ICES J. mar. Sci., 48: 303-316. 1991

Accuracy and precision of age and hatch date estimates from otolith

microstructure examination

Steven E. Campana and Erlend Moksness

Campanu, 8. E., and Moksness, E. 1991, Accuracy and precision of age and hatch date
estimates from otolith microstructure examination. — ICES J. mar. Sci., 48: 303-316.

Known-age herring and cod larvae, reared in an outdoor mesocosm and the laboratory,
respectively, were distributed to 18 study participants representing 10 different countries
as part of an international otolith microstructure study. All details of rearing and
sampling protocol were withheld from study participants, who were asked to estimate the
age of multiple samples (aged |65 days) based only on the otolith microstructure. On
average, age differences among sumples were accurately estimated, while absolute ages
(hatch dates) were underestimated. Otoliths rom herring larvae less than 14 days old
were the most difficult to interpret. Estimates of hatch date and measurements of the
hatch cheek diameter differed significantly among readers, implying that differences in
skilland/orincrement interpretation among researcherscould result in misleading differ-
ences among both collaborators and published results. The experience of the investigator
and the degree of preparation of the larger otoliths were among the sources of the inter-
investigator differences in ageing accuracy, With the possible exception of SEM, equip-
ment tvpe was not correlated with either accuracy or precision. The coefficient of
variation (C.V.) of the age estimates decreased with larval age to a level of about 10-15%,
and did not differ significantly among age readers. This study confirmed the utility of
otolith microstructure examination for high-resolution age determination of young fish
under quasi-natural conditions. Although the accuracy and precision levels character-
istic of the herring otolith microstructure are probably somewhat lower than those of
most other species, resolution of + [ day may be beyond the capabilities of the technique
for a number of species.
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Introduction

How accurate are the estimates of age of field-collected
fish based on otolith microstructure? Perhaps more
importantly, how accurate are the estimates of hatch date,
growth and mortality rate which are derived from such
data? In light of the growing popularity of otolith micro-
structure examination for ageing wild, young-of-the-year
fish (for reviews, see Campana and Neilson, 1985: Jones,
1986), the ICES Recruitment Processes Working Group
recommended that the above questions be addressed inan
international otolith microstructure study (Anon., 1989).
The study involved the distribution of large numbers of
known-age, herring (Clupea harengus) larvae, reared in a
mesocosm under natural conditions, to 18 study partici-
pants representing 10 different countries. Smaller
numbers of known-age, laboratory-reared cod (Gadus
morhua) larvae were also distributed. In the absence of
any information on age, rearing conditions, or sampling
protocol, study participants were asked to estimate larval
age through examination of the otolith microstructure.
Through distribution of a broad range of ages, the intent
was to induce the same level of uncertainty concerning the
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sample ages and haich dates as might have been felt if
examining field samples of unknown age.

Age determinations of wild, young-of-the-year fish
have rarely, il ever. been reported with an associated esti-
mate of accuracy. Estimates of precision are much more
readily available. The distinction between accuracy and
precision is important, since accurate estimates need not
be precise, and vice versa. Accuracy refers to the proxim-
ity of the estimate to the “true” value, while precision
refers to the reproducibility of the individual measure-
ments on a given structure (Wilson, 1987). Thus, a mean
age can be accurate (close to the truth) while the individ-
ual observations are imprecise (vary widely). Conversely,
and this is often the case in ageing studies, age estimates
can be precise (highly reproducible, either within or
among readers) but not necessarily accurate. The pre-
cision index used in this paper differs somewhat from that
defined above, in that it measures reproducibility of
age estimation for fish of a given age rather than repro-
ducibility within a given otolith, Assuming that the rate of
increment formation does not vary among fish, such a
precision index should be more useful for assessment of
ageing error than that based on the formal definition,
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since it accounts for variability in both otolith prep-
aration and increment counting/interpretation. The
looser definition of precision will be used throughout the
remainder of this paper. Note, however, that none of the
precision indices can be used as proxies for tests of accu-
racy; the latter require an independent and absolute
means of age determination, For instance, accuracy has
not been demonstrated if age estimates from sagittal and
lapillar otoliths concur.

Since the determination of ageing accuracy mandates
the use of known-age fish, experiments designed to vali-
date the frequency of daily increment formation would
appear to be ideal vehicles for assessing accuracy. Yet,
for several reasons. the type of validation experiment
most often reported in the literature is not appropriate.
First of all, validation experiments often serve as a train-
ing set for refining interpretational skills during the
initial stages of a study: it would be unusual if a set of
known-age samples were to be examined only after com-
pletion of the examination of the field samples. Second,
most increment validation experiments are constrained
by logistical realities. and thus are conducted in the lab-
oratory or under otherwise unnatural conditions. In-
crement appearance differs markedly between laboratory
and natural conditions, and between environments pro-
maoting different growth rates (Bergstad. 1984; Campana
and Neilson, 1985). Thus, the interpretation of daily
increments in laboratory-reared fish may differ substan-
tially from that of wild fish. Third. validation exper-
iments seldom span the entire age range characteristic
of the field samples (Beamish and McFarlane, 1983).
Indeed. the rate of increment formation through the
first 1-2 weeks of larval life is often taken to represent
that of the entire larval and juvenile stage. And, finally,
a validation experiment is almost invariably designed
and conducted under the auspices of the same investi-
gator who conducts the field study. Despite any blind
labelling and coding of the prepared samples, the age
reader is almost always aware of the experiment design,
sampling frequency and age range, as well as the general
growth conditions of the rearing enclosure. While the
impact of this knowledge is difficult to quantify. its
influence on subconscious age expectations might well
be substantial. Taken together, the above suggests
that estimates of age determination accuracy derived
from increment validation experiments are probably
aptimistic.

At present, there are no published comparisons of
either accuracy or precision among independent investi-
gators using otolith microstructure examination to age
fish reared outside the laboratory, and very few reliable
measures of age determination accuracy by individual in-
vestigators (exceptions include the studies of Tsukamoto
and Kajithara (1987) and Secor and Dean (1989)). Such
comparisons and measures are mandatory if the re-
liability of published age, growth, and mortality esti-
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mates is to be assessed. The study described in this

paper was designed to compare measures of accuracy

and precision, both within and among investigators, with

a view towards answering the following questions:

1. Is otolith microstructure examination sufficiently
accurate and precise to determine the age, hatch date,
growth rate, and mortality rate of young fish under
field conditions?

. Do accuracy and precision vary sufficiently among
investigators thatcomparison amongindividual results
is difficult? Are collaborative studies at risk?

3. Are enhanced levels of accuracy and precision associ-

ated with any particular suite of techniques and skills?
And, if so, would these same skills benefit others in this

field?

[

Materials and methods
Herring

Herring eggs were artificially fertilized at sea on 28
February 1990. They were transported to the Flodevigen
Marine Research Station, Norway on | March and incu-
bated in circulating sea water at temperatures between
6.8 and 7.3°Cand salinities between 33.6 and 34.5%.. Peak
hatching occurred in the period 20-25 March. Newly
hatched herring larvae from the mornings of 20-22 March
were collected and transferred to 40-1 cylinders for a
period of | day. On 23 March, approximately 52 000 of
these larvae were released into a large outdoor mesocosm
(2000 m* volume, 600 m? surface area, 4 m maximum
depth; see also Moksness, 1982), where they were reared
for 65 days using a resident zooplankton community for
food. Yolk sacs were completely resorbed between the
ages of 7 and 15 days. The temperature in the enclosure
increased from 6.8 to 15.0°C through the course of the
experiment, while salinity and oxygen saturation
remained roughly stable at 33%. and 120%, respectively.
Larvae were sampled at daily intervals (Wespestad and
Moksness, 1990) and preserved in 95% cthanol prior to
distribution to study participants. All participants
received a minimum of four samples, each consisting of
about 20 larvae of the same age. Samples were randomly
allocated among participants, and none contained any
information associated with date or age of collection,
Since the technicians in the laboratory of one of the
authors (Moksness) were familiar with the sampling
protocol, data from that laboratory were not included in
this analysis.

Cod

Cod were reared in two cohorts in the laboratory at the St
Andrews Biological Station, Canada, as part of another
study. Eggs were derived from naturally spawning brood-
stock reared at the station. Larvae were transferred to the
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Table |. Equipment and methods applied by each investigator during the examination of herring and cod otoliths. The equipment is
that used for increment counts, not that used for measurement. Equipment codes are as follows: Micro = microscope, Video = video or
image analysis system, Photo = photograph, SEM = scanning electron microscopy. Preparation refers to the presence (Y) or absence

(N) of otolith polishing. The experience category was self-coded.

Number

Invest. Herring ages (n) ofcod Preparation Equipment Magnif. Experience
1 9 (3) 15 (5 40 (5) 5 Y Micro 1000 High

2 6(10) 18 (8) 37(10) 54 (4) 5 N Micro 1000 High

3 27 (3) 35 (4) 47 (4) 8 Y Micro 1250 High

4 12 (5) 21 (5) 32 (5) 43 (5 6 N Video 800 High

5 9 (5 18 (%) 0 N Micro 300  Low

6 9 (5 18 (5 33 (5 0 N Photo 1000 Low

7 15 (1) 24 (&) 57 (9) 0 Y SEM 4000 High

8 12010y  21(¢10) 32(10) 37(10) 6 N Photo 1250 Medium
9 12 .49) 20(13) 32(16) 54(16) 0 N Video 1000 Low

10 3(13) 12(11) I8 (8) 27(18) 37(19) 47(11) 5 Y Micro 1500  Low

11 S5(10)  12(10)  21(10) 29(10) | Y Micro 1575  Medium
12 29 () 43 (5 6 Y Micro 1000 High
13 6 Y Video High
14 6(12) 15 (5) 29(11) 47(12) 6 Y Micro 1250 Medium
15 2L(15) 35(10) 47 (9) 5 N Micro 1250 Medium
16 7 (5 16 (5 29(20) 35(35) 55 (§) 0 N Video 1000 Medium
17 6 (5 18 (7)) 27 (6) 35 (6) 0 Y Video 1000 High
18 6 (B) I8 (B) 30 (8) 35 (D 0 N Micro 1575  High

rearing tanks on the day of hatch, where they were reared
under a 12:12 photoperiod at a salinity of 31%.. Cohort
no. | was stocked al a density of 12 larvae x 1! in 40-1
fAow-through tanks and reared at 7-9°C. Cohort no. 2 was
stocked at a density of 17 larvae x 171 in 30-] static-flow
tanks and reared at 6'C. While growth rates were not
monitored in either of the two cohorts, the higher tem-
peratures to which Cohort no. 1 was exposed probably
resulted in more rapid growth than in Cohort no. 2. Both
cohorts were fed rotifers once daily, supplemented by
Artemiaafter 7days. Larvae in Cohort no. | were sampled
alter 12 days, videotaped alive for subsequent length
measurements, decapitated, and the heads/otoliths pre-
served in 95% ethanol, Larvae in Cohort no. 2 were
sampled after 22 days and then videotaped and pre-
served as described above. Samples of both cohorts were
distributed without further preparation to all study
participants.

Otolith preparation

With the exception of the samples described below, all
larvae were distributed intact to study participants, No
guidelines were offered concerning mounting, sample
preparation, means of examination or even the otolith
pair (e.g. sagittae or lapilli) to be used; complete flexibility
was given to all participants. The range in equipment,
means of examination, magnification, presence/absence
of otolith preparation, and self-described experience with
otolith microstructure preparations are presented in
Table 1.

To determine the influence of standardized sample
preparation on the accuracy and precision of increment
counts, some samples of both herring and cod were
mounted and polished prior to distribution to study par-
ticipants. Sagittae from a 36-day-old herring sample and
lapilli and/or sagittae from a 22-day-old cod sample were
mounted individually in cvanoacrylate glue on standard
microscope slides. Each otolith was then polished with
3 um metallurgical lapping film to a plane just above that
of the nucleus, Two slides of each species were then mailed
to each participant.

Results

Herring reared in the mesocosm grew at an average rate of
0.27mm d~' (Fig. 1), which is comparable to that
expecled of wild larvae (Lough ef al., 1982). The micro-
structure of the sagittac appeared to be indistinguishable
from that of wild larvae, in terms of both increment width
and increment appearance. Thus, we felt that the otoliths
of the mesocosm-reared herring were a realistic proxy for
those of wild fish.

Mesocosm-reared cod larvae were not available for this
experiment. In keeping with the findings of other studies
(Bergstad, 1984; Campana, 1989), the microstructure of
the lab-reared cod otoliths was less clear than that of
wild larvae. However, on the basis of the increment
widths, the growth rate of Cohort no. 1 appeared to be
comparable to that observed in wild cod (Campana and
Hurley, 1989).
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Figure 1. Growth of herring larvae reared in a mesocosm for 65 days. Standard lengths (SL) are presented in terms of mean + 1 s.d.
Error bars around the otolith diameter points are | s.c. — @ —=5SL, --@--=0Otolith diameter.

A total of 544 herring larvae and 59 cod larvae were
aged by 18 different investigators as part of this study
(Table 1). Sagittal otoliths were used almost exclusively in
the herring examinations, while both the lapilli and sagit-
tae were used in the case of cod. One half of the investi-
gators polished the herring otoliths prior to examination.
Age determinations were made most frequently directly
through the microscope, although video and image analy-
sis systems were also commonly used (Table 1). The latter
two systems were applied more often for measurement
purposes. Scanning electron microscopy (SEM) and
photomicrography were used relatively infrequently.
Most investigators employed magnifications of 1000
1250 % . The range of experience levels among the investi-
gators varied from the novice level to those with long-term
experience (Table 1).

Accuracy of the age estimates

Herring

In the majority of the herring otoliths, daily increment
counts underestimated the number of days elapsed since
hatch. On average, there were 9.0 fewer increments
visible in the otolith than would be expected of daily in-
crement formation from the time of hatch. However,
there was a broad distribution around the mean value,
with the discrepancy between age and increment count
ranging between —9 and +28 (Fig. 2). At least part of

this variability was due to the effect of larval age: both
the mean and the variance of the discrepancy increased
with larval age up until an age of about 14 days (Fig. 3).
Al ages above 14 days, the mean discrepancy between
age and increment counl appeared to stabilize at about
10.1. However, even among older larvae, it was clear
that individual hatch date back-calculations could vary
widely.

A significant portion of the variability evident in
Figures 2 and 3 was associated with differences among
individual investigators. A box and whisker plot of the
age-increment discrepancies (restricted to larvae greater
than 14 days old in order to eliminate the age effect
described above) indicated that both the mean and vari-
ance varied widely amongindividual investigators(Fig. 4).
Analysisofvarianceindicated that theamong-investigator
differences were significant (Kruskal-Wallis, p<0.01).
Thus. at least some of the participants in the study used
different criteria and/or methods to age their otoliths than
did the others.

The results presented above indicate that herring larva
age estimates were not always comparable among investi-
gators. Such a finding could complicate interpretations of
published age and hatch date distributions. However, as
long as a given investigator’s methods (bias) were consist-
ent across all samples, the estimates of clapsed time
between samples would not necessarily be biased. In other
words, even il a given investigator underestimated true
age by 100 days in all larvae, rate calculations (such as
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Figure 2, Frequency histogram of hatch dates back-calculated from 544 otoliths of known-age herring larvac. Herring were pooled
across all investigators and samples for this figure. The actual hatching period extended over a 3-day period.
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Figure 3, Age underestimation (age minus otolith increment count) as 4 function of age in larval herring, pooled across all investigators
and samples. Both the mean and variance of the age-increment discrepancy appear to increase until at least age 14,

growth and mortality) based on elapsed time between apparent increment formation rates were calculated
samples could still be accurate. To test this hypothesis,  for each investigator based on the regression of daily
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Figure 4. Box and whisker plot of the differences in the herring age-increment count discrepancy (age underestimation) among
investigators, Each box extends over the central 50% of the data, with the horizontal line corresponding to the median. The whiskers
extend to the outer limits of the data, except for widely divergent points which are marked individually. In order to eliminate the age
effect evident in Figure 3, the analysis was restricted to larvae > 14 days old. The among-investigator differences were highly

significant.

increment count on true age for all larvae examined by
each investigator.! The mean apparent increment forma-
tion rate across all investigators was 0.95 (s.c.=0.08),
which was not significantly different from the value of 1.0
which would be expected ol accurate age determination,
The majority of the study participants were reasonably
accurate in their estimation of the average age difference
among samples (Fig. 5). Investigators with less than 25
larvae in total and/or larvae less than 20 days old were less
accurate (and less precise) in their estimates of age differ-
ences among samples. The relative accuracy of the age
differential estimate was particularly sensitive to the range
of ages present in the samples: age differences of less than
20 days tended to be inaccurately estimated (Fig. 6). How-
ever, the absolute counting crrors were relatively stable
across the sample age range; most of the apparent
increment formation rates corresponded to estimated age
differentials which differed by less than 5 days from the
differential between the minimum and maximum sample
ages.

Cod
The accuracy of cod larva age estimation was negatively
correlated with the relative growth rate of the cohort,

"While we wished to predict age in this regression, age was the
fixed variable in the study design. Therefore, the regression of age
on increment count would not have been appropriate.

probably through the influence ol growth on the forma-
tion of narrow, unresolvable increments (Campana et al.,
1987: Jones and Brothers, 1987). Mean increment counts
of the faster-growing, 12-day-old cohort (Cohort no. 1)
were similar to, although significantly less than, the true
age (Table 2). On the other hand, the ages of the slower-
growing, 22-day-old larvae (Cohort no. 2) were signifi-
cantly and substantially underestimated by almost
everyone (Table 2). Sample sizes were too low to test for
differences among investigators.

Precision of the herring age estimates

Ageing precision within each sample of each investigator
was assessed through two calculations: with the standard
deviation and with the coefficient of variation (C.V.)
(defined as the standard deviation divided by the mean)
(Chang, 1982). As mentioned earlier, such a measure of
precision includes both reader effects and any intrinsic
variability which may exist between otoliths of different
fish of the same age. The within-sample standard devi-
ation increased with the age of the sample, suggesting that
the counting error was cumulative (Fig. 7). The presence
of significant differences in standard deviation among
investigators (ANOVA of larvae > 14 days old, p<0.05)
did not appear Lo be associated with the age effect evident
in Figure 7. On the other hand, relative precision (as
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Figure 5. Frequency histogram of the apparent increment formation rate in herring for each investigator. The apparent rate was
calculated as the regression slope of increment count on larval age for all larvae examined by a given investigator. An apparent rate of
1.0 would indicate that the investigator had, on average, accurately estimated the age differences among the samples.
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Figure 6. Estimation accuracy of the apparent rate of daily increment formation in herring as a function of the range in age across the
samples. An apparent rate of 1.0 would indicate that the investigator had, on average, accurately estimated the age differences among
the samples. Age differences tended to be accurately estimated when the range of sample ages spanned at least 20 days.
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Table 2. Summary statistics of the daily increment counts of the laboratory-reared cod otoliths, Cohort no. | grew more quickly than

did Cohort no, 2.

95% confidence interval

Age Mean Age-increment
Cohort (days) count discrepancy s.d. n Lower Upper
1 12 10.0 2.0 3.1 34 8.9 1.1
2 2 13.2 8.8 6.0 23 10.6 15.7
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Figure 7. Counting variability as a function of herring sample age. Variability was calculated as the within-sample standard deviation

of the daily increment count.

measured with the C.V.) decreased with sample age,
stabilizing at a level of about 10-15% (Fig. 8). Differences
in relative precision among investigators were not signifi-
cant, either across all ages or when restricted to larvae
=14 days old (ANOVA, p=>0.2). All investigators had
mean C.V.s less than 40%. with the overall mean being
229% (Fig. 9). Note that the 3-day variation in true hatch
date within each sample would contribute less than 5% to
the C.V. of an average 20-day-old sample.

Variability in the interpretation or measurement of
the hatch check

In many fish otoliths, the hatch check (or an analogous
structure) serves as a temporal benchmark, marking the
point at which increment counts are initiated or ended
along an otolith radius. The hatch check in herring

otoliths is relatively well-defined: however. given the nar-
row widths of the increments in the vicinity of the hatch
check, any ambiguity in its definition could well introduce
significant and consistent differences in increment count
between investigators. To test if differences in the
interpretation of the hatch check could have contributed
to the age estimation differences noted above, measure-
ments of the diameter of the hatch check were compared
among investigators. All hatch check measurements were
included in the analysis, since hatch check diameter did
not vary significantly with age (p>0.2).

Measurements of hatch check diameter varied signifi-
cantlyamonginvestigators (ANOVA, p <0.05). Themean
diameter reported by individual investigators varied by as
much as 3.5 um (15%) from the overall mean (Fig. 10).
With increment widths around the nucleus approaching
the resolution limit of light microscopy (<0.3 pm) (as
noted by Campana et af. (1987), and as observed in this
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Figure 8. Relative precision of the within-sample herring age estimates as a function of sample age. Precision was defined as the
standard deviation divided by the mean (C.V.) for each sample, expressed as a percentage.
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Figure 9. Frequency histogram of the mean investigator C.V.s (relative precision). C.V. values are presented as percentages,

study by the investigator using SEM), bias of such amag-  the measurement differences were due solely to measure-
nitude in the determination of the hatch check could con-  ment or calibration error, in which case the hatch check
ceivably have introduced age differences of 6ormoredays  may have been defined in the same way by all study par-
among investigators. Of course, it is equally possible that  ticipants. There are no implications for ageing variability
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Figure 10, Box and whisker plots of the mean herring hatch check diameter by investigator. The differences, which were significant,
could have been due either to dilferences in the definition of the hatch check or to systematic measurement error.,

Table 3. Two-way analysis of variance of the effect of both reader experience and the presence/absence of otolith preparation on the
herring age-increment discrepancy. The analysis was restricted to larvae =20 days old,

Mein
Source of variation Sum of squares d.r. square F-ratio Significance
Main effects 571.40 3 190.46 5.06 0,002
Experience 557.24 2 278.62 7.40 0.001
Preparation 0.26 1 0.26 0.01 0,935
Interaction
Exper. x prep. 257.59 2 128.79 342 0.034
Residual 13932.60 370 37.65
Total (corrected) 14761.58 375

il measurement error was responsible for the measure-
ment differences among investigators. Unfortunately, it
was not possible to differentiate between interpretation
error and measurement error with these data.

Sources of variability in age estimation

There were lour factors which could have influenced the
accuracy and precision of individual investigators: the
presence/absence of otolith polishing, the type of viewing
cquipment, the magnification used for viewing. and
reader experience. None of the four factors was signifi-
cantly correlated with any of the others (p=0.08), indi-
cating that no one technique was most associated with

experienced investigators. However, certain approaches
were more accurate than others, as indicated below,

Of the four main factors examined, otolith polishing
and reader experience appeared to have the greatest effect
on the accuracy of age determination, Using only herring
larvae of a size at which otolith preparation might be
expected to be useful (larvae =20 days old, based on
Figure |1 and Campana e al. (1987)), a 2-way ANOVA
indicated that accuracy improved with experience, and
that novices who polished their otoliths provided more
accurate ages than novices who did not (Table 3). The
effect of experience remained significant, but that of
otolith preparation did not, when younger larvae (<20
days old) were included in the analysis. When the
ANOVA was repeated without the single-investigator
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SEM observations. experience and the experience-
preparation interaction terms were again significant
(p=0.01); however, in this analysis, otolith preparation
was associated with improved accuracy of both the
experienced and the novice investigators. There was no
significant effect of either polishing or experience, alone or
in combination, on precision (C.V,) (2-way ANOVA,
p=0.16, n=39), although there was a suggestion that
precision improved with the level of experience.

The effect of standardized otolith polishing on ageing
accuracy was tested in a pairwise comparison of increment
counts from polished and unpolished otoliths from the
22-day-old cod cohort (Cohort no. 2). Mean counts by
investigators who examined both sample types were sig-
nificantly higher in the polished samples than in the
unpolished samples (mean difference =4.25; paired r-test,
p<0.05, n=9). However. no significant differences were
observed between the polished herring otolith sample and
unpolished samples of comparable age (3040 days). The
absence ol a significant effect in the herring otoliths was at
least in part due to low sample size: of the nine investi-
gators who received and examined both the polished
sample and unpolished samples of comparuable age, all but
three routinely polished all of their samples. Thus, the
effect of polishing on herring otolith increment counts
could not be adequately tested while controlling for
inter-investigator differences.

The effect of equipment on age estimation accuracy was
significant (ANOVA for larvae > 14 days old, p <0.000).
Schefle’s test indicated that the age-increment count dis-
crepancy was significantly less with the SEM (mean
discrepancy=—4.07 (s.¢.=0.93)), and significantly
greater with a video system or microscope (mean
discrepancy = 11.65 (s.e.=0.40) and 11.16 (s.c.=0.30),
respectively). However, these results may be misleading.
Only one investigator used SEM; thus, equipment effects
could not be distinguished from investigator effects in the
case of SEM. Further, all of the samples examined with
SEM wereat least 15days old. Since the SEM was the only
equipment which was associated with increment counts
which were greater than the true age of the larvae, it is
possible that the SEM counts inadvertently included sub-
daily increments. SEM examination of larvae <135 days
old would be required to reject this possibility. With
respect to the photographic results (mean discrepancy =
2.80(s.e.=1.17)). theapparent accuracy was an artifact of
two widely-divergent investigator means: one stable at a
value of 9, and another which became increasingly and
sharply negative with the age of the sample. Thus, the
accuracy of photography-derived increment counts
remains open to question. No differences in accuracy were
apparent between video systems and direct microscopy.
Furthermore. precision did not vary significantly among
any of the equipment types (ANOVA, p=0.2).

Neither precision (mean C.V.), hatch-date estimation
accuracy, equipment, experience, nor otolith preparation
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was significantly correlated with the accuracy of the
apparent rate of increment formation (the average age
difference among samples). However, the variance of the
apparent rate was least in the case of the most experienced
investigators and those who prepared their otoliths.

We could find no evidence of a learning curve which
could have improved the accuracy of individual investi-
gators through the course of this experiment. Since the
youngest herring larva samples were the first to be dis-
tributed, 1t 15 conceivable that a learning curve could have
contributed to the observed increase in the age-increment
discrepancy with age. 1f' such were true, one might expect
to see a trend in increment count within a sample as the
investigator examined increasing numbers of larvae,
despite the fact that all larvae within a given sample were
of the same age. To test for such a trend. the increment
count within a sample was first standardized by subtract-
ing the mean increment count of the sample from each
individual count within the sample, There was no sugges-
tion of a trend in the standardized increment count within
the first sample examined by each investigator, pooled
across investigators (regression of pooled standardized
counts on larval ID number for all first samples for
which at least five larvae were examined, n= 13, p=0.33).
Similarly, no trend was evident when the standardized
counts from the first two samples of each investigator
were pooled (p=0.55). Thus, if a learning curve was pres-
ent, its effects were too subtle to be detected with these
data.

Discussion

Is otolith microstructure examination sufficiently accu-
rate and precise as a technique to determine the age, hatch
date, growth rate, and mortality rate ol larvae under field
conditions? The answer appears to depend on the specific
application. Estimates of rate processes such as growth
and mortality, based on age differences among samples,
are likely to be more accurately determined than are
simple estimates of age or hatch date. The mean estimated
rate of time(=apparent rate of increment formation =
0.95), based on the herring otolith microstructure, was
very similar to the value of 1.0 expected of accurate rate
calculations. In addition. the mean rate (with a C.V. of
34%) tended to be more precisely estimated than was the
hatch date (with a C.V. of 55%). The accuracy of rate
calculations relative to age estimaltes was almost certainly
due to the fact that investigator-specific bias is effectively
eliminated when subtracting one age estimate from
another.

The true age and hatch date of the herring larvae and
one of the cod cohorts was not accurately estimated by the
majority of the investigators. However, age underesti-
mation on the basis of increment counts is an expected
phenomenon in these species, and has been observed in



314

other studies (Geffen, 1982; Lough ef af., 1982; Campana
et al., 1987, 1989; Moksness and Wespestad, 1989). If it
is expected, the discrepancy between age and increment
count is not, in itsell, a problem. Where problems
could occur is with respect to growth-associated vari-
ations in the magnitude of the discrepancy. Since the
discrepancy is due to the presence of narrow, unresolv-
able increments around the nucleus (SEM measure-
ments of increment widths in this study; Campana et
al., 1987: Jones and Brothers, 1987), and since the in-
crement sequence can become increasingly compressed
(and unresolved) with decreases in growth or develop-
ment rate, variations in growth rate among larvae will
induce misleading variations in apparent age. The dil-
ferences in the age-increment discrepancy among inves-
tigators in this study were apparently due to individual
biases. confounded by variations in development rate
among larvae, However, the results of other studies, using
slower-growing herring larvae. indicate that the discrep-
ancy can be significantly larger than the mean of 10.1
reported here (Geffen, 1982 — =40 days for some treal-
ments; Lough er al., 1982 — 17 days: Campana et al.. 1987
— 15-20 days). The implication of such variations is that
the addition ol a constant value (such as 10.1) to the
observed increment count will not necessarily result in an
accurate age; the value of the constant will vary with the
growth rate of the cohort immediately after hatch. Given
the variability in the degree of age underestimation
observed in both this and the above-cited studies, it would
appear that consistent determination of larval herring
ages/hatch dates with a resolution of less than a week
could be very difficult.

The accuracy of the cod age determinations was some-
what equivocal, since the larvae were not mesocosm-
reared. and thus the age determinations were not
representative of those of wild larvae. Despite the poor
visibility of the otolith increments associated with lab-
rearing conditions, the age of the [ast-growing cohort was
estimated to within 2 days (10%) in keeping with the
results of other studies (Bergstad, 1984; Campana ef al.,
1989; Radtke, 1989). However, the increment counts
underestimated true age by nearly 9 days (40%) in the
older, slow-growing cohort, indicating that resolution
problems can have a serious effectin this species as well as
in herring. Nevertheless, on the basis ol this and other
studies (Bergstad. 1984; Campana ef al., 1989; Radtke,
1989), it would appear that age and haich date can, in
general, be determined with more accuracy in cod than in
herring.

The variability in the degree of herring age underesti-
mation among investigators has some interesting impli-
cations for both comparative and collaborative studies.
With mean hatch date differences among investigators of
over a week, it would appear that investigators who com-
pare their own hatch date estimates with those of others
should do so with caution. In particular, the results of this
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study clearly indicate that published reports of significant
hatch date differences among independent studies are not
necessarily due to real differences in haich dates. By
corollary, intercalibration of otolith interpretations
would appear to be necessary for collaborators sharing an
inventory of samples for ageing purposes, Note, however,
that comparison of growth and mortality rates among
investigators is likely to be more reliable than is that of
hatch dates.

The levels of precision (C.V.) reported in this study
were somewhat higher than those reported elsewhere, at
least in part due to the fact that the former incorporated
variability among otoliths of the same age, as well as that
due to preparation and counting. However, the difference
may also reflect the relative difficulty of ageing herring
larvae compared to other species. For instance, Schultz
(1990) rejected dwarf surfperch (Micrometrus minimus)
otoliths in which the C.V. exceeded 15%, while Pitcher
(1988) reported a C.V. of 5% in tropical damselfish
(Pomacentrus spp.) otoliths, In contrast, mean C.V.s of
older larvae in the current study were between 10-15%.
Slower-growing, pelagic larvae may be intrinsically more
difficult to age than other larvae. since Savoy and Crecco
(1987) noted an inverse relationship between C.V.and age
in the pelagic larvae of American shad (Alosa sapidissima)
which was almost identical to the one presented here.
While the presence of high C.V.s in young herring larvae
suggested that the relative counting error was high, the
relationship between age and counting standard deviation
indicated that absolute counting error was still low. For
instance, counting variability of +1in a 10-day-old larva
corresponds to a C.V. of about 9%, while the same varia-
bility in a I-day-old larva will result in a C.V. close to
90%.

It is important to note that the precision of the age
estimates was not correlated with their accuracy, either in
terms of the degree of age underestimation or the appar-
ent rate of increment formation. Although precision (or
counting reproducibility) can be calculated in the absence
of any knowledge of the true age of the larva, and
although it serves a useful purpose in reducing variance
and ensuring consistency among age readers. this study
demonstrates that it cannot be used as a proxy for age
estimation accuracy.

Approximately one-half of the variability in the her-
ring age estimates was due to investigator-specific dif-
ferences. Sources ol the variability which were ident-
ified included the experience of the investigator with
otolith microstructure preparations, the degree of prep-
aration of larger otoliths, and the type of equipment
that was used. The range of equipment used in this
study reflecied that generally applied in otolith studies:
direct microscopy and image analysis/video systems
were most popular, largely because ol the convenience
and reduced preparation time. While use of SEM
resulted in age estimates which were closest to the true
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age, the differences in SEM-derived hatch dates among
larvae of different ages indicated that increment in-
terpretation may be as subjective here as in the other
equipment types. Indeed, it is clear from this study that
individual interpretational skills play a significant role
in this field, and that a subjective component is likely
to remain part of otolith microstructure examination
for the foreseeable luture. Subjectivity is not as likely
an explanation for the significant differences in hatch
check measurements among investigators. Calibration
error is the most likely source of those differences.
Based on our experience with other species, larval
herring ages based on the otolith microstructure are

among the more difficult to obtain with a high degree of

accuracy. Accordingly, the levels of accuracy and pre-
cision reported here will probably be somewhat lower
than those of most other species (although not all e.g.
pollock. Pollachius virens: Campana. 1989). In particular,
we would expect that faster-growing species, such as those
without a pelagic larval stage and tropical species. could
be interpreted more accurately. Nevertheless, the follow-
ing implications may be applicable to more than just the
species examined for this study: (a) rate calculations based
on age differences among samples can be more accurately
determined than can age and hatch date estimates, (b)
differences in skill, equipment, and preparation among
researchers can contribute to apparent age and measure-
ment differences among samples, (c) ageing precision is
not a good proxy for ageing accuracy, and (d) there are
limits to the resolution which can be expected of this
technique. In the case of cod and herring larvae, data
resolution on a scale of less than 3 days is probably
unrealistic.

Recommendations

Based on our findings, we offer the following recommen-
dations for the conduct of otolith microstructure studies.
While based on studies of herring and cod otoliths, we
believe that the recommendations have a broad applica-
bility, and may prove useful to a greater or lesser extent in
studies of other species.

1. Interpretation, based on skill and experience, has a
substantial effect on both accuracy and precision.
Newcomers to the field may find it valuable to compare
their otolith interpretations against those of other.
more experienced workers. Otolith readers of all
experience levels are urged to check their interpre-
tational skills against blind-coded larvac of known
age, particularly those drawn from a quasi-natural
environment such as a mesocosm or an outdoor pond,
Such a procedure is recommended as an adjunct to all
field studies. The use of blind-coded otoliths and a
randomized sample selection order will minimize
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any learning-, site-, or date-related effects which may
exist.

. Preparation (polishing) of large otoliths can improve

accuracy, through enhanced resolution of narrow
increments around the nucleus (core). It may also
result in improved precision. While the size at which
otolith preparation becomes important is probably
species-specific, ageing accuracy improved signifi-
cantly in larval herring when otolith diameters
exceeded 40 pm (Campana et al., 1987).

. Collaborators are advised to exchange otoliths, or

otherwise calibrate their interpretations, in order to
reduce the probability of introducing investigator-
specific bias into their results.

. Useof'as broad a range of ages as possible will improve

both precision and the relative accuracy of rate
calculations (e.g. growth and mortality) among
samples.

. Through reference to the accuracy and precision levels

reported here and elsewhere, the feasibility of appli-
cations requiring high temporal resolution should be
carefully evaluated prior to implementation. Studies
requiring daily resolution may be beyond the capabili-
ties of otolith microstructure studies of many species.
Detection limits are particularly important in compari-
sons of hatch date distributions, where accuracy may
limit studies of herring and some other species to the
detection of haich date differences of more than a
week.

Light microscopy, with or without the aid of a video/
image analysis system, is a cost-effective and relatively
accurate means of otolith examination compared to
SEM. Magnifications of = 1000 = are best used when
increment widthsareless thun2 pm. Photomicrographs
may give equivalent results, bui resolution can be
limited by the fixed focal plane. Where unresolved
increments are suspected, the additional expense and
labour of SEM may be warranted.,

Given the magnitude of the error that can otherwise
result, microscopic measurements deserve accurate
calibration. Video/image analysis syslem measure-
ments are likely to be more precise than those made
with an ocular micrometer.

. On average, rate calculations based on age differences

among samples can be expected Lo give more accurate
results than absolute age or hatch date estimates. How-
ever, rate calculations in young larviae may be inaccu-
rate due to the presence of incompletely resolved
increments.

. The primary source of age estimation inaccuracy in

pelagic larvae such as herring appears to lic with the
first-formed increments. In instances where increments
are being dated, say for correspondence with a storm,
accuracy can be enhanced by counting inwards (rom
the otolith edge (since the outermost increment is of a
known date, corresponding to the date of sampling).
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