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INTRODUCTION

An understanding of the controlling factors of growth and the age
at maturity in exploited fish populations is of both fundamental and
applied interest. The MSY models used in managing fish stocks assume
that there are mechanisms by which the species adjust their population
parameters in response to their abundance, i.e., "density-dependent"
mechanisms. In this respect, "density dependent" changes in growth
rates at various life history phases, and changes in age or length at
maturity have been documented for severa1 stocks. However, evidence
for density-dependent growth and maturation in pelagic stocks is con-
tradictory. The aim of this study is to aﬁa]yze the accumulated data
base on the 4WX herring management unit, with particular reference to
growth and maturity. Since it is assumed that the juvenile distribution
does not significantly overlap with the adults, the juveniles are
considered separately from the adults in the analysis of density dependence.
Given the proximity in the distribution of adults and juveniles of the 4WX
stock during the summer months this assumption, however, may be questionable.
Following the description of growth and maturation some implications on assess-

ment methodology are addressed.



METHODS
The methods used to estimate mean lengths and weights at age for
a given month and gear type, as well as for the estimation of lengths

at 50% maturity, are described in Sinclair et al. (1980).

Population and cohort annual production were estimated from the
yearly (July to July) increase in weight. Mean weights were calculated
from 4Xa weir and purse seine mean weights weighted by numbers removed.

Cohort production is

Py = (Wi = wyg) o N

where Py = production by cohort at age i
we o= July weight at age i herring
Wi g = July weight of age i-1 herring
N. = cohort abundance at age i, January 1st.

Population annual production is
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Thus P includes growth from age 2 to 3, as well as that for the
older ages.
The average biomass of a cohort (bi) within the July to July period was

estimated by the equation
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and the average population biomass (B) by
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Annual growth rate of a cohort at age i [91 = w'](dw/dt)]

was estimated by Aw/w or
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Ricker (1975) defines the above estimate as "relative growth rate".

Population growth rate (G) was estimated by P/B.

It is to be noted that only somatic growth is considered in the
above definitions. Since there is no time series data on gonad
weights for this stock (4WX herring), production of sexual products

cannot be considered.

RESULTS
I. Juvenile Summer Growth

In Sinclair et al. (1980), it was observed that there was a marked
change in the eaf]y 1970's in the relationship between summer increase

in length (May to September) and initial Tength. In addition, there



was some indication that the summer length increment, when corrected
for the length dependent bias (Iles 1967), was inversely related to
Jjuvenile population abundance, but unrelated to summer temperature.

It is of interest, and consistent with the following treatment of
adult growth, to consider the summer growth of two-year-olds in weight

rather than length. The following equation was used:

where AW = summer growth increment (in grams)
W = initial body weight in May (in grams)
P = 'competing' population density

T = summer temperature (°C)

The equation assumes that the growth increment for a particular
year-class is a function of initial body size, water temperature and
year-class abundance. Since the two-year-old juveniles co-exist with
a large part of the preceding three-year-old cohort (approximately one-
third of the three-year-olds recruit to the adult population) and the
frequency of good year classes have decreased with time (Sinclair et al.
1979), it was thought appropriate to consider the potentially competing
population density (P,, abundance of two-year-olds plus two-thirds of
three-year-olds) as well as the abundance of the year-class at age 2 (P;).
As mentioned above, appropriate mean weights by month for the early
arriving two-year-olds are not available. The AW and W values were
estimated from the length data using the following length-weight rela-

tionships:
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The constants for the length-weight relationships are the means of the
values estimated from the detailed biological samples from the New
Brunswick weir fishery in 1977 and 1978. The complete data set used

in the analysis is shown in Table 1.

The transformation for estimating the constants by linear regres-

sijon is:
In (AW) = Tn a + b (InW) + cP + dT

The correlation coefficients between summer growth (AW) and the inde-
pendent variables (W, P;, P2, T), as well as the multiple regression
statistics, are shown in Table 2. Although not significant at the 5%
level, P, is better correlated (negatively) with summer growth than

is Py (year class size). Temperature is not strongly correlated with
summer growth, but the sign is in the expected direction. The multiple
regression, in which P, is the population density variable, has an R?
of only .269. The results of the analysis indicate that (when all years
are considered) initial weight, population density and temperature do
not explain a large part of the variance in summer growth. No doubt
the change in the growth pattern that was observed in Sinclair et al
(1980), which may be due to a change in the population composition in

the juvenile weir fishery, complicates the analysis.



When a dummy variable is added to the regression analysis to account
for the suggested discontinuous growth pattern in time, there is a con-
siderable increase in the R2? value from 26.9 to 76.8 (Table 2). In this

analysis, the regression equation takes the form,
In (aW) = Tna +b (In W) + cP + dT + eD
where D is the dummy variable.

The dummy array was as follows:

65 66 67 68 69 70 71 72 73 74 75 76 77 78
0 0 1 0 0 0 1 1 1 1 1 1 1 1

Nevertheless, the analysis supports certain aspects of the previous
approach in Sinclair, et al. (1980): suggestion of density debendence
in juvenile growth, the lack of importance of temperature, and the effect

of initial size on growth.

II. Annual Growth Rates at Agde

Reliable data on mean length and mean weights at age are only avail-
able from 1968 to the present for herring caught on the Nova Scotia side
of the Bay of Fundy. Mean lengths and weight for ages 2 to 10 from weirs
and purse seines were weighted by removals at age to provide overall

means (Table 3 and Figure 1). Since July was the month for which the



data is most complete, annual growth rates were calculated from July to
July (see methods section). The estimates of biomass, production, and

growth rate (P/B) are shown in Table 4.

The somatic growth rate declines rapidly with age, close to an
order of magnitude between ages 2 and 6 (Figure 2). Also, the year-to-
year variability in growth rate, in absolute terms, declines in a parallel
fashion. Thus it appears that growth is more sensitive to environmental

and population control during the juvenile phase.

Figure 3 shows a parallel distribution of population growth rate
(P/B) and population biomass. This demonstrates that for non-steady
state populations such as herring, population growth rate is directly
related to population biomass. The greater the stock size, the higher
the growth rate. This is clearly an age composition effect. The popu-
lation biomass is at its largest when strong year classes are recruiting
to the fishery. At such times, the population is dominated by younger
fish with higher growth rates. For example, the growth rate of two-year-
old herring is approximately 10 times that of six-year-olds (Figure 2).
Because of this strong age composition effect on population growth rate,
it is not a surprise that there is a significant relationship with popu-
lation abundance (Figure 4a). The points for 1976-77 and 77-78 were
not included in the calculation of R2 because of the possible error in
the estimation of population numbers obtained from the most recent years

in the cohort analysis.



A plot of recruited population growth rate (5+) versus recruited
population numbers (5+), which minimizes the age composition effect,
also indicates a positive relationship (Figure 4b). To further inves-
tigate the importance of population abundance on growth rate, individual
ages were considered (Figure 5). The analysis suggests that for
intermediate ages, there is a dome-shaped relationship between growth
rate and cohort size. The exceptionally large 1970 year class has a
relatively depressed growth rate at intermediate ages. As this cohort
decreases in abundance, by age 6 to 7, the relationship appears more
asymptotic. Thus, overall, there is an unexpected positive relationship

between somatic growth and population abundance.

III. Maturation

In Sinclair et al. (1980), a sharp decrease in length at 50% maturity
was obserVed in the early 1970's. Also, there was evidence for a positive
relationship between length at recruitment and Tength at 50% maturity.

The relationship between length at recruitment and 'Epopu]atioh” size during
juvenile growth (abundance of juveniles, age 2 plus 2/3 of age 3 cohorts,
during the previous year) is complex (Figure 6). Over a broad range in
population size, there is a decrease in length at recruitment with in-

creasing cohort size suggesting density dependence. It is possible, however, that
changes in the fishery pattern could have a similar effect. If there is a
corresponding decrease in mean length at age 3 with increasing cohort size

over the'same population range, then the age at 50% maturity would be

relatively constant. The resultsof the analysis of maturity by age (Figure 7)
tend to support this, the herring in this stock being completely immature



at age 2 and almost completely mature by age 4. However, since the
maturity ogives are based on two or, at most, three points, little

confidence can be placed on the estimates of age of 50% maturity.

The two most recent year classes, 1974 and 1975, for which the
maturing year classes were exceptionally small, recruited and matured
at a relatively small length. Since the mean length at age 3 was small
for these years, it is again indicated that the age at maturation did
not shift downwards. The relationship between length at 50% maturity
(ignoring the 1969 point) and juvenile population abundance supports
the above arguments (Figure 8). The decrease in length at age 3, length
at recruitment, and length at 50% maturity for the extremely small year
classes is an unexpected result. It suggests that below some critical

population level, the density dependent processes do not function.

IV. Biomass, Production and Catch

The temporal distributions of biomass, somatic production, arid catch
are shown in Figure 9. Production as well as catch are calculated from
July to July. The catch is that taken in the 4WXa fishery plus 30% of the
New Brunswick weir catch (to be consistent with the cohort analysis num-
bers at age estimates, which are used in calculation of production).

The catch includes age 2+ fish from August to December and age 3+ from
January to July. Two estimates of 3+ population biomass are indicated, that
on January 1 and the remaining biomass of the same year classes on Decem-
ber 31. Thus, for the production and catch year 1968-69, the biomass

estimates are for January 1, 1969 and December 31, 1969. The difference
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between the January and December biomass estimates is due to the decrease
in biomass from mortality (both fishing and natural) less the increase in
biomass from production. The increase in biomass shown between December 31
of one year and January 1 of the next is the result of recruitment at

age 3. Thus, it can be seen that at age 3, the 1970 year-class added

280,000 t to the population biomass.

Catch has exceeded production during two periods, from 1969-70 to
1971-72 and from 1977-78 to the present. In the former period, stock bio-
mass was reduced sharply through a period of average recruitment. During
this time period, the difference between January 1 and December 31 biomass
was close to 150,000 t. The appearance of the strong 1970 year-class in-
creased biomass and production, but not as high as the 1970 level. During
this interval, production was greater than catch until 1976-77. Very poor
recruitment in the two following years caused production to fall to
50,000 t, while the catch remained at 100,000 t. Biomass on January 1,
1978 was estimated to be 244,000 t and given that the 1978 catch was twice
that of the estimated production, the December 31, 1978 biomass was likely
to be in the region of 125,000 t, a critically and historically low level.
However, current indications are that the 1976 year-class is large, and

thus stock biomass will be on another upward swing.

It is possible that the relationship between production and catch for
herring may be a useful criteria for management purposes. For example,
when the F0 1 catch exceeds production, this guideline could be replaced

by a "surplus production” guideline.
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SUMMARY OF RESULTS AND DISCUSSION
The following points summarize the results:

1.  Juvenile summer growth (age 2) does not appear to be affected sig-
nificantly by temperature but there is some evidence for density

dependence in growth.

2. Length at maturity and at recruitment to the adult schools appears
to be inversely related to the population density experienced dﬁr-
ing juvenile growth. However, at very low juvenile population size,
growth appears to be inhibited. Maturity at age appears to be

fixed within narrow limits.

3. Somatic growth rate and its year-to-year variability decreases by
close to an order of magnitude with the onset of maturation. Be-
cause of this decrease with age and the radical shifts in age com-

position with time, population growth rate fluctuates markedly.

4. Since high population abundance parallels downwards shifts in age
composition, there is a clear and expected positive relationship

between population growth rate and population abundance.

5. There is a dome-shaped relationship between age specific somatic
growth rate and cohort size at intermediate ages. This suggests that
over a broad range in population size, adult growth rate is not
density dependent. In contrast, it suggests that within Timits,

increasing population size enhances growth rate.
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The growth and maturity results are of fundamental interest. There
are contradictions in the literature concerning the existence of density
dependent growth and maturation in both juvenile and adult herring.

Iles (1967), Anthony (1971), Lett and Kohler (1976) and Hubold (1978)
have shown evidence for density dependence in juvenile growth. Moores
and Winters (1978) do not observe density dependent 1] length for Gulf
of St. Lawrence herring using the same data as Lett and Kohler (1976)
and suggest that the latter study used faulty criteria in the inter-
pretation of the raw data. Again, Lett and Kohler (1976) and Wintefs
(1976) arrive at opposite conclusions concerning density dependent growth
of adult herring in the southern Gulf of St. Lawrence. Lett and Kohler
(1976) find no evidence, whereas Winters (1976) concludes there is den-
sity dependence. Lett (1978) argues correctly that Winters' (1976) con-
clusions are invalid since they are based on mean lengths and weights

at age in relation to population biomass and not on growth rate. Iles
(1971) shows some evidence for adult density dependent growth for North
Sea herring but all the other studies on North Sea adult herring growth
(Wood, 1965; Cushing and Burd, 1957; Hubold, 1978; Burd, 1978;
Saville, 1978) do not directly address the problem of growth rate-at-age
in relation to cohort size. Grosslein et al. (1978) concludes that
there is no evidence for density dependent growth by Georges Bank adult
herring. If anything, there appeared to be increased growth associated

with larger year classes (Dornheim, 1976).

There is less information concerning shifts in maturation at length

or at age for Atlantic herring. Winters (1976) indicates a downwards
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shift in the age at 50% maturity for both spring and autumn spawners as
the adult population biomass decreased (3.8 to 3.5 for spring and 5.9
to 5.2 for autumn). Hubold (1978) shows some evidence for similar
shifts in maturity at age for North Sea herring. Parrish and Saville
(1965) report the decrease in age of maturity for North Sea herring in
the early 1950's. Lett (1978) found no evidence for shift in either
length at maturity or age at maturity for mackerel in the Gulf of St.
Lawrence and goes as far as to suggest that "the ability to shift their
maturity ogive in relation to length is a basic difference between

pelagic and demersal fish".

In summary, there appears to be some coherence in the observations
on juvenile density dependent growth (with the exception of Moores and
Winters, 1978) but contradictions in the literature on adult growth.
This is partly due to the looseness in growth terminology. Changes in
length or weight at age are frequently used in arguments concerning

growth in relation to population density.

The results of this study tend to confirm the conclusions concerning
juvenile growth but differ in the other two aspects (adult growth and
maturation). Length at recruitment to the adult population and length
at 50% maturity fluctuate in a density dependent fashion in response to
the juvenile population size that was experienced. This results, however,
in a relatively fixed maturity at age schedule in contrast to conclusions
of Winters (1976) and Hubold (1978), but in partial agreement with Lett's

hypothesis.
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The unexpected result was the evidence for positive relationship
between somatic growth rate of adults and cohort density, as was found
by Dornheim (1976) for Georges Bank herring. For a schooling fish in
a patchy environment, th{s may be interpreted in energetic terms. If
the overall abundance of food for adult herring is non-Timiting, but
distributed in patches, and herring school size increases with cohort
abundance, then it is possible that at increasing population density,
the overall food abundance is more efficiently located (more patches of
food per day are found when the schools are larger) (Mackay 1976). This
interpretation of the observations assumes that there are behavioral
mechanisms involved in schooling so that the information concerning
the location of a food patch is passed between individuals and that the
patch sizes are large enough so that the increased location of patches
per day, for example, is not negated by the decrease in individual food
consumption per day due to the increase in fish per school. Clearly,
the interpretation is speculative but it is attractive in that it pro-

vides an energetic explanation for the evolutionary advantage of schooling.

The rapid decline in somatic growth rate of herring with age causes
population production to decrease sharply when several recruiting year
classes in a row are weak. This characteristic of herring populations
may have serious implications on the use of the dynamic-pool models for
this species. These models assume steady state conditions with resultant
stable age composition. Following this assumption, annual population
production is equal to the sum of the annual productions of a single
cohort over its entire 1life. Annual MSY can then be estimated by analyzing
the maximum yield that can be taken from a single cohort's production as it

passes through the fishery.



15

When the stable age composition assumption is seriously in error
(biased towards older ages), coupled with rapid decrease in somatic
growth rate in the case of herring, the annual production of the popu-
Tation is no longer equal to the production of a single cohort through-

out its life. 1In fact, it is much lower. Thus the F and even the

MSY
more conservative'FO 1 generated TAC's may be inappropriate. This
appears to be what we are seeing in Figure 9. The catches generated
from F0 1 TAC's can exceed population production when the age composi-

tion is biased towards older fish.
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Table 1. Weight, population abundance and temperature data used in the growth analysis

O el iy stmie ) ety Temsin (10
1965 10.67 16.75 4.53 5.31 49.6
1966 15.99 12.69 2.76 4.43 50.6
1967 17.66 18.99 2.21 3.15 47.7
1968 9.11 15.97 4.7 5.51 54.0
1969 17.26 13.76 1.04 2.03 56.0
1970 14.98 14 .17 1.46 1.79 58.1
1971 18.36 19.55 1.24 1.63 59.3
1972 16.79 31.32 5.50 5.91 54.9
1973 18.15 18.36 0.96 3.46 55.3
1974 25.88 18.40 1.83 2.25 54.8
1975 24.32 18.86 1.61 2.20 52.3
1976 19.25 23.55 0.22 0.85 64.0
1977 26 .65 14.55 0.56 0.62 53.9
1978 27.33 16.17 5.1 5.27 56.2

0¢
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Table 2. Correlation coefficients and multiple regression coefficients
from the growth analysis

Correlations
‘s . Abundance Abundance
In1€}2L)We1ght Estimate 1 Estimate 2 Tem?$§ature
(P1) (P>)
Weight
Increment 0.09 -0.39 -0.49 0.20
(TnAw)
Multiple Regression
dependent variable - TnaAw
independent variable - Tnw, P, T
. . . Standard < s
Variable Coefficient Error T-value Variation
Tnw 0.272 0.404 0.67 2.6
Py -0.100 0.056 -1.77 23.5
T -0.00843 0.253 0.33 0.8
Intercept = 2.882
R2(%) = 26.9
dependent variable - Tnaw
independent variable - 1nw, P, T, dummy
Tnw -0.781 0.339 -2.30 21.2
P, -0.013 0.039 -0.35 1.4
T 0.007 0.016 0.48 0.6
Dummy 0.675 0.154 4.39 53.6

Intercept = 4,32
R2(%)

76.8
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Table 3. Estimated mean we{ghts and lengths

at age in July for the 4XW stock

WETGHT (CH) 21/11/7¢

1368 1969 19870 1971 1972 1873 1e7% 1975 1976 1877 1978
2.7 37.2 . 31.7 85.1 wu.3 28,8 n7,7 20.%2 32.7 &85.2 292.3
33.0 105.5 119.2 112,58 137.% 105.7 110,2 eu,.3-11h,1 13172,8 112.1
3,0 152.3 168.,7 19¢.1 192.2 142,23 175.h 175.0 148¢,1 174,22 139,72
18%.5 207.2 210.6 235.1.22%,.8 2Z4.8 2735.6 215.8 233.8k 2123.7 222.5
264 .4 241.8 255.3 2533.8 252,.,0 251.,5 Z9%.9 23¢.5°283.4 274,22 2384
273,7 282,80 282.2 282.7 2%81.5 275.1 277.2 287.5 277.2 293.0 302.1
29%.0 305.8 2332.0 323.8 321.7 331.2 322.1 333.2 317.3 325.3 330.2
337.8 332.7 352.6 3A72.0 345,50 353.9 342.Mh 357.% 382.4 328.1 331.0
L03.5 3290.4 389.3 3237.7 330.4% 338.9 3E2.0 373,06 40%,2 uw1:£,.7 397.1

LEJGHT (€M) 21/31/79

15.7 17.6 15.5 22.% 12.4 15,3 1¢,0 1%.%8 15,9 19,9 15.5
22.2 28,2 25,2 25.7 25.3 2%.2 24.5 23.7 24.8% 24,2 23.8
25.9 27.7 28,1 29.5 2¢.2 27.0n 23.4 23.3 23,0 27,5 27.¢9
23.2% 25,9 30.0% 30.9% 30.7 30,7 2%.9 32,3 31,2 2S.4 30,0
31.5 31.3 32.0 32.2 32.2 31.8 31.3 21.3 31.7 31.9 31,2
32.7 32.3 3.3 33.2 323.3 32,3 30.9 32.8 32.7 32,.5_,32,.7
33.5 33.7 34,7 34.5 34%.2 34,5 34,3 24,7 34,2 22.2 33.7
34.3 34,7 35,8 25.6 25.0 25,5 35.0 35.5 35.2-33.5 3h.5
39.8 35.9 35.4 35.2 33,1 34.3 35.2 35.1 35,8 358.5 35.5
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Table 4. Biomass, production and growth rate estimates

for the 4WX stock

PROBUCTION (T) : 21 /11/7%

@ s an m am wm s m m W AR T W M @S e W M Y EE MR AR M T WS S W R G @S WS e e M em G GO W T R Re B WA e G e e e MR MR e e W P B R G e e wn e s . v e e

LS I

3 | 102312 38322 3534510 31072 229532 51516 11372 29099 3923 11374
4 | sn003n w33y 25082 14333 4785 173455 292972 10733 35740 211§
5 | r2932 24831 19547 4283 - 3510 14255 Se133 15216 14521 1821n
§ | 29879 22052 12339 50923 1810 289 . 5354 288258 537¢ 7532
7 | 18355 15378 S129 3230 1020 813 g1¢ 2680 21553 2124
3 | 3302 gg12 £397 3557 2175 1345 1633 '930 2275 10213
5 | 1059 45185 3300 1139 2111 324 74%3 5¢0 109 973
o 571 1573 755 1046 2152 221 893 Al 216 u17
27) 258528 152711 181752 54723 207232 242333 1232156 179083 37737 50923
BICH4SS (1) ’ s ' 21/11/779
i 1239 1870 1971 1972 1573 1974 1975 1975 1977 1978
 r wn e e e . - - . - - -~ = e e e et ke o e = = o . o " e e ee -, e - T e o - - = -
3 | 102807 32950 50774 67497 280507 43935 53341 54413 §0G1 21593
4 | $n322 897252 51951 50312 61173 349774 62527 72392 85527 5118
S | 12sew7 94311 5347% 35715 22653 43827 287501 556463 §2317 #0259
5 | 111705 103181 55152 38585 15952 13355 24236 198283 2943% 39378
7 { 75592 86755 5%859% 33724 18125 8350 enug. 20482 1345237 21933
3} 230n7 55339 50954 37531 17084 oun7 5655 5413 1u251 82875
9 | 13223 24245 38173 29915 1¢10n 8737 7073 4231 aen7 a0
13 | #3Ens 10257 0 1m977 21100 17391 go2a 4555 525¢@ 253n 2139
T97] 555390 509u28 395345 314531 452572 483393 474337 827935 288393 214295
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Figure 1. Trends in July mean length at age for the 4XW herring stock.
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