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Validation of a semi-automatic image analysis system to age
squids and its application to age Illex coindetii statoliths
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The validity of a semi-automatic image analysis system employing digital image
enhancement was demonstrated by re-analysing a set of previously analysed, known-
age, Sepioteuthis lessoniana statoliths. Linear regression models using both the manual
and semi-automatic growth increment counts successfully predicted the true age of the
test statoliths to a high degree of accuracy and precision and fully supported the one
increment per day hypothesis. Thus this set of known age statoliths served as a
reference standard for the counting method. After ‘‘calibrating’’ the semi-automatic
image analysis system with the reference standards the method was then used to
determine the ages of a large (n=312) set of Illex coindetii statoliths of unknown age.
The results of this analysis were less clear than the S. lessoniana analysis. The
semi-automatic counts predicted mantle lengths (ML) more precisely than did the
manual counts. Significant differences were found between the two counting methods.
For the Illex data set, the linear model to estimate ML from putative age predicted
negative y-intercept values for both sexes and counting methods. Thus a power
function model was selected as the more biologically meaningful predictor of ML. The
accuracy of the I. coindetii analysis cannot be determined as the daily increment
hypothesis remains to be verified for this species.
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Introduction

The possibility of using statoliths for ageing squids
was first addressed by Clarke and Fitch (1975) for
Todarodes sagittatus. This possibility was realized a few
years later by Lipinski (1978) who reported that the
squid Illex illecebrosus could be aged on the basis of
presumed daily growth increments in their statoliths and
Spratt (1978) who reported similar results for Loligo
opalescens. These pioneering ageing studies have been
followed by numerous others dealing with a broad
spectrum of decapod cephalopods, specifically squids
and sepiolids, ranging in size from the giant squid,
Architeuthis (Jackson et al., 1991; Gauldie et al., 1994),
to the tiny sepiolid, Idiosepius pygmaeus (Jackson, 1989).
At least 50 papers have been published to date dealing

specifically with the use of statolith microstructure to
age decapod cephalopods. The use of chemical markers
to verify or validate the rate of statolith increment
formation was introduced to cephalopod ageing studies
by Hurley et al. (1983, 1985) and Dawe et al. (1985) both
working with Illex illecebrosus. Finally, Jackson (1990a)
demonstrated that statolith growth increments were
formed daily in Sepioteuthis lessoniana.

Techniques for statolith preparation and for
increment viewing and counting have improved
markedly over time. Most statoliths must be made more
transparent by grinding or sectioning to reveal the
interior details, while some require thinning on both
anterior and posterior sides. Jackson (1990a) appears to
have been the first investigator to report grinding both
anterior and posterior sides of the statoliths to better
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reveal the interior structure. Most studies have relied on
conventional light microscopy (LM) to detect and count
presumed growth increments, either directly through the
eyepiece, or with the aid of a camera lucida. Macy (1995)
introduced digital image enhancement and processing
techniques to age squids in an attempt to improve
counting objectivity and speed. Scanning electron
microscopy (SEM) has been used infrequently in ageing
studies, but the recent study by Lipinski and Durholtz
(1994) raised several important issues which should be
more fully addressed. In that study, counts of both
statoliths of each pair from the squid, Loligo vulgaris
reynaudii, were compared. Statoliths from one side were
counted using LM, those from the other side being
counted using SEM. It has been generally assumed that
squid statolith growth increments consist of simple
paired light and dark bands or rings, as in fish otoliths.
The 1994 Lipinski and Durholtz paper raised the
possibility that the situation may be more complicated
because SEM counts exceeded LM counts. The author
suggested that this difference may reflect the higher
resolution and detail possible with SEM techniques.

In this paper we address a fundamental question: can
temporal marker features be identified and objectively
counted in squid statoliths by a semi-automatic digital
image analysis system (IAS)? A survey of the statolith
micrographs found in the squid ageing literature clearly
shows that adult and/or juvenile statoliths of some
cephalopod species contain distinct and easily-seen alter-
nating light- and dark-banded microstructural features.
Other species, such as Illex coindetii and Loligo pealei,
for which the daily increment hypothesis has not been
verified, require considerable thinning of the statolith on
both sides to show the growth increments (Macy, 1995;
González et al., 1996). In L. pealei the bands may still be
difficult to resolve. To test a semi-automatic digital
image analysis counting system we obtained one of
the few existing sets of statoliths from known age,
laboratory-reared S. lessoniana to analyse with the same
IAS used by Macy (1995). Our first goal was to use the
semi-automatic counts of the known-age statoliths to
verify that ageing and growth studies of Loligo pealei
(Brodziak and Macy, 1994; Macy, 1995; Brodziak and
Macy, 1996) did correspond with the demonstrated
daily increments in the known-age S. lessoniana. Having
shown that our increment recognition rule was
appropriate, our second goal was to test the system on
an unverified, but relatively easy-to-count squid. For
this test we analysed a large set of 312 Illex coindetii
statoliths.

Materials and methods

A set of 31 statoliths from known-age, laboratory-
cultured squid, Sepioteuthis lessoniana, from 15 to

162 days old were obtained from Dr George Jackson
and Dr Roger Hanlon to serve as reference standards for
the semi-automatic ageing method. These known-age
statoliths had been previously analysed (Jackson et al.,
1993). The test data set for re-analysis consisted of 312
Illex coindetii (158 males and 154 females) statoliths.
These squid varied from 48 to 380 mm mantle length
(ML). Statoliths of both squids were prepared for count-
ing by grinding both anterior and posterior surfaces to
reveal the statolith primordium (nucleus) following
the technique of Dawe and Natsukari (1991), as modi-
fied by Brodziak and Macy (1996). The previously read
S. lessoniana statoliths were only re-touched by light
grinding as needed.

The Illex statoliths had been prepared and manually
counted once each, in late 1994, in Vigo, Spain, using a
simple manual image analysis system (IAS) consisting of
a video display of compound microscope images of the
statolith. These statoliths are not the same I. coindetii
statoliths reported on by González et al. (1996). The
semi-automatic counting used in this work was the same
as described by Macy (1995) and consisted of a high
resolution monochrome video camera (MTI-Dage>,
model 65) mounted on a compound microscope (Zeiss>,
Universal). Video images made with a 40# objective
were then processed with Optimas> version 4.1 image
processing software and were displayed on a second
video monitor (NTSC standard). A Mitsubishi> model
P-75 image printer, connected to the video output of
the image display monitor, was used to document the
increments identified and their location in each field of
vision. Each statolith was counted once in one or more
transects extending outward (laterally) to the lateral
dome margin from the nucleus.

All statoliths were counted blind (by AFG) in two
ways (Macy, 1995; González et al., 1996). In the manual
method the cursor was used manually to mark the
increments where they intersected the transect line,
previously ‘‘drawn’’ across a portion of the statolith in
the general direction of the lateral dome. Depending on
the size of the particular statolith a number of different
fields of vision were needed to count the entire relevant
zone extending outward from the nucleus to the lateral
dome margin. Semi-automatic counts were made using
a variety of image enhancement procedures, typically
histogram intensity equalization and either horizontal or
vertical edge filtering, to accentuate the contrast between
the dark and light rings comprising a single increment.
A peak-shaped luminance matching template, based
on typical increment brightness profiles, was used to
identify and mark the light rings. The user then edited
the software-selected and software-marked increment
locations, by manually removing, relocating, or adding
points, as needed. Such editing is typically necessary
in areas of poor increment resolution. The calibrated
software also outputs the transect line length, the
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number of marked increments and the inter-increment
distances. Linear interpolation based on these values
was used to estimate the number of increments missed in
areas where they could not be satisfactorily resolved and
counted. Statoliths were rejected from further analysis if
more than 15% of the increments had to be identified in
this way. All statistical analyses and data plots were
conducted using SAS (1990) and Delta Graph v. 4.0
(1996) software. Increment counts were converted to
putative ages on a one-to-one basis by explicitly accept-
ing the daily increment hypothesis as the working
hypothesis for this paper.

Results

Known age Sepioteuthis lessoniana

Both manual and semi-automatic increment counts
accurately estimated the true ages of the Sepioteuthis
lessoniana specimens as demonstrated by the linear-least
square regressions shown in Figure 1 and Table 1.
However, small differences between the two regression
equations do exist (Table 1). T-tests of the regression
parameter estimates show that neither intercept differs
significantly from 0. The slope of the semi-automatic
count regression is not significantly different from 1.0
(p>0.05). As shown in Figure 1, estimated ages

predicted by the manual count regression increasingly
diverge from the true ages with increasing age. Con-
versely, the semi-automatic count regression increasingly
underestimates true age for younger squid. Additional
goodness-of-fit tests, performed by examining the differ-
ences between estimated and true ages for each counting
method are also given in Table 1. Both the paired
comparisons t-test and Wilcoxon signed rank test
indicate no significant differences exist between ages
estimated by the semi-automatic counts and the true
ages.

Size and age of Illex coindetii

Results for I. coindetii are less clear cut than those for
S. lessoniana, in spite of the fact that the increments were
generally easier to discern. The characteristically distinct
rings of this species are easily seen without image
enhancement (Fig. 2). Relationships between ML and
estimated age were first estimated by linear functions,
for each sex and counting method (Table 2, Equation 1).
Linear least-squares regressions for both males and
females accounted moderately well for observed vari-
ation between ML and manual and semi-automatic
counts or estimated ages (males: R2=0.76 and 0.69;
females: R2=0.82 and 0.83). For males neither estimated
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Figure 1. Relationship between actual (or true) and estimated age in days for S. lessoniana using manual (triangles) and
semi-automatic (circles) counts. Exact agreement between estimated and actual ages is shown by the line of slope=1.0 (filled line).
Fitted linear least squares regressions are given for each counting method.
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slope was equal to 1.0 (p<0.05), but the intercepts did
not differ significantly from 0 (p>0.05). The estimated
slope for manually counted females was equal to 1.0
(p>0.05) but the estimated intercept was clearly non-
zero ("50.13&9.98). For semi-automatically counted
females the slope was greater than 1.0, and the intercept
was even more negative ("63.95).

Following Zar (1968), power function regressions
were fitted by non-linear regression NLIN (SAS, 1990),
to relate mantle length (ML) to estimated age (EA)
(Fig. 3 and Table 2, Equation 2). More typically the data
are log-transformed before computing linear least
squares regressions, and are then anti-logged to obtain
power-functions. The log-transform frequently causes
the transformed data to become non-normally distrib-
uted (Zar, 1968). As for the linear equations, the power
functions estimated ML less well for males than for
females regardless of counting method (Table 2,
Equation 2). For males the exponents of the regressions
were approximately equal to 1.0, whereas for females the
exponents were greater than 1.0 (~1.3). Length-at-age
was greater for both sexes when predicted on the basis of
the semi-automatic counts, and the magnitude of the
difference increases with predicted age, especially for
females (Fig. 3). Manual count estimated ages increased
linearly with semi-automatic counts ages as shown by
Equation (3) (Table 2). Figure 3 also demonstrates the
considerable variation present in the size and age data.
To aid comparison and evaluation of the two counting
methods for Illex paired differences were computed by
subtracting the semi-automatic count from the manual
count for each individual. For males 80.4% (127/158) of
the differences were positive; for females 76.4% (118/154)
were positive. These differences also varied directly with
increasing age. Both the t-test for paired comparisons
and the Wilcoxon signed rank tests (SAS, 1990) given at

the bottom of Table 2 clearly show that there are highly
significant differences between the two counting method
results for both sexes.

To predict age based on ML for each sex and count-
ing method we again used non-linear regression of the
original size and count data. These equations along with
age predictions for the three smallest and largest squid
of each sex are given in Table 3. Females of this species
grow to noticeably larger size than do males, which
is evident in Figure 3 and Table 3. The slopes and
exponents of the computed size vs. estimated age
equations given in Tables 2 (Equations 1 and 2) and 3
show that females also grow faster than males. The
smallest squid were a male 53 mm ML and 127 d old
and female 48 mm and 103 d old based on the manual
counts (Table 3). The semi-automatic count ages for
the same squid were 120 d and 100 d, respectively. The
largest male and female, 265 mm and 380 mm ML, were
354 d and 440 d old manually and 318 d and 389 d old
semi-automatically.

Discussion

The daily increment formation hypothesis has not been
widely verified for squid or cuttlefish. Out of perhaps a
dozen papers which reported direct and indirect
attempts at verification (see Jackson, 1994; Lipinski and
Durholz, 1994; Rasero, 1996), clear evidence supporting
the hypothesis has been reported for only six species:
Illex illecebrosus (Hurley et al., 1983; Dawe et al., 1985;
Hurley et al., 1985), Idiosepius pygmaeus (Jackson,
1989), Loliolus noctiluca and Loligo chinensis (Jackson,
1990b), Sepioteuthis lessoniana (Jackson, 1990a;
Jackson et al., 1993) and Todarodes pacificus (Nakamura
and Sakurai, 1991). Even for those species, some dis-

Table 1. Statistical tests for comparisons between ages estimated by each method and the actual ages
for S. lessoniana. Probability values (p<0.05) indicate significant differences (=rejection) from the
indicated null hypotheses, Ho. EAm=Estimated age using manual counts; EAsa=Estimated age using
semi-automatic counts; A=Actual age.

A-EAm (n=31) A-EAsa (n=31)

Regression
EAm=1.08 A+1.53, R2=0.97 EAsa=0.97 A+3.84, R2=0.98
Ho: Slope=1
p 0.024 0.252
Ho: Intercept=0
p 0.590 0.095
T-test for paired comparisons
Ho: Mean Paired Diff.=0
Mean Paired Difference 7.29 1.61
p 0.0001 0.1719
Wilcoxon signed rank test
Ho: Paired Diff.=0
p 0.0001 0.1734
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Figure 2. Micrographs of semi-automatically counted (top) and manually counted (bottom) Illex coindetii statoliths, where A
arrow=presumed daily growth increment.
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crepancies beyond the expected and observed counts
were noted. For example, from the graph of increment
count against true age (Jackson et al., 1993; fig. 2)
there appears to have been noticeable between-reader
differences in statolith increment counts in cultured
Sepioteuthis lessoniana. The within-reader mean
deviation in counts was reported to be 6.7&1.43 for
reader 1, but the between-reader deviation was not
reported. However, the two readers used somewhat
different preparation and light microscopy counting
techniques, and thus a small degree of variability should
probably be expected. Both readers reported counting
difficulties due to the low contrast of the markings, to
the presence of stress checks, and to poor resolution
of the youngest increments (at the statolith margins).
Even Jackson (reader 1) found that in spite of at least
triplicate counts, 6 statoliths (30 total) underestimated
the actual ages and had to be recounted after the true
ages were revealed. We refer to these specific problem
areas to emphasize some of the very real difficulties
squid workers encounter. Clearly, statolith preparation
can also be an important source of counting variability
for S. lessoniana and probably for most other squids
whose statoliths must be ground in order to see the
increments. We believe our data demonstrate that image
analysis systems incorporating digital image enhance-
ment and an appropriate increment recognition template

can noticeably reduce counting errors due to increment
recognition problems.

Our experience with Sepioteuthis lessoniana using
this sort of IAS fully supports the daily increment
hypothesis. The semi-automatic counting method
employed in this study produced both accurate and
precise results for laboratory-grown known-age S.
lessoniana statoliths. The small non-zero intercept
(Table 2) estimate is most likely to result from difficulty
in reliably distinguishing the first post-hatching incre-
ment and from the fact that the lab-reared (24 h light)
statolith increments are decidedly fainter than those of
wild S. lessoniana. The difference is clearly shown by the
micrographs of Jackson et al. (1993; fig. 1). Moreover,
semi-automatic counting method was considerably
faster than manual counting even with the relatively
young S. lessoniana samples (compared with Illex
coindetii).

Interpretation of the counting results is less clear for
I. coindetii than for S. lessoniana. As noted previously, a
moderate degree of unexplained variation was found
between sexes and regression models. Male age-ML
regressions were less precise than those for females
(Table 2, Equations 1 and 2). Furthermore, the paired
comparison tests (Table 2) provide no reason to choose
one counting method over the other. Given the high
precision and accuracy of the semi-automatic counting

Table 2. Relationships between mantle length (ML) and age estimations (EAm and EAsa) by sex for
Illex coindetii. The regressions (1a and b) and statistics are the initial linear models. Equations (2a and
b) are the non-linear power functions relating size to age. Equation (3) gives the relationships between
manual count ages and semi-automatic count ages. Test statistics which quantify the difference
between the two counting methods follow (t-test for paired comparisons and Wilcoxon Signed Rank
Test). Probability values (p<0.05) indicate significant differences (rejection) from the null hypothesis,
Ho.

Males (n=158) Females (n=154)

Regression
1a. ML=0.651 EAm"6.407 R2=0.757 ML=0.991 EAm"50.128 R2=0.824
Ho: Slope=1
p 0.0001 0.805
Ho: Intercept=0
p 0.389 0.0001
1b. ML=0.708 EAsa"2.054 R2=0.693 ML=1.164 EAsa"63.948 R2=0.834
Ho: Slope=1
p 0.0001 0.0001
Ho: Intercept=0
p 0.809 0.0001
2a. ML=0.476 EAm1.049 R2=0.757 ML=0.168 EAm1.278 R2=0.828
2b. ML=0.710 EAsa0.997 R2=0.693 ML=0.161 EAsa1.312 R2=0.834
3. EAm=0.948 EAsa+37.443 R2=0.694 EAm=1.007 EAsa+25.176 R2=0.744
T-test for paired comparisons
Ho: Mean Paired Diff.=0
Mean Paired Difference 26.114 26.831
p 0.0001 0.0001
Wilcoxon signed rank test
Ho: Paired Diff.=0
p 0.0001 0.0001

540 A. F. González et al.
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Figure 3. The relationship between mantle length and estimated age for Illex coindetii using manual and semi-automatic counts for
(a) males (, Manual: ML=0.476 EA1.049, R2=0.757; +Semi-automatic: ML=0.710 EA0.997, R2=0.693) and (b) females (,
Manual: ML=0.168 EA1.278, R2=0.828; +Semi-automatic: ML=0.161 EA1.312, R2=0.834). Fitted power function regressions are
given for each counting method (semi-automatic: dashed line; manual: solid line).
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method shown in Table 1 for S. lessoniana we recom-
mend its acceptance for the I. coindetii data as well.
However, multiple counts of each statolith would
probably provide better age estimates of individual
squid. This does not seem to be the sole explanation of
why the male size-at-age data are so variable. González
et al. (1996), in a more recent analysis of I. coindetii,
reported linear ML-number of increments (NI) regres-
sions for manual counts which have nearly identical
estimates of slope, intercept, and R2 values to those we
computed for the present data set (Table 2, Equation
1a). González et al. (1996) show that the body weight to
increment count regressions for immature males have
noticeably lower exponents than those for mature indi-
viduals. These individual variations in growth rate could
explain the high variability we have shown in this paper
for male I. coindetii. Both studies also indicate that
females grow larger and faster than males and appear to
live somewhat longer, 13 months vs. 11 months, on
average (semi-auto estimate for this study).

Biological and other kinds of considerations can influ-
ence the selection of the power model to describe the
functional relationship between body weight or mantle
length and estimated age. In the case of S. lessoniana,
Jackson et al. (1993) and Jackson (1990a) presented
plots of mantle length vs. age in d, without fitted
regression lines, which show that squid less than about
50 d old grow noticeably slower in ML per unit time
than do the larger squid. However, the authors do not
give ML-age models in either paper. González et al.

(1996) chose a linear model over power and exponential
models, but they log-transformed the data to linearize
them before fitting the model using conventional least-
squares linear regression. Thus, it is not possible to
directly compare their results with ours using a power
function. However, I. coindetii younger than about 100 d
were absent in both the González et al. (1996) and the
present study’s data sets, which may explain why no
inflection in the growth rate was evident. From a purely
biological point of view we expect that new hatched
juvenile squid actually grow more slowly than larger
ones.

While it is clearly beyond the scope of this paper to
discuss the nature of cephalopod growth more fully, we
would like to offer several reasons why the choice of an
individual growth model is important for use in fishery
management models. Perhaps the most obvious and
significant biological reason for rejecting the linear size-
age model for I. coindetii is that for females in particular,
it predicts negative y-intercept values, regardless of
counting method.

The early life history of most organisms is an
especially critical time during which many characteristics
of the surviving recruited population are determined.
Age and size at recruitment are two particularly import-
ant (and difficult to obtain in practice) fisheries manage-
ment parameters for short-lived, rapidly growing,
organisms such as squids. Thus the accuracy of back-
calculated hatching dates is an essential consideration.
Because of difficulty in sampling larval squid this

Table 3. Observed (EA) and predicted (PA) ages of the three smallest and largest squid for Illex
coindetii. Non-linear regression power functions are given by sex and counting method. m=manual
counts; sa=semi-automatic counts.

EAm=7.209 ML0.703

EAsa=8.127 ML0.657

Males

R2=0.78
R20.75

ML EAm PAm EAsa PAsa
53 127 118 120 110
55 131 121 141 113
57 148 124 110 116

247 329 347 234 303
254 334 354 326 309
265 354 364 318 318

Females

EAm=8.291 ML0.649 R2=0.82
EAsa=8.523 ML0.623 R2=0.84

48 103 102 100 95
61 115 119 104 110
62 104 121 111 111

367 394 383 385 338
370 376 385 327 339
380 440 392 389 345
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important size group is not well-represented in any
sample collections to our knowledge. Published age
and growth models for squid therefore probably tend to
be biased because the fitting of models reflects the
dominant larger squid present in most samples. Errors in
other commonly estimated parameters, such as age at
capture and age at maturity, may be less sensitive to the
choice of growth model and small ageing (counting)
errors. At the other end of the size/age spectrum, an
error of just 15% in the estimation of the life span of a
species could have important implications for its life
cycle. If the estimated life span were one year, it follows
that the phases of the life cycle would occur at approxi-
mately the same times each year taking into account the
individual variations of those animals. If on the other
hand, as appears to be the case for I. coindetii by
the manual counts, females live as long as 13 months
the timing of the annual spawning season would not
necessarily remain constant in time.
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