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determined from otolith microstructure of

southern bluefin tuna Thunnus maccoyii larvae
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ABSTRACT: Otolith microstructure of larvae of southern bluefin tuna, Thunnus maccoyii (Castelnau,
1872), collected from the east Indian Ocean in January/February 1987 was examined using light and
scanning electron microscopy. Daily formation was verified by examining the growth of the marginal
increment on otoliths of larvae collected on 6 successive days. Most of the larvae sampled came from a
single cohort which spawned over 2 d. The daily progression of increment number for this cohort was
further evidence that increments were formed daily. Larvae ranged from ca 7 to 18-d-old; the larval
stage appeared to last ca 20 d. Growth curves could not be fitted to plots of size-at-age due to a large
variance in size-at-age and violation of assumptions for parametric tests. Back-calculation of individual
growth trajectories was possible because growth of sagittae was exponential relative to body length,
and there was a strong linear relationship between log otolith radius and standard length (R? = 0.91).
Growth trajectories of larvae were approximately linear, R? ranging from 0.972 to 1.0, with a median
value of 0.996. The distribution of individual growth rates was approximately normal, ranging from 0.20
to 0.47 mm d~! and a mean of 0.32 mm d~'. Over the range examined, the growth of T. maccoyii larvae
was relatively slow and linear, although the growth trajectories of oldest larvae exhibited a curvilinear
increase in the days immediately preceding collection. The fast growth often attributed to young stages
of tuna must occur in the late larval/early juvenile stage rather than the early larval stage of this species.
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INTRODUCTION

The discovery of daily increments in otoliths (Pan-
nella 1971) has made the interpretation of otolith mi-
crostructure a major tool for investigating the early life
history of fishes. The presence of daily increments has
now been verified for a wide variety of species (Jones
1986). The precision of estimates of age, growth, mor-
tality and timing of life history events is greatly
increased where daily increments can be utilised.
While population growth rates can be determined from
plots of size-at-age, a strong relationship between
otolith-size and body-size makes it possible to deter-
mine the size at each day of life of an individual larva
from the radius of each daily increment (Campana &
Neilson 1985, Mosegaard et al. 1988). Thus, the growth
history of an individual is recorded in its otoliths. To
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date there has been little detailed study of the day-to-
day relationship between increment width and fish
growth, and interpretation of growth from increment
widths at a daily level of precision would not be advis-
able without information on this relationship (Campana
& Neilson 1985). Even without this information, how-
ever, when otolith size and body size are strongly
related, back-calculation provides a good estimate of
the growth trajectory and growth rate averaged over
the life of an individual larva.

The only known spawning area for southern bluefin
tuna Thunnus maccoyii is off the northwest of
Australia. Juveniles subsequently migrate around the
southern coast of Australia, and when mature move off
the Australian shelf and disperse throughout the
Southern Ocean. The distribution is almost circumpolar
between latitudes 30° and 50°S (Shingu 1980). The
population is fished by Australia, Japan, New Zealand
and other countries at various stages of the life cycle; it
is thought to be substantially overexploited, and the
future of the population at present levels of exploitation
is in doubt (Caton & Majkowski 1987). But despite the
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importance of southern bluefin tuna, the age and
growth characteristics of its larvae are unknown.

As part of a study on the reproduction and early life
history of southern bluefin tuna, we have used otolith
microstructure to examine the age and growth of lar-
vae. In this paper we describe the otolith microstruc-
ture of Thunnus maccoyii larvae, validation of the daily
periodicity of increment formation in otoliths, the age
distribution of larvae in our samples, and the growth
rates and growth trajectories of individual larvae back-
calculated from daily increment widths.

MATERIALS AND METHODS

Sampling was carried out in January/February 1987
in the spawning grounds of Thunnus maccoyii (Castel-
nau, 1872) previously defined by Japanese surveys in
the east Indian Ocean (Nishikawa et al. 1985). The
sampling regime was primarily designed to examine
the fine- to coarse-scale horizontal distribution of
T. maccoyii larvae (T.L.O. Davis unpubl.). A concen-
tration of T. maccoyii larvae was found at 16°30.2" S,
115°50.4" E, and a satellite-tracked buoy with para-
chute drogue set at 20 m depth immediately deployed.
Fifty surface samples, each separated by 500 m, were
collected along a transect SW of the buoy (Fig. 1).

After the surface transect was completed, a series of
random samples within a 20 km radius of the buoy
were taken over 6d (Fig.1). Surface water tem-
peratures over this period ranged from 27.2 to 27.7°C.

— 16°30'S

116" E

l

Fig. 1. Chart showing stations sampled for tuna larvae in the

east Indian Ocean. Continuous line indicates track of satellite-

tracked drogue; arrow indicates direction of movement. Inset:
location of sampling area relative to Australian coast

Approximately 12 day and 10 night samples were
taken each 24 h. Half of the stations were sampled with
a 10 min, double-oblique tow to the top of the thermo-
cline, while the remaining stations were sampled with
a combination of a 10 min surface tow and a 20 min
double-oblique tow to the thermocline, with nets
deployed concurrently. Only samples collected with
oblique tows were used in this study.

All samples were collected with a 0.5 mm mesh
cylinder-cone net attached to a 70 cm collar — equiva-
lent to one side of an Ocean instruments 70 cm bongo
net. Samples were preserved in 95 % ethanol, which
was replaced with fresh ethanol within 24 h. Full
descriptions of the net and sampling are given in Davis
et al. (1989).

Tuna larvae were sorted from plankton samples in a
rotatable sorting ring under a dissecting microscope
with dark-field illumination. They were identified to
species using, in the main, the criteria of Nishikawa
(1985). Where more than 20 larvae occurred in a sam-
ple, a random subsample of 20 larvae was made. Stan-
dard length (SL; tip of the snout to tip of the notochord,
or the hypural crease in post-flexion larvae) was mea-
sured under a dissecting microscope with an ocular
micrometer. SL was not corrected to live length.

Specimens were placed in a drop of water on a
microscope coverslip and their otoliths teased out with
electrolytically-sharpened tungsten needles. The mi-
croscope was fitted with polarising filters which when
crossed greatly increased otoliths visibility. Only sagit-
tae and lapilli were present in the otic capsules of most
larvae; asterisci were present in a few of the largest.
Otoliths, which are semi-hemispherical in shape, were
orientated with the flat side against the coverslip. Once
they were air dry, a drop of Gurr’s neutral mounting
medium was placed on the coverslip and a microscope
slide was lowered over it for permanent mounting. This
technique ensured that otoliths were orientated
squarely, with flat surface upwards, for optimal micro-
scopic examination. Sufficient mounting medium was
used to prevent the coverslip crushing the otolith when
set and contracted. The gross morphology of otoliths
was very similar to that described by Brothers et al.
(1983) for Atlantic bluefin tuna Thunnus thynnus and
the same focusing criteria was used.

Otoliths were viewed with a video system fitted to a
compound microscope at a magnification of 920 or
2360 x. An H.E. C. 'Video coordinate digitiser’ and an
Apple Macintosh microcomputer were used to digitise
otolith counts and measurements with an electronic
cursor. Specimens were examined double blind, and
only specimens for which increment counts were iden-
tical for both left and right sagittae, and for successive
readings, were accepted. Approximately 8 % of speci-
mens were rejected.
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Fig.3. Thunnus maccoyii. Scanning electron micrographs of otoliths. (A) Central region of sagitta from 9.2 mm larva shown in
Fig. 1B. Note deeply etched area inside distinct daily increments. (B) Outer region of sagitta from 8.0 mm larva showing distinct
daily increments divided into 2 regions of differing etching characteristics. Scale bars = 10 um

Measurements were made on sagittae, the largest of
the otoliths. Because no difference was found between
radii of pairs of sagittae from a subsample of larvae
(Paired t-test, n =40, t = 1.357, p > 0.1) one sagitta
from each pair was randomly selected for measure-
ment. The total radius, radius of the primordium, and
radius to each increment were measured; in small
larvae, radii were measured along the line of maximum

otolith radius; in older larvae, which have elongated
otoliths, the maximum radius of the antirostrum was
measured. Increments were not clearly visible along
the measurement axis in 4 % of otoliths, so they were
rejected.

We calculated the index of completion (C) of the
marginal increment using the formula of Tanaka et al.

(1981):
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C = Wo/Wpoq X 100 (1)

where W, = width of marginal increment, and W,.; =
width of the previous complete increment. Specimens
were examined randomly and blind with respect to
sampling time. Periodicity of increment formation was
determined by following the change in the index of
completion for sagittae from larvae collected over the
6 d of random sampling.

Sagittae from 8 specimens between 8.0 and 11.2 mm
SL were ground and polished on the lateral plane for
examination with light and scanning electron micro-
scopes (LM and SEM). Sagittae were mounted in resin
blocks and ground to the primordium with 6 and 3 um
diamond paste on an automatic lapping machine, then
hand polished with 0.1 um aluminium oxide. After light
micrography, sagittae were etched with 0.02 N HCl for
5 to 10s, mounted on SEM stubs, and coated with
platinum for SEM examination.

RESULTS
Otolith microstructure

Sagittae and lapilli of Thunnus maccoyii larvae,
when examined by LM, contained bipartite growth
increments consisting of an optically transparent and
an optically dense zone (Fig.2A), which we will show
to be formed on a daily basis. Innermost increments
were 1 to 1.5 um wide, gradually increasing in width
towards the otolith edge. This increase was due mostly
to the optically transparent zone, while the optically
dense zone increased only slightly. In most larvae, the
innermost increment was immediately adjacent to a
diffuse, optically dense zone with a mean radius of
7.3 um {* 0.45 SD). After the 5th to 7th increment in
many larvae (particularly the faster growing ones), very
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narrow, optically dense zones were regularly spaced
within each daily increment (Fig.2B). Thus the daily
increment was divided into subdaily units. The incre-
ments on otoliths of older larvae contained a distinct
subdaily increment and a number of closely spaced,
less distinct, subdaily increments; daily increments
were more difficult to discern towards the otolith edge
of the oldest larvae examined (Fig.2C) and light and
dark areas of increments could reverse under different
focusing conditions (Fig. 2C).

Daily increments were very clear when viewed with
the SEM (Fig.3A). The width of the innermost incre-
ments were ca 1 to 1.5um, confirming LM observa-
tions. The region within the first increment was deeply
etched and no structure was visible. Subdaily incre-
ments were difficult to discern; apparently they do not
etch as deeply as daily increments. The outer incre-
ments of larger larvae were well etched, and each
increment had an inner, more deeply etched region
which appeared darker than the outer. The transition
between these 2 zones probably corresponds to the
distinct subdaily increment observed in outer incre-
ments under LM (Fig. 3B).

Marginal increment analysis

Larvae examined for marginal increment analysis
had between 5 and 13 increments. The period of
growth of one complete increment was ca 24 h, indi-
cating that these increments had a daily periodicity
(Fig.4). The optically-dense zone of each increment
was apparently formed around dusk. The overlap of
specimens with almost complete increments and
newly developing increments just after dusk was
probably due to light diffraction at the edge of the
otolith masking the appearance of a new increment in
some cases.
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Age distribution

The age distribution of larvae in random samples is
presented in Fig. 5. Days of sampling represent periods
from dusk to dusk, i.e. the period of growth of one
increment, and the age frequency distribution of the
larvae in the station subsamples was used to estimate
the age frequency distribution in the total sample, and
these frequencies were summed to give the total age
frequency distribution for the day. A percentage fre-
quency distribution was then calculated from the age
frequency distribution. A distinct cohort of larvae was
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Fig. 5. Thunnus maccoyii. Age distribution of larvae collected
from random sampling stations over 6 successive days
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Fig.6. Thunnus maccoyii. Distribution of estimated dates of
first increment formation

present in samples from Days 2 to 6, most larvae appar-
ently originating from a 2 d spawning event. The pro-
gression of one increment per day in this cohort is
turther evidence that increments are formed daily. This
cohort was not represented on Day 1; however, most of
the samples were out of the main sampling area.

The first increment in otoliths of most larvae were
calculated to have formed on 22 and 23 January (Fig. 6).
Few larvae collected had first increments formed after
these dates, even though they would have been large
enough to be collected by our nets. There was a gradual
diminution of abundance of larvae with first increments
formed in the days preceding this peak.

A range of 4 to 15 increments was counted on otoliths
(Fig. 7). Larvae greater than ca 8 mm SL had almost
developed a full complement of fin rays and spines, and
showed increasing amounts of juvenile pigment, indi-
cating that they were at an early stage of transforma-
tion to the juvenile phase. Larvae with 14 or 15 incre-
ments showed an apparent sudden increase in growth
rate; however, the sample was too small to ascertain
whether this was an actual increase or a sampling
artifact.

Growth rate and trajectory

Determining the growth rate and growth trajectory of
the larval population is extremely difficult given the
narrow age range and the wide variance in size-at-age
(Fig. 7A). Because there were replicate specimens of
larvae measured at each age, it was possible to test
whether larval length is, in fact, a linear function of age
(Sokal & Rohlf 1981). The ratio of mean square for
deviations from regression (2.734) to within groups
mean square (0.201) was much greater than one.
Therefore length is either a curvilinear function of age,
or there is significant heterogeneity around the regres-
sion line, or both. A plot of residuals indicates that the
variance in length increases with age, violating the
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assumption of homogeneous variances. When SL was
transformed to logarithms (Fig. 7B), a linear regression
also showed a significant deviation from linearity
(F = 3.19), and the problem of heteroscedasticity was
still apparent in the residual plot. This heterogeneity
appears to be partly due to the distribution of larval
length being truncated by escapement of small larvae.
The size-at-age data is therefore unlikely to be reliable
for calculating the trajectory of the growth curve.

An alternative way of examining larval growth is to
back-calculate the growth rate of individual larvae.
The growth of sagittae is exponential relative to growth
in length, although the relationship appears to change
in larvae greater than ca 10 mm SL (Fig. 8A). If otolith
radius (rad) of larvae up to 10 mm SL is converted to
logs, a strong linear relationship with SL is found:

SL = 2.613 X In rad-3.406, R? = 0.913, n = 580, (1)

and variance is relatively homogeneous (Fig. 8B). The
individual growth of larvae from 27 samples with more
than 10 larvae was examined. The length of each fish
on each day of life was back-calculated by substituting
the log-transformed otolith radius to each daily incre-
ment into the regression equation. Growth trajectories

4 6 8 10 12 14 16

Number of increments

of all larvae were strongly linear, with a median value
for R? of 0.996 (range 0.972 to 1.0). The frequency
distribution of individual growth rates approximated a
normal distribution (Fig. 9), with a mean of 0.32 mm d~!
and range of 0.20 to 0.47 mm d~’. Growth rate was
highly variable, with 95 % confidence limits (2 x SD) of
0.096 mm d~? or 30 % of the mean. Examples of growth
trajectories of individual larvae are given in Fig. 10.
Growth trajectories were essentially linear, although
slight positive or negative curvilinearity was apparent
in some individuals. Nevertheless a linear regression
appears to give a good estimate of the average growth
rate over the life of an individual larva. The growth
trajectory intercept is highly variable, indicating varia-
bility in the size and/or the age at which the first
increment is formed (Fig. 10).

Unlike the growth trajectories of younger larvae,
those of the oldest collected showed an exponential
increase in the late larval stage (Fig.11). Given that
Fig. 8B suggests that SL is slightly underestimated for
largest larvae, growth rates may be more curvilinear
than indicated by Fig.11.

If regression parameters are calculated for the size-
at-age plot using the subset of data from which indi-
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vidual growth rates were calculated, deviations from
linear regression are just significant (F = 1.151).
Nevertheless, a linear regression line was fitted to the
data for comparison with estimates from back-calcula-
tion. The regression coefficient was significantly grea-
ter than zero (F = 49571, df = 1,8 p < 0.001). The
equation:

SL = 0.326 X age + 2.029, R* = 0.563, n = 444, (2)

was generated, suggesting an average population
growth rate of 0.33 mm d~'. This agrees very well with

Fig.9. Thunnus maccoyii. Frequency distribution
of back-calculated growth rates

the estimated mean individual growth rate of

032mmd™ 1
DISCUSSION

The morphology and microstructure of otoliths of
larval Thunnus maccoyil are very similar to those
described in Atlantic bluefin tuna T thynnus (Brothers
et al. 1983). The increments in otoliths from juvenile
T. thynnus became thick, optically dense and diffuse
beyond ca 15 increments; a similar change was ob-
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served in the outer increments of large T. maccoyii
larvae with 13 to 15 increments. However, some differ-
ences in otolith microstructure were evident in the 2
species. The inner of 2 optically dense layers surround-
ing the primordium in T. thynnus larvae was rarely
observed in otoliths of T. maccoyiilarvae. Furthermore,
the optically-dense layer immediately interior to the
first clear increment in T. maccoyii had an average
diameter of ca 15 um — smaller than the 18 um average
for the same dimension in T. thynnus larvae. SEM
observation confirmed the interpretation of increment
structure. Even the narrowest daily increments can be
resolved under LM (Campana et al. 1987). Daily incre-
ments were well etched; subdaily increments poorly.
The change in composition from calcium carbonate to
otolin (the deeply etched zone of daily increments;
Campana & Neilson 1985) may not be as great in
subdaily increments. Subdaily increments visible
under LM may result from some change in the relative
contribution of calcium carbonate and otolin, but, the
calcium carbonate crystal arrangement and orientation
within the calcium carbonate zone may also play a part.
The comparatively distinct subdaily increment ob-
served in outer increments of older larvae appears to be
a poorly etched ridge of high calcium carbonate con-
centration. Optically dense layer(s) that can be
observed under LM within the first daily increment are
not differentially etched and, therefore, are not of typi-
cal daily-increment composition.

Analysis of marginal increments of otoliths in Thun-
nus maccoyil shows that increments in otoliths are
formed on a daily basis, which supports Brothers et al.
(1983) hypothesis that increments in otoliths of T. thyn-
nus are formed daily. Outer increments of T. maccoyii
larvae were relatively wide (3 to 10 um) allowing for
accurate measurement of marginal increment width.
Unlike increments formed during rearing to investigate
the periodicity of increment formation (reviewed by
Jones 1986), the increments we examined were formed
in natural environmental conditions. The results can,
therefore, be confidently applied to assigning ages to
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larvae from the field. Otoliths of the pilchard Sardina
pilchardus (Ré 1984), and the pleuronectid flounders
Rhombosolea tapirina and Ammotretis rostratus (Jen-
kins 1987) collected from the sea, also form a dark or
discontinuous zone at dusk. These results support
Brothers' (1981) hypothesis that the dark, protein-rich
portion of the daily increment is formed at night when
water temperatures fall. In contrast, the dark increment
zone in otoliths from juvenile Tilapia nilotica was
formed at the beginning of the light phase in a labora-
tory light/dark cycle (Tanaka et al. 1981).

Marginal-increment analysis provides no informa-
tion on when the first increment is formed in Thunnus
maccoyii otoliths. Tropical tunas develop rapidly
through the egg and larval stage, typically 1 to 1.5d
from fertilization to hatching and 2 to 3 d from fertiliza-
tion to yolk absorption (Brothers et al. 1983). Initial
formation of increments in otoliths may occur pre-
hatching, at hatching, or at first-feeding stages {(Jones
1986). Therefore the first increment in otoliths of
T. maccoyii would probably have formed 1 to 3 d after
fertilization. In laboratory-reared skipjack tuna
Euthynnus pelamis, reared at 26°C, the first daily
increment was formed 1d after hatching (3d after
fertilization; Radtke 1983). A similar time to first incre-
ment formation may also occur in T. maccoyil. Fortu-
nately, the timing of first increment formation is not
critical for the present work, which is directed more at
growth rates than absolute age.

Most of the larvae in our samples appear to have
originated from a major spawning event that either
ceased abruptly or shifted in space, although some of
the larvae collected on Day 1 of random sampling may
have originated from spawning events elsewhere.
Some very young larvae which spawned after the
major event may have been lost through net escape-
ment, but very few fish eggs of any species were
collected in this sampling program, suggesting that
spawning had ceased in the area. Larvae from the
surface transect undertaken before random sampling
had 5 to 6 increments (T.L. O. Davis unpubl.), so were
probably also spawned during the major spawning
event. Abundances recorded at this earlier stage were
extremely high — up to 22 m™°. The peak of spawning
would have occurred just before the full moon, but
sampling was carried out over too short a period to
uncover a relationship between spawning activity and
lunar period.

If we assume that the first daily increment in otoliths
of Thunnus maccoyii was formed 3 d after fertilization
then the age range in this study was 7 to 18 d. Thus, the
duration of the larval phase is brief, probably ca 20 d.
Larval drift would, therefore, be of little importance in
transporting young T. maccoyii from the spawning
grounds. The Leeuwin Current, which is thought to

facilitate the transport of young fish to southern
Australia, does not exert a significant influence until
March/April (Cresswell & Golding 1980). The satellite-
tracked drogue used in this study, together with 2
others deployed on this cruise, were never entrained by
the Leeuwin Current. Given a development time of ca
20 d and a spawning period from September to March
(Nishikawa et al. 1985}, most larvae are likely to com-
plete development close to the site of spawning, and
some directed movement of young juveniles may be
necessary to entrain them into this current.

The link between the width of the daily increment
and the corresponding days' growth has not been
studied (Campana & Neilson 1985), and it cannot be
assumed that the back-calculated growth trajectory
directly reflects somatic growth. It is likely that otolith
growth varies less from day-to-day than somatic
growth (Bradford & Geen 1987). Euthynnus pelamis
larvae, for example, continued to form daily increments
on otoliths when growth in length had essentially stop-
ped (Radtke 1983). However, back-calculated growth
trajectories reflect the longer-term average growth
quite well (Wilson & Larkin 1982, Volk et al. 1984).
Because otolith radius and fish length are closely
related by a smoothly monotonic curve (Campana &
Neilson 1985), we feel justified in using the back-
calculated growth trajectory to estimate the average
growth rate over the life of an individual larva. The
relationship between otolith radius and SL is probably
not constant in space or time (Brothers et al. 1983, Rice
et al. 1985), this problem was obviated by using the
same larvae for both otolith radius — SL regression and
the back-calculation of growth rates. The exponential
relationship between otolith radius and SL indicates
that this relationship cannot simply be assumed linear
(Victor 1986).

The regression method of back-calculation was pre-
ferred over the Fraser-Lee method because it cannot be
assumed that most of the residual variation around the
regression line was natural (Carlander 1981). Shrink-
age of larval fish during capture and fixation is highly
variable and may be as much as 20 % (Theilacker 1980,
Hay 1981). The relatively constant variance in larval
length around the regression line is consistent with the
observation that shrinkage decreases with larval size
(Theilacker 1980, McGurk 1985). In general, shrinkage
during capture and fixation will lead to an underesti-
mate of larvae growth rate.

Although significant regression functions could be
fitted to size-at-age plots, heteroscedasticity of varian-
ces must cast doubt on the reliability of results. Further-
more, the high variability in size-at-age made it
impossible to determine the form of the growth curve; a
number of theoretical growth relationships would fit
the data equally well. Given the results of back-calcu-



Jenkins & Davis: Age and growth of southern bluefin tuna larvae

Table 1. Examples of otolith based estimates of growth rates from field collected larvae. U: unknown
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Species Age Temp.
(d) (°C)
Clupeiformes
Clupea harengus pallasi 5-30 7
Anchoa mitchilli <12 25
Brevoortia patronus <60 13-21
Engraulis mordax <25 13-16
Sardina pilchardus <25 15
Gadiformes
Gadus morhua 15-30 4-6
Melanogrammus aeglefinus 5-30 6-8
Theragra chalcogramma 5-50 5.5-7
Theragra chalcogramma <60 6-8
Scorpaeniformes
Sebastes spp. < 80 8]
Perciformes
Leiostomus xanthurus <15 19
Trachurus symmetricus <25 25
Thallassoma bifasciatum <42 U
Pleuronectiformes
Rhombosolea tapirina <25 10-15
Ammotretis rostratus <25 10-15
Parophrys vetulus 8-9 12-13

Growth rate Source
(mm d™ Y
0.36 McGurk (1987)
0.25 Fives et al. (1986)
0.30 Warlen (1988)
0.37 Methot & Kramer (1979)
~0.45 Ré (1984)
0.18 Bolz & Lough (1983)
0.21 Bolz & Lough (1983)
0.21 Kendal et al. (1987)
0.35 Walline (1985)
0.11-0.16 Penney & Evans (1985)
~0.35 Warlen & Chester (1985)
~0.16 Hewitt et al. (1985)
0.18-0.26 Victor (1986)
0.10-0.23 Jenkins (1987)
0.10-0.28 Jenkins (1987)
0.32 Laroche et al. (1982)

lation, we can interpret the size-at-age plot as the result
of linear growth trajectories diverging from a similar
origin. Notwithstanding the problems associated with
the size-at-age plot, the average population growth
rate estimated from the linear regression agreed very
well with the mean individual growth rate.

Although Thunnus maccoyii develop in warm tropi-
cal waters, they appear to grow as slowly as many
temperate species (Table 1). It is difficult to compare
growth in length of morphologically diverse larvae. For
example, the elongate morphology of clupeiform larvae
may partly account for their growth rates, generally at
lower temperatures, being similar to T. maccoyii larvae
(Table 1). The average growth of T. maccoyii larvae
was faster than most cold-water species of non-
clupeiform larvae, but was similar to early growth of
species of this group from warmer water (Table 1).
Although relatively slow, linear growth was apparent
in T. maccoyil larvae up to ca 8 mm long, the form of
the growth trajectory may change in late stage larvae
and early juveniles not sampled in this program. Pacific
mackerel Scomber scombrus, also showed slow (ca
0.25 mm d~') almost linear, growth over the first 10 to
15 d until the larvae reached ca 6 to 7 mm SL, then
growth rate increased rapidly through metamorphosis
(Hunter & Kimbrell 1980). It is likely that most T. mac-
coyii larvae examined in this study were in this slow-
growth phase. The change in morphology of the outer
increments in the oldest larvae studied may indicate

the onset of the fast-growth phase. This is supported by
back-calculation of the growth trajectory of the oldest
larvae examined, which showed an exponential
increase in growth in the late larval stage. The size-at-
age plot for the total data set also shows an apparent
rapid increase in growth rate of the oldest larvae. Onset
of the fast-growth phase in S. japonicusis accompanied
by the onset of cannibalism (Hunter & Kimbrell 1980).
This corresponds to the appearance of larval fish in the
diet of the oldest T. maccoyii in this study (J. W. Young
& Davis 1990). Otoliths of T. thynnus contain a zone of
thick, optically dense increments, similar to the outer
few increments of the largest T. maccoyii larvae
examined, which approximately spans increment 15 to
30. This zone may correspond to a period of high
growth rate through metamorphosis for these Thunnus
species, similar to that observed in S. japonicus. In
summary, the fast growth often attributed to young
stages of tuna (Brothers et al. 1983) must occur in the
late larval — early juvenile stage rather than the larval
stage of T. maccoylii.
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