique Outre Mer, 24 rue Bayard, 75008, Paris,
France.

*Institut Senegalais de Recherches Agricoles, Oceanographic Research Center,
P.O. Box 2241. Dakar, Senegal.
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age of little tunny collected off Senegal by counting growth
bands on sections of dorsal spines, 2) determine the time of
band formation by analysis of marginal growth band spine sec-
tions, and 3) estimate the degree of precision (repeatability) of
our counts of growth bands on spine sections.

METHODS AND MATERIALS

Little tunny were collected during 1979 at different commer-
cial landings near Dakar, Senegal, along the Atlantic coast of
Africa. We collected data on sex (i.e., males, females, and im-
mature fishes), maturation stage, gonadal weight, fork length
(FL), total weight, and obtained the first dorsal spine from
each specimen. We attempted to sample all size classes for
each sex during each month.

We used the first dorsal spines because they are easy to collect
and were often used in many similar studies (Batts 1972; Cayré
1979). In addition, we previously reported (Cayré and Diouf
1981) that dorsal spines of little tunny are good structures to
use as a source of age and growth information.

An Isomet® low-speed saw, with a circular diamond wafering
blade, was used to cut three 450 um thick serial cross sections
from the lower portion of the first dorsal spine, near its condyle
base. Three serial sections were cut in case the first was difficult
to read or was broken. The sections were immersed in an alco-

*Reference to trade names does not imply endorsement by the National Marine
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hol and water solution and observed in transmitted light with a
binocular microscope equipped with an ocular micrometer. The
following measurements (Fig. 1) were taken from each section
using the method described by Cayré and Diouf (1981): 1) Spine
diameter (d)—the distance between the outside margins of the
spine just above the notch in the posterior face, and 2) diame-
ter of growth band (d;)—the distance from the outside spine
margin through the spine center to the outside margin of each
successive growth band.

Vascularized core

Doublet

Figure 1. —Cross section of the first dorsal spine of little tunny. Measurements
taken: spine diameter (d) and diameter (dj)of translucent bands (1, 2, 3, 4). The
vascularized core, notch, and bands interpreted as doublets (see text) are also
shown.

Growth bands observed under the above optical conditions
were distinguished by two types of alternating growth zonation;
translucent zones, assumed to be indicative of slow growth,
were separated by opaque zones, assumed to represent fast
growth (see Glossary). We use the term annulus as synony-
mous with translucent zone (see Glossary). For purposes of
assigning an age to each fish, we each read the most anterior of
the three cross sections twice by counting translucent zones.
When discrepancies occurred, the first section and the other
two sections from the same spine were examined by us to arrive
at a mutual estimate of age.

Antoine et al. (1983) used a series of coded descriptions of
the types of -growth bands observed on each section to docu-
ment how different readers interpreted bands and assigned
ages. This methodology was also adopted for our study. The
precision (repeatability) of the counts of annuli (translucent
zones) was assessed using the method described by Beamish
and Fournier (1981). This method uses an index (E) to estimate
average percent error:

N
E=13
Ni=t

R
15 Xxy- X100 1)
R i=1 X;

where N=number of fishes aged
R =number of times each fish was aged
X;=ith age estimate of the jth fish
X;=average estimated age calculated for the jth fish.
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The vascularized core (center) of little tunny spines increases
in size and complexity with increases in the size and age of fish.
In little tunny > 45 cm FL, early growth bands tend to be ob-
scured because of the enlarged core (also see Antoine et al.
1983; Johnson 1983; Compean-Jimenez and Bard 1983; Ber-
keley and Houde 1983); fish < 45 cm FL were not affected.
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