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Age-length keys are a critical com-
ponent of many methods used to es-
timate catch at age (Southward,
1976; Kimura, 1977; Gavaris and
Gavaris, 1983; Quinn et al., 1983;
Lai, 1987, Martin and Cook, 1990).
When formulating age-length keys
for use in stock assessment, the ap-
propriate time interval for data col-
lection and aggregation is an im-
portant consideration. Potentially,
an age-length key derived from data
taken at a single time during the
year could be used to compute catch
at age for the entire year. This prac-
tice runs the risk of producing in-
accurate estimates of catch at age,
however. Finer time intervals for
age-length keys are typically used
(e.g., quarterly or monthly) but at a
cost of increased sampling require-
ments. Generally, intensive sam-
pling over brief time intervals
provides the most accurate repre-
sentation of age at length in the
population (Kimura, 1977; Westr-
heim and Ricker, 1978). In practice,
however, such a strategy is expen-
sive to implement because of the
labor-intensive nature of collecting
and processing large numbers of
fish for age data. For the efficient
and cost-effective use of sampling
resources, it is desirable to sample
and age the fewest fish, giving ad-
equate precision while avoiding bi-
ased results. The data needed can
be considerably reduced if appropri-
ate time intervals for age-length
keys can be defined.

550

A further problem facing fishery
scientists is the need for evaluation
of samples collected with different
gears. Although fishing gears may
select for fish size, the question here
is whether the gears select for fish
with different proportions of age at
length. For example, the Northeast
Fisheries Science Center (NEFSC)
of the National Marine Fisheries
Service samples most of the com-
mercially important fish stocks off
the northeastern United States with
bottom trawls during the spring and
autumn. The fish collected in these
surveys have a substantially differ-
ent size composition than the com-
mercial catch because the standard
survey trawl has a small mesh
codend liner. However, it is un-
known whether fish of a given
length caught in the research sur-
vey trawl differ in age composition
from fish of the same length har-
vested commercially. If the age at
length of fish captured is the same
for these gears, then a pooled key,
including data from research sur-
veys, will increase precision by in-
creasing sample size but will not
bias catch at age estimates. How-
ever, if age-length keys differ, then
pooling can introduce bias into es-
timates of catch at age (Westrheim
and Ricker, 1978).

The primary objective of this
study is to present a method for de-
termining whether two age-length
keys differ statistically. This method
is then applied to Georges Bank

haddock to determine what time in-
tervals should be used for age-
length keys for this stock and to
determine if research trawl-survey
age data can be combined with age
data from commercially harvested
haddock. The benefit (in terms of
increased precision) of pooling age-
length keys, where appropriate, is
also determined.

Methods

Biological sampling

Scales were collected from commer-
cially landed haddock in the NEFSC
port sampling program. Because
sampling requests to this program
are filled quarterly, age-length keys
and the age structure of landings
were computed on a quarterly ba-
sis as in previous stock assessments
(Clark et al., 1982; Gavaris and Van
Eeckhaute, 1990). Length at age by
month was averaged over several
years (1980 to 1988) to determine
growth on a monthly basis. Had-
dock scales were also collected in
the NEFSC bottom trawl research
survey. The NEFSC conducts this
survey during the spring and au-
tumn each year, providing a fishery
independent source of age struc-
tures. These surveys are conducted
from Cape Hatteras, North Caro-
lina, to Nova Scotia, Canada, with
the use of a stratified random
sampling design. Further details
concerning sampling procedures
in the NEFSC survey are outlined
in Grosslein (1969) and Azarovitz
(1981).

Scales were removed from the lat-
eral line region below the second
dorsal fin. After removal, scales
were dried and then impressed on
a laminated plastic slide. Scales
were viewed at approximately 40X
magnification to determine age.
Ages were determined following cri-
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teria outlined by Penttila (1988) and Jensen and Wise
(1962). By convention, a 1 January birthdate was used.

Statistical analysis

Age-length keys are commonly formed first by obtain-
ing a matrix of numbers at age by length interval
(Table 1), and then by converting this to a matrix of
proportion at age for each length interval. For statisti-
cal tests between age-length keys, however, I used the
matrix of numbers at age by length. Age-length keys
were compared by making tests of significance sepa-
rately for each length interval present in both keys
where the sample size was greater than six for each
age-length key. Fisher’s exact test (Siegel, 1956) was
used in these comparisons. Because of the large num-
ber of tests needed to compare age-length keys,
experimentwise error was compensated for by adjust-
ing the significance level for the individual tests. The
significance level for n individual tests (") needed to
maintain a desired experimentwise error (a,,,) was de-
termined by the following formula derived from Sokal
and Rohlf (1981):

In(l-a,,)

a=1l-e "

This method can be quite conservative if the power of
the individual tests is limited because of small sample
sizes (Sokal and Rohlf, 1981). Owing to the conserva-
tive nature of this method, two subjective criteria for
evaluating test results were used.

The first criterion was the number of tests exceed-
ing the nominal significance level (i.e., a=0.05) in the
set of comparisons of interest. A second criterion for
evaluating the significance of individual tests was the
pattern of nominally significant tests. If significant dif-
ferences were observed between quarters for a given
length interval, adjacent length intervals were also
expected to show significant differences. Thus, tests
suggesting nominally significant differences between
quarters for a single length interval adjacent to length
intervals where tests indicate no difference were sus-
pected of occurring by random chance.

Age-length keys from the first and second, second
and third, and third and fourth quarters were
compared to determine which quarters could be com-
bined into a single age-length key. Tests were con-
ducted by comparing keys within a year because com-
bining age-length keys between years can introduce
bias in the resulting key (Westrheim and Ricker, 1978).
Additional tests were conducted comparing NEFSC
spring survey age-length keys with combined first and

second quarter commercial age-length

keys.
Table 1
Number sampled at age by 2-cm length groups from the commercial catch of ) )
Georges Bank haddock Melanogrammus aeglefinus, January to March 1983. EStl_maﬂon of catch at age and
variance

Age As a check on the potential for intro-
Length (cm) 2 3 4 5 6 7 8 9+  Total ducing bias by combining age-length
42 1 2 0 0 0 0 0 0 3 keys, estimates of the age composition
44 0 6 0 0 0 0 0 0 6 of the commercial catch for each year
46 0 4 2 0 0 0 0 0 6 from 1982 to 1988 were made by us-
48 0 4 ! 1 0 0 0 0 6 ing age-length keys combined in four
gg 8 g g g 2 g 8 8 ﬁ different ways. First, age-length keys
54 0 1 8 14 0 0 0 0 23 were constructed for each quarter by
56 0 0 9 11 0 0 0 0 20 using only fish sampled commercially
58 0 0 5 12 1 0 0 0 18 during that quarter. These catch-at-
60 0 0 3 8 2 0 6 0 19 age estimates served as a basis for
gz g g g 12 ; (; g (1) i; comparison since they correspond to
66 0 0 0 9 3 0 7 0 19 the level of temporal aggregation
68 0 0 ()} 8 0 0 6 1 15 (quarterly) that has commonly been
70 0 0 0 4 1 4 8 0 17 used in Georges Bank haddock assess-
;i 8 8 g (2) (1) 3 13 2 ig ments (Clark et al., 1982; Gavaris and
76 0 0 0 0 1 1 9 0 1 Van Eeckhaute, 1990). The second set
78 0 0 0 0 1 1 6 1 9 of catch-at-age estimates was formed
80 0 0 0 0 0 1 7 1 9 by combining commercial age data
82 0 0 0 0 0 0 7 1 8 from the first half of the year into a
84 0 0 0 0 g 0 1 1 2 single age-length key that was then
86 0 0 0 0 0 1 0 1 applied to the first and second quar-
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ter length-frequency distributions. The third set of
catch-at-age estimates was based on quarterly age-
length keys but included data from haddock sampled
in the commercial catch and from the NEFSC bottom
trawl surveys. The final set of age-length keys con-
tained data from haddock caught both commercially
and in trawl surveys but combined all data for the
first half of the year.

I treated length-frequency samples as simple ran-
dom samples from the entire stock area in the compu-
tation of the variance of catch at age. Following Gavaris
and Gavaris (1983), the proportion of catch at age for
unpooled samples was estimated as

A,-,, = Z L;, Py,
J
where,

A,-q = Estimated proportion at age i in quarter g

L;, = Proportion of total individuals at length j in
quarter q

P, = Proportion of age i individuals at length j in
quarter q.

For samples where age-length keys were pooled across
quarters, the proportion of catch at age was estimated
as

A,=X L,P;,
J

where P}, is the proportion of age i individuals at length
J for the pooled quarters, and L;, is the pooled propor-
tion at length j in the pooled quarters. These propor-

tions were calculated as

p=lurt R
nj, + nj_-'_)
I* = (L, )N, +(L;) N,
g = )
N, +N,
where,

n;, = # of age i fish at length j in first time period
ng, = # of age i fish at length j in second time period
n;, = # of fish at length j in first time period

n; = # of fish at length j in second time period

N, = total # of fish landed in first time period

N, = total # of fish landed in second time period.

This method of pooling age-length keys treats each
observation as a random sample from a single popula-
tion. No weighting factors were applied when age-
length keys were pooled. A pooled proportion of total
individuals at length was computed as a stratified ran-

dom sample where the weighting for each quarter was
the total number of individuals landed during that

-period. This allows for the possibility that the length

composition of landings differed between quarters.

Estimates of the variance of proportion at age for
unpooled data were computed following Gavaris and
Gavaris (1983):

A

Var A, = Z L% P, (IIP[) L!-I(an A
.Iq q

Where n, is the number of fish aged in quarter q.

Estimates of the variance of proportion at age when
age-length keys were pooled were computed with the
above formulae, except Pj, was substituted for P,.
Catch at age and variance for each quarter were com-
puted following Gavaris and Gavaris (1983). Because
these computations do not depend on whether pooled
or unpooled age-length keys are used, the formulae
are not repeated.

Results and discussion

Seasonal growth and comparison of
age-length keys

Most of the annual growth of Georges Bank haddock
takes place during the third quarter, from June through
September (Fig. 1). From this pattern of annual growth,
age-length keys would not be significantly different
between the first and second quarters, but would dif-
fer significantly betweens the second and third quar-
ters, and the third and fourth quarters. Accordingly,
tests were conducted between these pairs of quarters
to determine if age-length keys could be pooled across
any adjacent quarters. Summary statistics of these
tests are presented in Tables 2 through 4. Although
little growth takes place between the fourth quarter
and the first quarter in the following year, landings
data are usually finalized on an annual basis; pooling
between years is therefore of limited use.

Comparisons between the first and second quarters
yielded 9 of 94 tests exceeding the 0.05 level (Table 2).
None of these tests exceeded the adjusted significance
level (¢"=0.00054) needed to maintain an error rate of
0.05 for this set of comparisons. The number of results
exceeding 0.05 is not substantially greater than the
number of significant results that would be expected
based on random chance; further, these differences oc-
curred sporadically among the length classes (Table 2).
Thus, based on these tests, first and second quarter
age-length keys within each year can be treated as
samples drawn from the same population and can be
pooled.
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Figure 1
Monthly mean length at age of Georges Bank haddock
Melanogrammus aeglefinus in the commercial catch, 1980-
1988.

Significant differences were observed between sec-
ond and third quarter age-length keys; 45 of 95 com-
parisons exceeded the 0.05 level, and 19
tests of these tests had probabilities of

would be to bias catch-at-age estimates for the second
quarter towards younger fish. This occurs because
growth during the third quarter tends to increase the
mean length at age, and conversely, fish of a given
length tend to be younger during the third quarter
than during the second quarter.

Comparison of pooled first and second quarter age-
length keys with spring NEFSC bottom trawl surveys
keys resulted in 7 of 71 tests having probabilities less
than 0.05 (Table 5), but none exceeding the o' level of
0.00072. Although more “significant” results were ob-
tained than would be expected by random chance, no
consistent pattern among these differences was appar-
ent (Table 5). Further, several of these differences oc-
curred in the 60 to 66 cm size classes where the sample
size from the bottom trawl survey was generally small
(<10 fish), while sample sizes from the commercial catch
were often large (>50 fish). Examination of the contin-
gency tables for these size classes indicated that the
difference in proportion at age hetween commercial
and survey age-length keys was small and was often
due to a broader representation of age classes in the
commercial data. A broader representation in the com-
mercial samples would be expected, however, given the

less than 0.00054 («”) (Table 3). Tests be- Table 2
tween the third and fourth were not as Results of Fisher’s exact test comparing first and second quarter age-length
e . . keys from Georges Bank haddock Melanogrammus aeglefinus, 1982-1988. En-
definitive; 21 of 85 comparisons exceeded ; > ) .
tries are probability of difference observed occurring by random chance. Dashes
the 0.05 level, but no tests exceeded indicate comparisons where the sample size was less than seven within one of
0.00060 (o"). Several tests, however, were the two quarters being compared.
close to a’ (Table 4). The large number of
tests exceeding 0.05 and the occurrence Lonsth Year
of contiguous blocks of tests with low ngt
.1 Y ( 1982 1983 1984 1985 1986 1987 1988
probability (Table 4) indicate that age- cm)
length keys differ between the third and 42 — - — — — - —
fourth quarters, but the power to detect 44 0307 0.676 — — — - -
these differences may have been limited 46 0782~ 0.117 0559 1.000 — — -
ese ay ha 48 1.000  0.804 0892  0.661 — — 1000
by small sample sizes. In general, the 50 0888 0033 0653  0.289 _ _ _
number of fish aged from the fourth quar- 52 0.786  0.819  0.022* 0.363 — — 0.724
ter was lower than those from other quar- 54 0.176 0434 0143  0.008* — 0.018*  0.026*
ters as indicated by the smaller number 56 0.051 0.284  0.207 0.451 — 1000  0.067
of length intervals with sample sizes 58 0.562 0.749 0.002* 0.074 0.753 0.434 0.744
g . p 60 0.177 0.002*  0.950 0.889 0.432 0.303 0.870
greater than six. From these results, age- 62 0153 0123  0.163 — 1000 0799  0.406
length keys should not be combined 64 0.136 0372 0223 — 0.644 0389  0.464
across the second and third quarters or 66 0.300 0.694  0.849 — 0230  0.950 0.811
third and fourth quarters for haddock. 68 0352 0497 0373 — 0418 0461  0.704
The consequence of pooling a e-leng'th 70 0.182 0.032* 0.676 — 1.000 1.000 0.799
q pooling age- en; 72 0097 0119 0584 — 0143 1000  0.439
keys across quax_‘ter.s when _stat1st1ca1 74 0730  0.808  0.036* _ 0.128 _ _
tests indicate significant differences 76 0.488 0589  0.096 — — — -
would be to bias catch-at-age estimates 78 — 0.852  0.249 — — — —
(Westrheim and Ricker, 1978). In the case gg - (1)-222 0.161 - - - -
of Georges Bank haddock, the effect of - ) - - - - -
pooling third quarter age-length keys £P<0.05
with second quarter keys (for example)
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Table 3
Results of Fisher’s exact test comparing second and third quarter age-length keys
from Georges Bank haddock Melanogrammus aeglefinus, 1982-1988. Entries are
probability of difference observed occurring by random chance. Dashes indicate com-
parisens where the sample size was less than seven within one of the lwo guarters
being compared.

Year

Length

(cm) 1982 1983 1984 1985 1986 1987 1988
42 0.219 0.170 — — — — —
44 <0.001** 0,075 — 0.592 — — —
46 <0.001**  0.01L7* — 0.020* — — —
48 <0.001**  0.110 0.620 0.013* — <0.001**  0.832
50 <0.001**  0.026* 0.747 0.108 — <0.001**  0.773

52 <0.001** <0.001** 1.000 0.115 1.000 0.003*  <0.001%*
54 <0.001** <0.001**  0.688 0.011* 0.582 0.012*  <0.001**

56 0.042* <0.001**  1.000 0.321 0.429 0.488  <0.001**
58 0.046* <0.001** 0.146 0.053 0.115 0335  <0.001%*
60 0.038* <0.001**  0.863 — <0.001**  0.075  <0.001**
62 0.011* 0.011* 0.106 — 0.002* 0.055  <0.001**
64 0.523 0.015* 0.662 — 0.004* 0.010* —
66 0.246 0.032* 0.354 — 0.292 0.004* —
68 0.068 0.016* 0.192 - 0.046* 0.122 —
70 0.544 0.002* 0.700 — 0.011* 0.046* —
72 0.379 0.022* 0.738 — 0.590 0.058 —
74 0.185 0.544 — — 0.020* 0.755 —
76 0.686 0.407 — — 0.569 — —
78 — 0.427 — — — — —
80 — 0.206 — — — — —
82 — 0.5637 — — — — -
*P<0.05

**P<0.00064=a*

Table 4
Results of Fisher’s exact test comparing third and fourth quarter age-length keys
from Georges Bank haddock Melanogrammus aeglefinus, 1982-1988. Entries are
probability of difference observed occurring by random chance. Dashes indicate com-
parisons where the sample size was less than seven within one of the two quarters
being compared.

Year
Length
{em) 1982 1983 1984 1985 1986 1987 1988
42 0.286 1.000 — — — — —
44 0.298 0.014* — — — — —
46 0.158 0.003* — — — 1.000 —
48 0.051 0.001* — — —_ 0.192 0.124
50 <0.001* 0.123 0.123 — — 0.053 1.000
52 0.159 0.315 0.212 — — 0.024* 0.832
54 0.146 0.049* 0.720 — — 0.754 0.211
56 0.205 0.765 1.000 — — 0.050* 0.791
58 0.143 0.009* 0.154 — 0.477 0.675 0.016*
60 0.292 0.174 0.939 — 0.794 0.540 0.014*
62 0.028* 0.032* 0.758 — 0.272 0.244 <0.001*
64 0.265 0.042% 0.132 — 0.085 0.022% -
66 0.014* 0.034* 0.079 — 0.785 <0.001* —
68 0.484 0.937 0.759 — 0.068 0.107 —
70 0.011* 0.038* 0.218 — 0.207 0.046* —
72 1.000 0.813 0.550 — 1.000 0.408 —
74 0.756 0.162 — — 0.054 0.922 —
76 0.282 0.612 — — 0.713 — —
78 0.355 0.499 — — 1.000 — —
80 0.765 — — —_ — — —
82 — — — — — — —_

*P<0.05

larger sample size available from
the commercial fishery for fish in
these length classes. Based on the
lack of pattern among the signifi-
cance tests and the lack of tests ex-
ceeding o', it appears that survey
gear does not more consistently se-
lect for fish of a different age at a
given length than do commercial
fishing gears. Accordingly data on
age at length obtained from fish col-
lected in the research surveys can
be combined with data from fish
sampled commercially.

Catch at age and precision

Catch-at-age estimates obtained
with the various age-length keys
showed no indication of systematic
bias (Fig. 2). This was expected, as
the results of statistical tests indi-
cated no significant difference be-
tween the age-length keys that were
pooled. The precision of catch-at-age
estimates, however, did show a
trend among the different levels of
aggregation (Fig. 3). Combining first
and second quarter age-length keys
derived solely from commercially
caught haddock increased precision
for all age groups, particularly for
older age classes that typically had
small sample sizes within a single
quarter (e.g., the 82 and 84cm
length classes; Table 1). The inclu-
sion of survey age data had a rela-
tively smaller effect on the precision
of estimates for most age classes ex-
cept for age-2 fish (Fig. 3). This oc-
curred because the sample size of
small haddock was generally less
in the commercial samples than in
the research survey samples.

Statistical considerations

Fisher's exact test tests the hypoth-
esis that the proportion at age
within each length class is no dif-
ferent among keys than would be
obtained by random chance.
Formally, the hypothesis tested
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for length class j is

Ho: p;; = p;» for all age classes i from source 1 and
source 2

Ha: p;; # p;; for all age classes i from source 1 and
source 2.

Consider as an example haddock (Melanogrammus
aeglefinus) in the 54-cm size class sampled from the
commercial catch from the first and second quarters of
1983. Numbers at age from each of these samples are

Age
o 1 2 3 4 5 6 1

8 Total

Quarter1 0 O 0 1 8§ 14 O 0 0 23
Quarter2 0 0 0 7 10 24 1 0 0 42

The question asked is whether the two samples are
likely to be drawn from the same population or whether
they differ sufficiently to indicate that the sampled
populations are different. Assuming fixed marginal to-
tals, an appropriate test of this hypothesis is Fisher’s
exact test (Siegel, 1956). Previously this test was im-
practical for contingency tables greater than 2 X 2
because of the amount of computational power required
by the algorithms available for its solution. Recent
improvements (Pagano and Halvorsen, 1981;

Mehta and Patel, 1983; implemented in Ver-

servations because smaller sample sizes do not have
sufficient power to resolve even major discrepancies
between sources (Bennett and Hsu, 1960).

In summary, Fisher’s exact test provides a means of
testing differences between age-length keys derived
from different sources or from different time periods.
When age-length keys are pooled across time periods
or sources that do not differ significantly, the resulting
estimates of catch at age are more precise and impor-
tantly do not appear to be biased by the pooling proce-
dure. For Georges Bank haddock, age-length keys from
commercially harvested haddock from the first and sec-
ond quarters can be combined, as well as keys from
haddock sampled in the NEFSC research survey. In
the future, allocation of sampling effort should con-
sider the benefits of pooling age-length keys.
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sion 6 of SAS [SAS Institute, 1990]) allow Table 5
problems of this size to be readily solved. Results of Fisher’s exact test comparing age-length keys for Georges Bank
Alternative tests exist in the chi-square haddock Melanogrammus aeglefinus derived from fish sampled in NEFSC
: bottom trawl surveys to commercially sampled fish from the first and sec-
test of homOg?nelty (Hennemuth, 1965) and ond quarters, 1982-1988. Entries are probability of difference observed
the G? test (Bishop et al., 1975). These tests occurring by random chance. Dashes indicate comparisons where the sample
have the advantage that age-length keys size was less than seven within one of the two sources being compared.
can be compared in their entirety. Some v
studies indicate that these tests may also Length ear
have greater power than Fisher's exact test {em) 1982 1983 1984 1985 1986 1987 1988
(D’Agostino et al., 1988; Storer and Kim, 28 0.209 — — _ _ _ _
1990), but others have disputed the validity 40 0214 _ — _ _ _ —
of this these assertions (Little, 1989). Also, 42 — —  0.054 — 0350 — —
the chi-square and G? tests are often viewed 44 - — 0151 — L000 — —
. ) 46 0.087 — — 0699 0.232 — 1000
as inappropriate when some of the expected 48 0.038* 1.000 — — 0243 — 1000
values are less than 5 (e.g., Sokal and Rohlf, 50 0.388  1.000 0.344 —  0.09 — —

. . : : 52 0.151 0.175 — — 0.220 0.241 —
1981; Haberman, 1988); a situation that 54 0107 0479 0547 0123 — 0360 —
commonly occurs in comparisons of age- 56 0002* 00l4* 0.146 0093 0.033* 0465  1.000
length keys. Although grouping data across 58 0.139  0.127 0057 0.549 — — —
age or length classes is a way of increasing 60 0.019* 0839 1000 0102 0278  — -

; 62 0.268 0470 0554 0.165 0.179  0.079 —
the expected values for each cell in the con- 64 — 0526 0163 0391 0641 0302 —
tingency table, such a procedure results in 66 0.821 0.302 0.026* 0.768  0.003 — —

a loss of statistical power (Cochran, 1952). 68 -~ 0191 0.128  0.725 - - -
. . . 70 0625 0.139 0423 0.745 — — —
W1th Fisher’s exact test, there are no re- 79 0.777  0.682 — - — _ —
strictions on the expected values for any 74 — — — 0066 — — —
cell within the contingency table (Siegel, 76 0.927  0.194 - - - - -
1956). In practice, however, each source (i.e.,
. . . . *P<0.05
time period) should contain at least six ob-
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Figure 2

Mean catch at age of Georges Bank haddock Melanogrammus aeglefinus,
1982-1988, based on different levels of aggregation in the age-length key.
Unpooled commercial refers to quarterly age-length keys derived solely
from commercial samples. Pooled commercial refers to age-length keys
derived solely from commercial samples, but with quarter-1 and quarter-2
data pooled into a single age-length key. Pooled and unpooled commercial
and survey refer to the same levels of temporal aggregation as above
but include age-at-length data obtained from fish collected in the NEFSC
bottom trawl surveys. Vertical lines indicate 2 SE of the mean catch
at age.

40

. unpooled commercial

. pooled commercial

30 - unpooled commercial and survey
pooled commercial and survey

35

COEFFICIENT OF VARIATION

AGE
Figure 3

Mean coefficient of variation of estimates of catch at age for Georges Bank
haddock Melanogrammus aeglefinus, 19821988, based on different levels
of aggregation in the age-length key. Symbol definitions as in Figure 2.
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