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Abstract–Internal otolith morphometrics, coupled with image analysis
procedures and multivariate statistical
analyses, were examined to investigate
stock structure of haddock (Melanogrammus aeglefinus) on Georges Bank
in the northwest Atlantic. Samples were
collected during spring 1995–97 from
the Northeast Peak (eastern Georges
Bank) and the Great South Channel
(western Georges Bank) spawning components. The structure of transverse
sagittal otolith sections were described
for individual haddock samples from
each spawning component by using a
combination of linear morphometrics,
shape characteristics, and growth increments. Analyses were structured to
account for the effects of size, sex, age,
and year class. Significant differences
in internal otolith structure were found
between eastern and western Georges
Bank haddock, providing phenotypic
evidence of stock separation between
the two spawning components. Eastern Georges Bank haddock tended to
have smaller internal otolith dimensions than western Georges Bank haddock; these differences appeared to be
related to growth rates. Total classification success for each spawning component varied from 61% to 83% for
the different age and year-class combinations. Results from this study may
be helpful in forming consistent stock
definitions that can be used by both
U.S. and Canadian fishery management
agencies for rebuilding stocks of haddock on Georges Bank.

Manuscript accepted 29 June 2000.
Fish. Bull. 99:1–14 (2001).

The use of internal otolith morphometrics
for identification of haddock
(Melanogrammus aeglefinus)
stocks on Georges Bank
Gavin A. Begg
William J. Overholtz
Nancy J. Munroe
Northeast Fisheries Science Center
National Marine Fisheries Service, NOAA
166 Water Street
Woods Hole, Massachusetts 02543
Present address (for G. A. Begg): Marine Research Institute
P.O. Box 1390
121 Reykjavik, Iceland
E-mail address (for G. A Begg): gavin@hafro.is

Otoliths are crystalline structures composed of calcium carbonate and are ideal
structures for use in fish stock identification, containing a range of measurable characteristics including linear
and shape morphometrics, optical density, and microstructural zonation and
growth patterns, and elemental constituents (Ihssen et al., 1981; Campana
and Neilson, 1985; Pawson and Jennings, 1996). Otoliths grow throughout
the life of fish, are metabolically inert,
and are typically available as a historical time series because of routine
age and growth assessments (Campana
and Neilson, 1985; Campana and Casselman, 1993).
Linear and shape morphometrics of
otoliths have been widely used for fish
stock identification (e.g. Messieh et al.,
1989; Dawson, 1991; Smith, 1992; Campana and Casselman, 1993; Friedland
and Reddin, 1994), although their use
has been questioned because of withinstock differences in sex, age, and yearclass variation (Castonguay et al., 1991;
Begg and Brown, 2000). Moreover, otolith morphometrics have been found
to be strongly correlated with growth,
which influences development of otolith crystalline microstructure (Smith,
1992; Campana and Casselman, 1993).
Stock definitions based on differences
in otolith structure, therefore, depend
not only on differential growth rates,
but on the consistency of the environment integrated over the life history of
fish in each stock (Campana and Cas-

selman, 1993). Although otolith morphometrics cannot be used to differentiate stocks on a genetic basis, they can
provide a phenotypic basis for stock
separation that is useful for fisheries
management (Casselman et al., 1981;
Begg and Waldman, 1999).
Fisheries management is moving towards a precautionary approach to ensure sustainable utilization of our marine resources (FAO, 1995; ICES1). One
requirement of the precautionary approach is to consider the full impact of
management actions, including explicit
consideration of stock complexity (Garcia and Grainger, 1997). For this reason, there is a growing interest in the
importance and recognition of individual spawning components within historically established management units
(FAO, 1995; Stephenson, 1999).
The importance of individual spawning components has been acknowledged
in the management of haddock, Melanogrammus aeglefinus, a commercially
important groundfish of the northwest
Atlantic. The interest in haddock stock
complexity is exemplified on Georges
Bank (Fig. 1), where this species forms
an important transboundary resource
among U.S. and Canadian fishermen
(Halliday and Pinhorn, 1990; Begg,
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Figure 1
Northeast Fisheries Science Center stratified random survey stations from where eastern
and western Georges Bank haddock samples were collected in 1995 (open squares), 1996
(open circles), and 1997 (closed circles) for stock identification based on internal otolith
morphometrics.

1998). During 1935 to 1960, annual landings of haddock
on Georges Bank averaged 46,000 metric tons (t), before
increasing to 150,000 t in 1965 owing to exceptional recruitment from the 1962 and 1963 year classes and intense fishing resulting from the entrance of distant water
fleets (Clark et al., 1982). However, following these record
landings the resource collapsed, and annual landings declined to less than 5,000 t during the mid-1970s. The resource temporarily increased during the late 1970s and
early 1980s when annual landings increased to 27,000 t
owing to the large 1975 and 1978 year classes, before declining to a record low level of 2,300 t in 1995 (Brown,
1998).
Currently, the haddock resource on Georges Bank is in
a depleted condition and is the focus of rebuilding plans
by both the U.S. and Canadian fishery management agencies (Brown, 1998; Gavaris and Van Eeckhaute, 1998). The
fact that each nation conducts separate analytical assessments, using different stock definitions for the resource,
is problematic. The United States assesses Georges Bank
haddock as a single stock, encompassing historical spawning components on the Northeast Peak (eastern Georges
Bank) and the Great South Channel (western Georges
Bank); whereas Canada assesses only the spawning component on the Northeast Peak (Brown, 1998; Gavaris and
Van Eeckhaute, 1998) (Fig. 1). Since the mid-1980s, the
majority of the haddock resource has been concentrated
over eastern Georges Bank, where the majority of landings have been taken by the Canadian fishery (Brown,
1998). The changing resource status of haddock on Georges Bank has probably been due to greater depletion of the

western Georges Bank spawning component, which may
now be contributing at a much lower level to the overall
productivity of the resource (Van Eeckhaute et al., 1999).
Stock rebuilding plans of both nations need to examine the
identity versus the separateness, of spawning components
on Georges Bank and develop uniform stock definitions for
the resource.
Haddock stocks on Georges Bank have been examined
by using a variety of techniques, although the results
in terms of identification have been far from conclusive.
Differences in distribution, life history, and otolith shape
characteristics have indicated the existence of separate
eastern and western Georges Bank spawning components
(Smith and Morse, 1985; Gavaris and Van Eeckhaute,
1998; Begg et al., 1999; Begg and Brown, 2000). In contrast, tag-recapture, ichthyoplankton surveys, and genetic analyses have indicated some interchange of haddock
across the Bank that may reflect a single spawning component (Needler, 1930; Schroeder, 1942; Morse et al., 1987;
Purcell et al., 1996). Hence, there remains considerable
uncertainty regarding the stock structure of haddock on
Georges Bank.
The limitations associated with traditional stock identification techniques have been a major factor responsible
for the remaining uncertainty regarding haddock stock
structure on Georges Bank (Begg, 1998). Consequently,
we used a new stock identification technique based on internal otolith morphometrics. We considered internal otolith morphometrics as a generic term describing the otolith microstructure of individual growth zones as well as
the linear and shape dimensions of transverse otolith sec-
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Table 1
Details of haddock samples used in analysis of internal otolith morphometrics for stock identification.

Region

Date captured

Eastern Georges Bank (EGB)

10–11 Apr 1995
21–23 Apr 1996

6–8 Apr 1997

Western Georges Bank (WGB)

13 Apr 1995
16–20 Apr 1996
25 Mar–23 Apr 1997

tions. Although, linear morphometrics and shape analysis
of “external” or whole otoliths have been used for fish
stock identification, there has been little use of “internal”
otolith morphometrics, probably because of the time, expense, and potential difficulties in obtaining consistent
otolith sections. However, most fisheries agencies now use
a standardized procedure for sectioning otoliths. These
standardized procedures enable consistent and comparable otolith sections to be obtained, providing a consistent,
rapid, and readily accessible structure that can be examined for stock identification.
We investigated the feasibility of using internal otolith
morphometrics for fish stock identification, by considering
Georges Bank haddock as a representative case study. For
the purposes of our study, we considered a stock, or spawning component, as a semidiscrete, self-reproducing group
of fish with definable morphometric characteristics that
are assumed to be homogeneous for management purposes (Begg and Waldman, 1999). Variation in these characteristics is assumed to be evidence that distinct geographic regions are partially occupied throughout the life
history of the fish, thereby providing a phenotypic basis
for stock identification (Ihssen et al., 1981).

Materials and methods
Sample collection
Haddock samples were collected in 1995, 1996, and
1997 during spring Northeast Fisheries Science Center
(NEFSC) stratified random bottom trawl surveys, when
the fish were assumed to be on or near their spawning

Age group
(years)

Length range
(cm)

n

1
2
1
3
4
2
3
4
5

21–28
31–37
21–32
41–53
45–54
38–45
40–47
41–58
49–62

7
10
6
9
9
18
10
16
10

1
2
3
2
3
4
5

24–31
31–47
40–55
36–44
39–60
47–67
50–73

11
9
9
17
44
37
10

grounds. Most of the adults (ages 2+) sampled were in
spawning condition. Samples were collected from survey
stations throughout eastern (EGB) and western Georges
Bank (WGB) (Fig. 1; Table 1). At sea, haddock samples
were measured (fork length [FL], to the nearest cm), sex
and maturity were determined by macroscopic examination of the gonads, and sagittal otolith pairs were removed
from each sample. In the laboratory, one otolith from each
pair was sectioned and assigned an age by following standard methods for northwest Atlantic species (Pentilla and
Dery, 1988). Standardized sectioning procedures ensured
consistent and comparable otolith sections for morphometric measurements and subsequent statistical analyses.

Internal otolith morphometrics
Internal otolith morphometrics were obtained from each
otolith section by using the OPTIMASTM (version 6.2)
image analysis system (Media Cybernetics, 1996). All measurements were taken at a magnification of 15×. The
perimeter of each otolith section was traced in a counterclockwise direction to allow morphometrics to be calculated for each structure (shape). Six linear morphometrics
(length, width, A1, H1, A2, and H2) were measured for
each sample, where A1 is the growth increment to the first
annulus, H1 is the width of the hyaline band of the first
annulus, A2 is the growth increment to the second annulus, and H2 is the width of the hyaline band of the second
annulus (Fig. 2). In addition, four shape variables (area,
perimeter, circularity, and rectangularity) were measured
for each sample. Circularity was defined as the perimeter
of the otolith section squared divided by its area, and rectangularity was defined as the otolith section area divided
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Figure 2
Internal otolith morphometric variables that were measured for
stock identification of haddock on Georges Bank.

by the area of its enclosing rectangle oriented along the
length of the section (Media Cybernetics, 1996).

Data analysis
Internal otolith morphometrics were compared between
eastern and western Georges Bank haddock for stock
identification. All variables were first examined for
assumptions of normality and homoscedasticity and were
subsequently loge-transformed prior to statistical analysis
if these assumptions were not satisfied. Following transformation, all variables conformed to statistical assumptions. Analysis of covariance (ANCOVA) was then used to
determine the effect of fish length on the magnitude of
each variable. Those variables found to have significant
interactions (P<0.05) between sampling region and fish
length (i.e. samples with unequal slopes) were excluded
from further statistical analyses. In contrast, those variables found to have samples with equal slopes, but that
significantly correlated with fish length, were corrected for
fish length by using their respective common within-group
slope (b) to standardize the samples.
Potential confounding sources of variation among samples, such as sex, age, and year-class differences, were
examined and accounted for in the analyses before interpreting stock differences. Such confounding variables
need to be examined to ensure interpretations of stock differences are real and not simply the result of sample variation (Castonguay et al., 1991; Begg and Brown, 2000).
Consequently, multivariate analysis of variance (MANOVA) was used to examine differences between the sexes
in their internal otolith structure, for samples from the
same region and year class, and of the same age, by using
the appropriate length-corrected internal otolith morphometric variables. One-way, fixed effects, unbalanced analysis of variance (ANOVA) was then used to examine individual variables to interpret any significant differences
detected by the MANOVAs. Significance levels were corrected for multiple testing by using the Bonferroni adjustment factor (Sokal and Rohlf, 1995). The same tests were
then used to examine the internal otolith structure of dif-

ferent-age fish (sampled from the same region and year),
and fish originating from different year classes (same
region and age). Tukey’s honestly significant difference
(HSD) tests were used for a posteriori comparisons for
each significant variable. The same multi- and univariate tests were then used to examine the internal otolith
structure of haddock sampled from eastern and western
Georges Bank. These analyses were used to determine if
there was any evidence for stock separation of haddock
across the Bank.
Principal component (PC) analysis of the length-corrected internal otolith morphometric variables was conducted for samples of the same age and year class to provide
an unbiased indication of separation between eastern and
western Georges Bank haddock (i.e. there were no a priori
assumptions of group membership). ANOVA was used on
the significant principal components to examine differences in the PC scores between the proposed groups. Forward
stepwise canonical discriminant analysis was then used to
detect differences in the internal otolith structure of eastern and western Georges Bank haddock samples. The significant (P<0.05) canonical variate (CV) derived by each
analysis represented the optimal combination of morphometric variables that provided the best overall discrimination between the samples. ANOVA was used to examine
differences in the CV scores. Jack-knifed cross-validation
procedures were used to give unbiased estimates of classification success (SPSS, Inc., 1997).

Results
All the internal otolith morphometric variables, except for
A1 and rectangularity, were loge-transformed prior to statistical analysis to correct for nonnormality and inequality
of variances. ANCOVA indicated a significant correlation
between fish length and region for otolith width (homogeneity of slopes test, P<0.0222) (Table 2). Significant regionspecific differences in the correlation between fish length
and otolith width (i.e. regional differences in growth rate)
made it necessary to remove otolith width as an analysis
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Table 2
Internal otolith morphometric variables significantly correlated with fish length, and the corresponding regression coefficients (b)
required to standardize the variables for fish length.
Length × region
Otolith morphometric
variable
A1
H1
A2
H2
Length
Width
Area
Perimeter
Circularity
Rectangularity

Length

F

df

P

F

df

P

b

0.85
1.27
0.92
1.19
1.16
1.93
1.53
1.48
1.06
1.63

15,200
13,183
12,181
12,155
15,200
15,200
15,200
15,200
15,200
15,200

0.6195
0.2333
0.5274
0.2918
0.3082
0.0222
0.0971
0.1165
0.4007
0.0695

1.70
1.22
2.36
11.62
103.65
—
91.91
88.05
2.92
8.50

1,215
1,196
1,193
1,167
1, 215
—
1, 215
1, 215
1, 215
1, 215

0.1936
0.2713
0.1261
0.0008
0.0001
—
0.0001
0.0001
0.0889
0.0039

—
—
—
0.01810
0.00922
—
0.01514
0.00837
—
–0.00092

Table 3
Results of MANOVA and ANOVA showing significant differences in the length-corrected internal otolith morphometric variables
between age groups for eastern (EGB) and western Georges Bank (WGB) haddock.
Age group
comparison
(years)

Region

Year

EGB

1995

1 vs. 2

1996

WGB

MANOVA

ANOVA
Significant
variable

F

df

P

F

df

P

15.51

6,10

0.0002

length
area
perimeter

19.16
28.70
12.39

1,15
1,15
1,15

0.0005
0.0001
0.0031

1,3 vs. 4

3.98

12,34

0.0007

length
area
perimeter
circularity

32.79
127.78
23.13
6.93

2,21
2,21
2,21
2,21

0.0001
0.0001
0.0001
0.0049

1997

2,3,4 vs. 5

4.05

24,135

0.0001

A1
H1
length
area

6.87
4.75
4.90
7.71

3,50
3,50
3,50
3,50

0.0006
0.0054
0.0046
0.0002

1996

2 vs. 3

4.71

8,9

0.0163

length
perimeter

11.99
9.19

1,16
1,16

0.0032
0.0079

1997

2,3,4 vs. 5

5.46

24,297

0.0001

area
circularity
rectangularity

10.81
7.46
4.96

3,104
3,104
3,104

0.0001
0.0001
0.0029

variable. The same ANCOVAs also indicated that H2 and
otolith length, area, perimeter, and rectangularity were
correlated with fish length (P<0.004), resulting in those
variables being corrected for fish length by using their
respective within-group regression coefficient (Table 2).
Internal otolith morphometrics were not significantly
different between the sexes (MANOVA, P>0.05), resulting in the sexes being pooled within each region, year
and age strata to increase the statistical power used in

subsequent analyses. In contrast, significant differences
were found between the different age groups of haddock
(Table 3). Not unexpectedly, haddock that were 1 and 2
years of age tended to have significantly smaller otoliths
than haddock that were 3, 4, and 5 years of age (HSD,
P<0.05). Likewise, there were significant differences indicative of annual growth differences found in the internal otolith morphometrics of haddock sampled from
different year classes (Table 4). Hence, the remaining
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Table 4
Results of MANOVA and ANOVA showing significant differences in the length-corrected internal otolith morphometric variables
between year classes for eastern (EGB) and western Georges Bank (WGB) haddock.

Age
(yr)

Year-class
comparison
(yr)

F

df

P

EGB

1
2
3
4

1994 vs. 1995
1993 vs. 1995
1993 vs. 1994
1992 vs. 1993

1.23
7.82
2.22
1.90

6, 6
8, 18
9, 9
9, 15

WGB

2
3

1994 vs. 1995
1993 vs. 1994

1.76
3.55

8, 17
9, 43

Region

MANOVA

ANOVA
Significant
variable

F

df

P

0.4034
0.0002
0.1255
0.1309

—
—
H2
perimeter
circularity

—
—
11.83
11.57
9.14

—
—
1, 17
1, 23
1, 23

—
—
0.0031
0.0025
0.0060

0.1549
0.0023

—
H1

—
15.59

—
1, 51

—
0.0002

Table 5
Results of MANOVA and ANOVA showing significant differences in the length-corrected internal otolith morphometric variables
between haddock from eastern and western Georges Bank.
MANOVA

ANOVA

Year

Age
(yr)

F

df

1995

1

1.60

6, 11

0.2357

rectangularity

1996

3

1.18

9, 8

0.4109

—

1997

2
3

2.10
4.30

8, 26
9, 44

0.0726
0.0005

4
5

3.22
5.53

9, 43
9, 10

0.0045
0.0067

circularity
A1
A2
H2
A2
A1
H2

P

analyses were conducted for samples of individual ages
and year classes in order to minimize the effects of these
confounding variables.
Significant differences in the internal otolith morphometrics between haddock sampled on eastern and western Georges Bank were found in three out of six comparisons (Table 5). Eastern Georges Bank haddock tended
to have smaller otoliths (i.e. length, area, perimeter, circularity and rectangularity) than western Georges Bank
haddock; this finding was derived mainly from the first
growth increment (A1) which also tended to be smaller
(Fig. 3). For the three significant comparisons, scatter
plots of the most significant individual internal otolith
morphometrics for samples from each age group typically
showed separation patterns between eastern and western
Georges Bank haddock, albeit with some overlap (Figs.
4–6).
Principal component analysis provided further support
that haddock from eastern and western Georges Bank
separated into two groups (Fig. 7). Eastern and western

Significant
variable

F

df

P

5.76

1, 16

0.0289

—

—

—

10.37
22.76
7.84
7.41
3.97
9.70
9.90

1, 33
1, 52
1, 52
1, 52
1, 51
1, 18
1, 18

0.0029
0.0001
0.0072
0.0088
0.0518
0.0060
0.0056

Georges Bank haddock samples, 1 and 3 (1994 year class)
years of age were mainly separated on the first principal
component (PC I) (ANOVA, P<0.06), whereas samples that
were 2, 3 (1993 year class), and 5 years of age were mainly
separated on the second and third principal components
(PC II and PC III) (ANOVA, P<0.05). Principal components I, II, and III accounted on average for 38.7 ±5.3%
SD, 22.6 ±5.9%, and 15.6 ±0.7% of the total variation in
the data. Differences in length, area, and perimeter were
mainly responsible for the observed separations along the
first principal component, whereas A1, H1 and A2 were
the main variables responsible for separation along the
second and third principal components.
Discriminant analysis also indicated that haddock comprise two groups on Georges Bank (Fig. 8). Significant differences in the discriminant (CV I) scores between eastern
and western Georges Bank haddock were found for all age
groups (ANOVA, P<0.05), except age group 4. Total classification success varied from 61% to 83% for the different
age and year-class combinations (Table 6).
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Age group (year class)

Figure 3
Mean ± standard deviation of age-specific internal otolith growth morphometrics (A1, H1, A2, H2, and otolith length, area, perimeter, circularity, and rectangularity) for eastern Georges Bank (squares) and western Georges Bank (circles) haddock.

Discussion
We found significant differences in the internal otolith
structure between eastern and western Georges Bank
haddock in three out of six comparisons; providing a phenotypic basis for stock separation across the Bank. Of the
three nonsignificant comparisons, two were influenced by
low sample sizes (n=18), whereas the third was marginally nonsignificant (P>0.07) (Table 6). Eastern Georges
Bank haddock tended to have smaller internal otolith morphometrics than western Georges Bank haddock, particularly during the first year of life when growth differences
between progeny from the two spawning components may
be most apparent.
Differences in the internal otolith structure of eastern
and western Georges Bank haddock corresponded with ap-

parent differences in their growth rates. Commercial landings data indicated smaller mean lengths and weights at
age for eastern than for western Georges Bank haddock,
indicative of slower growth rates (and resultant smaller
otoliths) for eastern Georges Bank haddock (Brown2).
Likewise, other studies have found significant relationships between linear and shape otolith morphometrics
and fish growth (e.g., Mosegaard et al., 1988; Reznick et
al., 1989; Secor and Dean, 1989; Smith and Kostlan, 1991;
Fowler and Short, 1996). Consequently, regional differences in growth rate may be a principal determinant in
2

Brown, R. W. 2000. Annual assessment data (unpubl. data).
Food Web Dynamics Program, Population Dynamics Branch,
Northeast Fisheries Science Center, 166 Water St., Woods Hole,
MA 02543.
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Figure 4
Scatter plots of internal otolith morphometric variables for 3-year-old haddock (1994 year class) showing grouping patterns of eastern Georges Bank (squares) and western Georges Bank (circles).

Table 6
Age- and year-class–specific jack-knifed cross-validation
classification matrices of the frequency of assigned haddock samples from eastern (EGB) and western Georges
Bank (WGB).
Correct classification (%) of
haddock samples by age group (year class)

n
EGB
WGB
Total

Age 1
(1994)

Age 2
(1995)

Age 3
(1993)

Age 3
(1994)

Age 4
(1993)

Age 5
(1992)

18
71
64
67

35
72
88
80

18
67
56
61

54
80
84
83

53
75
59
64

20
80
70
75

the development of regional differences in otolith morphometrics (Smith, 1992; Campana and Casselman, 1993).
Growth (i.e. metabolic activity) alters the rate of otolith
crystalline growth, which determines the size and shape
of individual crystals, and ultimately the size and shape
of individual otoliths (Gauldie, 1990). Differences in oto-

lith shape may be mediated through differences in orientation and packing of otolith crystals that are influenced
by rate of crystalline growth (Smith, 1992). Fast growth
tends to form long thin crystals, in contrast to slow growth
which forms short compacted crystals (Gauldie and Nelson, 1990).
Differences in growth rates (and hence, otolith structure) of eastern and western Georges Bank haddock appear to derive mainly from differences in water temperature and diet. Eastern Georges Bank haddock are affected
more by colder Scotian Shelf waters than western Georges
Bank haddock, which are affected more by warmer Gulf
of Maine waters (Drinkwater and Mountain, 1997). Furthermore, eastern Georges Bank haddock appear to have
less available food and have a diet that is less rich in
protein (Garrison3). Hence, the colder waters and poorer
diets experienced by eastern Georges Bank haddock correspond to slower growth rates. Moreover, this correspondence suggests that environmental factors are major determinants of otolith growth as has been inferred in other

3

Garrison, L. P. 2000. Unpubl. data. Food Web Dynamics
Program, Population Biology Branch, Northeast Fisheries Science Center, 166 Water St., Woods Hole, MA 02543.
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Figure 5
Scatter plots of internal otolith morphometric variables for 4-year-old haddock (1993 year class) showing grouping patterns of eastern Georges Bank (squares) and western Georges Bank (circles).

studies (Campana and Neilson, 1985; Mosegaard et al.,
1988; Campana and Casselman, 1993), although there
may also be a genetic contribution (Gauldie and Nelson,
1990; Friedland and Reddin, 1994).
The eastern and western Georges Bank spawning components, therefore, probably comprise phenotypically separate individuals that reflect differences in otolith structure
due to environmental variation. These types of morphological differences indicate growth rate differences linked to
the environment, rather than any genetic differences. Our
results concur with previous studies that indicate separate spawning components on Georges Bank (Smith and
Morse, 1985; Begg et al., 1999; Begg and Brown, 2000),
although the degree of connectivity between the two components is not known. Larvae spawned on the Northeast
Peak recruit to the central part of the Bank as they develop and are advected from there along its southern flank
(Lough and Bolz 1989), whereas some larvae spawned
throughout the Great South Channel are advected along
the northern flank, with the result that there is some mixing between progeny. Further studies need to examine
mixing rates and spawning-site fidelity of individual fish
originating from the eastern and western Georges Bank
spawning components in order to determine if there is an
underlying genetic basis for stock separation.

Analysis of internal otolith morphometrics may provide
a more detailed description of individual fish stocks than
morphometric analysis of whole otoliths because the use
of internal otolith morphometrics specifically incorporates
individual growth zones, as well as characteristic shape
qualifiers. Measurement of the first growth zone in whole
otoliths has commonly been used in stock identification
studies, although the results have been far from conclusive (e.g. Dawson, 1991; Hopkins4; Marecos5). Likewise,
mixed results have been found for microstructure analysis of otolith nuclear dimensions and growth incremental widths (e.g. Rybock et al., 1975; Neilson et al., 1985;
Mosegaard and Madsen6). Certainly, the use of more than
one growth or shape dimension improved our ability to
identify groups, but the utility or cost-effectiveness of internal otolith morphometrics may be questioned when
compared to shape analysis of whole otoliths.
4

5

6

Hopkins, P. J. 1986. Mackerel stock discrimination using otolith morphometrics. ICES CM 1986/H 7, 16 p.
Marecos, M. L. 1986. Preliminary analysis of horse mackerel
(Trachurus trachurus L.) otolith (L1) measurements. ICES CM
1986/H 72, 8 p.
Mosegaard, H., and K. P. Madsen. 1996. Discrimination of
mixed herring stocks in the North Sea using vertebral counts
and otolith microstructure. ICES CM 1996/H 17, 8 p.
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Figure 6
Scatter plots of internal otolith morphometric variables for 5-year-old haddock (1992 year class) showing grouping patterns of eastern Georges Bank (squares) and western Georges Bank (circles).

Classification success similar to our present study was
found between eastern and western Georges Bank haddock in a comparable study where whole-otolith shape
analysis was used (Begg and Brown, 2000). However, the
use of internal otolith morphometrics entailed a few more
caveats than that of whole-otolith shape analysis; therefore internal otolith morphometrics was questioned as a
preferred tool for stock identification. Although our approach was semi-automated, with an aim to increasing
objectivity and decreasing processing time, the use of internal otolith morphometrics still required some interpretation by the person taking the measurements. This
was particularly true for growth zones, where interpretation partly compromised our goals of increasing objectivity and speed. Difficulties in interpreting measurements
when growth zones are poorly defined can also be a source
of uncertainty (Hopkins4). These sources of uncertainty
should be minimized, provided the person taking the measurements is also an experienced reader of otolith growth
increments.
Internal otolith morphometrics are useful for stock identification, but significant overlap among variables may
preclude their use for stock discrimination, that is to
say for classifying unknown fish according to origin of
spawning component. Although mean values may differ

between stocks, measurements from individual fish may
not allow them to be classified to a particular stock because of individual within-stock growth differences (Pawson and Jennings, 1996). For example, slow-growing fish
from a fast-growing stock may be incorrectly classified
with a slow-growing stock (Campana and Casselman,
1993). However, provided growth differences exist and
analyses are conducted to account for samples of mixed
ages and year classes to minimize the effects of these confounding variables, internal otolith morphometrics can be
a useful phenotype-based stock identification tool.
Results from this analysis on internal otolith morphometric differences have added to the evidence indicating
separation between the eastern and western Georges Bank
haddock spawning components. Although these differences
do not provide a genetic basis for separation between the
two spawning components, they do reflect the phenotypic
characteristics of each spawning component, indicative of
stock separation during life history. Studies such as this
one, are needed to provide evidence of stock structure if historically established management units are to be changed
in response to changing exploitation and resource patterns.
Evidence of stock separation within the Georges Bank haddock resource may be useful in forming stock definitions
that can be used by both the U.S. and Canada in defining
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Figure 7
Principal component (PC) analysis of internal otolith morphometric variables and ANOVA results showing
grouping patterns of eastern Georges Bank (squares) and western Georges Bank (circles) haddock.

management units that are consistent and account for the
underlying stock structure of the resource. An incorrect
decision could lead to significant shifts in resource distribution, changes in stock productivity, or declines in recruitment across stock unit boundaries. Although the precautionary approach would imply that we accept the two

stock hypothesis as the default scenario until proven otherwise, this has not been the case. It would be desirable
to ensure the conservation and stock rebuilding potential
of both spawning components, particularly because we do
not know at present the relative contribution of each to the
overall status of haddock on Georges Bank.
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Figure 8
Discriminant (CV I) scores of internal otolith morphometric variables and corresponding ANOVA
results showing grouping patterns of eastern Georges Bank (squares) and western Georges Bank
(circles) haddock.
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