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Abstract

A stochastic model has been developed to study the
effects of temperature perturbations, and predation and com-
petition from mackerel (Scomber scombrus) on the recruitment
process for Gulf of St. Lawrence Atlantic herring (Clupea
harengus). Multivariate statistics were used to determine the
structural eguation for portions of the life history of herring.
It was determined that temperature and the abundance of age
group 0 mackerel effected the growth rate of herring, but that
neither the total herring biomass or total pelagic biomass had
any measurable effect on growth rate of herring. The growth
rate of herring, coupled with adult stock size and environmental
effects mediated through temperature,where the prime deter-
minants of the abundance of larvae <10 mm. Density dependent
growth was found in the %, stage, but is argued as being
anomolous in relation to age group 0 herring maximizing their
production to simultanecusly stabilize both &, and year-class
size. Predation, tempered by the available fdod density is
discussed as a major population stabilizing mechanism and a
fine tuning mechanism for year-class formation. The ramifi-
cations of variation in recruitment are discussed in relation to
the Beverton and Holt dynamic pool model and the Shaeffer
logistic model. In addition, the Ricker recruitment curve is
confirmed as being a viable fisheries management tool.

Introduction

For many years fisheries biologists have studied
different portions of the life history of fish in order to deter-
mine which is the most responsible for explaining changes in
abundance. Ricker's (1954) paper on stock and recruitment
was a turning point in the understanding of the prcoblem. He
indicated a promising avenue of attack in addition to elucidating
the mechanism for modelling the recruitment process. The
uniqueness of the approach taken by Ricker is illustrated by
the fact that his paper is more important today for its creative
and scientific content than for its histerical interest. He
suggested that recruitment was a continuum, initiated by the
adult stocks fecundity then mediated through interspecific
competition and subsequent cannibalism by the parent stock.
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Most other theoretical contributions to the inter-
relationship between spawning stock and recruitment do net incor-
porate the effect of environmental variables {Beverton and Holt
1957; Beverton 1962; Cushing and Harris 1973). Notable exceptions
are the works of Postuma (1971) and Postuma and Zijlstra (1974).
They demonstrated some clear relationships between temperature,
herring (Clupea harengus L.) larval abundance, and year-class
size. Blaxter (1956) and Alderdice and Valsen's (1971) research
supports the view of Postuma and Zijlstra by showing that egg
survival is related to the environmental effects of temperature
and salinity. The accumulation of egg layers on the ocean
floor, producing local oxygen minimums and the concentration of
predators, (Galkina 1971} have also been hypothesized as extrinsic
population control mechanisms. However, it has been suggested
by Runnstrgm (1942) and Parrish et al. (1959} that only rarely
would egg sheets be detrimentally thick for Atlantic herring.

The distribution of fish larvae in the sea has been
investigated for some time {Sette 1943; Ahlstrom 1954; Cushing
and Harris 1973; Harding and Talbot 1973; Smith 1973) and is
an avenue which shows promise toward elucidating some factors
effecting recruitment. Cushing (1975a), Jones (1973), Jones
and Hall (1974) and Ware (1975b) have presented particularly
interesting models which couple year-class size with larval food
density. Of these paradigms, Ware's is the most useful since
it demonstrates how growth dependent mortality of eygs and larvae
can fit within global ecological principles (Sheldon et al. 1973;
Kerr 1974). In addition, his hypothesis incorporates environ-
mental effects mediated through temperature. Lasker's (1975}
model is also provocative, relating the initiation of larval
feeding to chlorophyll concentrations and large scale hydro-
graphic changes.

The study of the recruitment process requires a well
delineated parent stock. For this purpose we have chosen a
herring population made up of both spring and fall spawners
(bay 1957), which resides mainly in the southern Gulf of St.

Lawrence and off southwest Newfoundland (Fig. 1). The migration
patterns of this stock have been investigated by tagging studies
(Winters MS 1975). .

This population supports a winter fishery along south-
west Newfoundland, which migrates across to the Magdalen Shallows
some time in May, where the spring component spawns. At this
time the stock breaks up with a portion entering the southern
Gulf of St. Lawrence and another migrating to the American Bank
area which is a major feeding ground for herring (Iles and Tibbo
1970). Historically, this area supported one of the major herring
purse seine fisheries, however the emphasis is now on the herring
as they migrate over the Laurentian Channel. By July, this
northern stock component is dispersed around the Gaspé-Chaleur
Pay area where an extensive spawning occurs in late summer and
early autumn. In October-November the stock emigrates from the
southern Gulf of St. Lawrence back to southwest Newfoundland.
During the summer months this herring stock interacts with a
mackerel (Scomber scombrus) stock that migrates into the Gulf
of St. Lawrence from the Scotian Shelf and Gulf of Maine area
(Moores et al. 1975).

It is the purpose of this paper to present a stochastic
model which amalgamates the recruitment process with the general
dynamic pool fisheries models of Parrish and Jones (1953),
Beverton and Holt (1957), and Ricker (1958) to elucidate the
long-term effects of fishing as well as investigate the concept
of equilibrium yield. The simulation can be termed multispecies,
since it includes the effects of both herring and mackerel
on the recruitment process for herring. 1In addition, temperature
is incorporated since it is considered to be the key environmental
factor affecting recruitment.

E3



-3
Methods

In 1965 an investigation of the distribution and
abundance of fish eggs and larvae in the southern Gulf of
St. Lawrence was initiated and subsequently continued until
1975. However, it was only in 1967 that the cruises were
designed to concentrate on herring larvae in addition to other
larval species. For the present analysis, only the samples from
three types of nets were considered, standard conical and meter
nets, Miller samplers and 6l-cm bongo nets (Kohler et al. 1974).
The conical nets were 3.2 m long and were constructed of No. 471
Mitrex nylon. The Miller samplers were constructed from plans
made available by NOAA, Woods Hole, Mass. This gear type, with
a mouth diameter of 10.8 ¢m, was smaller than the meter nets and
bongos.

volumes of water strained by the standard conical meter
nets were measured with TSK flow-meters ({Tsurumi-Seiki Kosakusho
Co. Ltd., Yokohama, Japan). The meter nets were stacked on a
towing wire at the surface and 15 m depths. The Miller samplers

towed in a similar manner were positioned at 5-m intervals from
surface to 40 m, while the bongos were towed in pairs at 10-m
depth intervals. The towing speed was 2 1/2 knots for 30 min.
All depths were not towed simultaneously resulting in the station
position being confounded with depth. The ships used for these
eruises were the M.V. Harengue, C.G.S. E. E. Prince and A. T.
Cameron. {Cruise dates used for this analysis appear in Appendix
I).

The nets were thoroughly washed down with salt water
when brought aboard after towing. Samples were routinely stored
in 0.95-2% glass bottles in 10% formalin. Larval fish were
separated and identified by species. Large samples were sub~
sampled using a 'Falsom plankton splitter'. The samples or
subsamples were spread in large flat trays with a black background
and examined under reflected light by a microscope or magnifying
glass. The herring larvae were subsequently separated indivi-
dually and counted. A more detailed description of length
frequencies, distribution patterns and drift speeds is given
by Messieh and Kohler (1972).

Before an analysis was possible, some amalgamation of
the large amounts of data collected between 1967 and 1972 was
necessary. The strong autocorrelation between successive tows
within a cruise, due to the aggregation of larvae, suggested the
best method to observe unbiased patterns within the data was to
treat the entire cruise as one experimental unit. The analysis
of the data could then be treated as a multiple split plot design
(Cochran and Cox 1968) with cruises being the main plot. The
first split within cruises was a breakdown of gear types, all
adjusted to a constant amount of water strained (100,000 m3):
Those with a different mesh size than No. 471 Nitrex in the
codend were not used in the analysis. Calculated flows on the
meter nets did not differ from the observed flows taken by the
TSK flow-meters by more than 5%. This level of accuracy was
assumed to apply to the calculated flows for other nets.

Preliminary analysis of the gear types showed that
adjusted herring larvae catch/100,000 m3 for Miller samplers,
Bongos and l-m nets were not significantly different. Catches
in the other gear types were an order of magnitude lower than
these, and were not comparable. In addition, the length fre-
quencies of larvae caught in these gear types were not signifi-
cantly different, whereas the neuston and Issacs-Kidd trawl tend
to catch much larger larvae,

The next split within gear was depth. Depth was not

found to be significant in determining larval availability. The
uniformity of larval catches over depth possibly has no bicleogical
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significance and may be a result of the confounding of depth
and position.

Response surface techniques (Cochran and Cox 1968) were
used to determine the relationship among the dependent and
independent variables. The fitting procedure employed either

a linear polynomial

2 2

Y=25D0 + b.,x 22x2 + bllex2

0%o 1%1 + b2x2 + bllx1 + b

or the corresponding intrinsically linear model. The whole model
was fitted using stepwise regression (Draper and Smith 1966)

and the equation was accepted based on the minimization of the
error mean sguare.

The biological basis of the model

Factors regulating the growth rate

The instantaneocus growth rate of herring age groups
2-10 was defined as, G = g%—, and calculated from length at

age data of Messieh (MS 1973) and Winters (MS 1975). Samples
of these two studies were collected at different times and
localities, but as they were from the same stock, the growth
rates were considered comparable, since the times between
sampling remained consistent.

Age-groups, Ya, rather than ages were used as the

stock contained both spring and fall spawners. Thus, a fish

was placed in age—group 0 in the year of its birth, regardleas

of whether it was spawned in the spring or autumn, and both types
enter the next age group at the same time the following year.

To maintain some consistency of age-~group designation throughout
the fishery year, a cohort was considered to enter an age-group
at the start of the fishery year in April (Winters and Hodder
1975},

To elucidate the factors regulating the growth rate,
the data was analysed using stepwise multiple regression. The
following intrinsically linear model adequately described the
growth of herring:

(1) loge Ga = - 4,701 loge Ya - 0.161 logeMy + 0.827 loge Ya x

loge Tm + 6.028

where the independent variable My is the year-~class size of age

group 0 mackerel x 1078, It is assumed that the entire Atlantic

mackerel stock migrates into the Gulf of St. Lawrence during

the summer months since there are no absolute estimates to

indicate otherwise. However, this assumption is not critical

since all variables in the egquations associated with mackerel
would be scale accordingly. T, is the annual, mean, monthly
maximum temperature at Grande Riviere in degrees celsius. Grand
Riviere is on the western shore of the southern Gulf of St.
Lawrence, and the temperatures at this location are well correlated
with the cruise temperatures (Lett et al. 1975a).
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Variable Coeff. 5. E.

loge Ya -4,701 1.110
loge My -0.161 0.056
loge Y. % loge Ty ~0.827 0.427

The coefficient of multiple determination (Rz) is 0.89 while

the F value for regression is 231.0l (Fé 87/2.70). {See
r

Appendix IIa for the correlation matrix).

Cohort analysis (Pope 1972) was used to determine the
numbers at age one and older from catch at age data {Anderson .
1975). The abundance of age group 0 mackerel was calculated by
projecting back the numbers at age group 1, using a natural
mortality rate of 0.3 (ICNAF Summ. Doc. 1975). The year-class
sizes prior to 1968 were calculated by projecting the 1968
population structure back, assuming the same natural mortality
rate. The fishing mortality was held at zero, as there was
virtually no fishery for mackerel during the period between the
epizootic disease in the mid 50's and 1966. 'Therefore, a
projection back to 1959 was assumed to give a reasonable account
of the changes in recruitment.

It has been hypothesized that there is a difference
in the growth rate of spring and fall spawners (Day 1957). Since
this variable dcoes not take on values over a continuous range,
a dummy variable (Draper and Smith 1966) was added to the
analysis. The variable was not found to be significant, and
we concluded that there were no differences in the growth rates,.

Furthermore, preliminary analysis indicated that the
growth rate of herring was unrelated to its biomass. This
analysis included data from 1959 to 1972, a time interval in
which the stock transformed from its lowest recorded biomass
to its highest during the 60's, and subsequently during the 70's
declined to levels of about 1/4 the maximum. The failure of
1+ herring to show density-dependent growth is common to most
stocks that have been studied (Burd 1962; Cushing 1975). This
appears ecologically sound (Kerr 1974; Sheldon et al. 1973), as
herring feed on small particles with a high turnover rate, and
a severe depletion of a standing stock of zooplankton through
excessive grazing seems implausible. In fact, Brett (1971) shows
the young pelagic feeding salmon will terminate their foraging
as soon as it becomes an energetic digadvantage.

Growth rate alsoc declines rapidly in response to an
increase in the size of the 0-group mackerel year-class (Fig. 2),
the decline at low abundance levels being much more rapid than
at higher abundance levels. This rapid response may be
explained by the high growth rate of juvenile mackerel
(12.5%/day in wit, Royce 1972} which feed on the same standing
stock of plankton as the 1+ herring. However, when the mackerel
return to the Gulf of St. Lawrence {(Moores et al. 1975) in
their second year of life, they have moved onto larger food
particles and compete with the herring very little (D.M. Ware,
personal communication). The failure of the overall mackerel
biomass to significantly explain changes in the herring growth
supports this observaticn.

Temperature was found to interact significantly with
the age variable which is an index of herring size, at least
in the younger fish. This interaction was positive, suggesting

lSignificant at P<0.05
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that temperature increased the instantaneous growth rate of
larger herring more than the smaller ones, possibly because

the basal cost per unit weight of the larger fish is less
(Beamish 1964). The interaction was also weak, which is demon-
strated by the low ratic of the coefficient to standard error,
presumably because fish will select temperatures which are
optimal for growth (Brett 1971).

The rapid decline in herring growth rate with age
(Fig. 2) is reflected in the early attainment of asymptotic
length. An exponential decline in the instantaneocus change in
length is coupled with an acceleration and subsequent deceleration
in the instantaneous growth rate with weight, the inflection
point being near the onset of maturation. Since growth and
mortality are not independent {(Cushing 1975b; Ware 1975b) it
might be argued that the rate of formation of high energy
gonadal products, especially after the achievement of
asymptotic growth, is a balancing force which responds to .
the mortality rate. If the preceding arguement is true, the
larval production of herring should be reflected by their growth
rate.

Factors regulating larval production

There are numercus examples of a positive correlation
between "spawning potential™ and the abundance of herring

larvae (Cushing and Bridges 1966; Burd and Purnell 1973;
Postuma and Zijlstra 1974; Saville et al. 1974). Spawning
potential usually is an index or a calculation of the adult
stock biomass. Nevertheless, these correlations are not that
good, and usually never explain more than 60% of the variation
in larval abundance (Postuma and Zijlstra 1974).

An additional portion of the variation may be explained
by adding a variable related to the total annual energy intake
of the adult stock. Normally, the growth rate reflects food
availability (Parrish 1975) and therefore can be used as an
index of the amount of energy partitioned into gonadal products.
Recently, Lett et al. {1975%a) found that the abundance of
pelagic cod eggs was related to the growth rate and temperature.
This result is expected since Scott (1962) and Tyler and Dunn
(1976), in laboratory experiments, have clearly shown that
realised fecundity depends on the number of maturing follicles
undergoing atresia, and the degree of atresia is related to the
ration size. Nikolsky {1969) and Bagenal {(1966) have hypothe-
sized that ration size, by modifying fecundity, is indeed a
population control for teleosts.

There is no published evidence that ration or growth
are correlated with the fecundity of herring, yet the evidence
from other species clearly suggests that egg production is
related to the production of the adult stock, defined as N Aw.
To test this hypothesis, the production of the adult stock was
calculated for both the spring and fall spawning populations
using the equation:

(2) P=£ N, x E, X G,

where N, is the numbers at age a, calculated by cohort analysis

(Winters and Hodder 1975). Only the age groups 2 to 8

were used, since there were very few animals older than 8 making
an estimation of these numbers unreliable. Gz is the instan-
taneocus growth rate calculated from egquation (1)}. The instan-
taneous growth rate was used since Ea' the maturity, is merely
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an index of the average length of herring in a cohort. The
maturity ogives for spring and fall spawners are fixed,
intrinsically linear functions of length (Messieh 1976).

Postuma (1971) and Postuma and Z2ijlstra (1974) have
indicated an additional proportion of the variation in larval
abundance may be explained by changes in temperature. For
this reason, both temperature and the production of the adult
stock were considered to be variables of importance and were
included in the following equation:

(3) L= -5.700 P + 1.804 T_x P ~ 0.097 T2 x P - 0.656
R P P
Variable Coeff. S. E.
P -5.700 1.934
T, x P 1.804 0.394
sz x P 0.097 0.019

The coefficient of multiple determination (R2) is 0.98 while

2

the F for regression is 126.8 (F'3 6/8.94). (The correlation
r

matrix is in Appendix IIB).
The temperature variable 'I'p is the temperature at

Grande Riviere during the mid point of the larval cruise. For

the spring spawners this was sometime in May and for fall spawners
August, except in 1967 when there were no larvae <10 mm until
October. The August and September temperatures in this year

were excessively high and may have delayed spawning. Both the
spring and fall spawned larvae, L /100,000 m?, are considered

as separate data points and the vglidity of the treatment of the
data seems to be justified by the goodness of fit of the
relationship.

The abundance of spring spawned larvae is positively
correlated with temperature while the abundance of fall gspawned
larvae is negatively correlated, a fact which is documented for
the North Sea stocks by Postuma (1971). As Postuma and Zijlstra
(1974) have more recently pointed out, the relationship of
temperature to egg and larval survival is probably gquadratic
with an optimum. Blaxter (1956) has demonstrated that there
is an optimum temperature for herring egg survival; however,
the biological basis of the quadratic effect of temperature in
equation (3) is not clear,since the effect could be mediated
through the eggs or the larvae, or the larval food supply., or
any combination.

The relationship between the annual abundance of larvae
<10 mm and herring production, with temperature effects removed
is displayed in Fig. 3. Messieh (1976) has shown that the
fecundity of fall spawners is greater than spring spawners.
Apparently, spring-spawned eggs are about twice the size of
the more numerous fall-spawned eggs, and this fact may contribute

2Significant at P<0.05
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to the greater abundance of fall larvae. However, ocur hypothesis
would relate the high densities of fall larvae to a greater
biomass of the fall stock (Winters and Hodder 1975) if growth
rates were the same for both spring and fall spawning fish. As

a compensation for their lower fecundity, spring spawners mature
at a smaller size and it is quite possible that if the stock
sizes for both fall and spring spawners were equal, then so

would be their respective contributions to overall egg production.
The earlier maturation of the spring spawners,then,is possibly

an adaptive control mechanism to compensate for the larger

eggs they must produce to deal with more adverse environmental
conditions (Hempel 1965; Ware 1975b).

Factors effecting year-class formation

According to Burd's (1962) hypothesis, the length of
herring at the end of the first year of life (21) results in

marked length differences later in life., It could be argued
that if 1+ herring growth is not density dependent, the stock
has no capacity to adjust its biomass on a short-term basis
(Lett and Doubleday 1976). Therefore, the only natural
means for regulating a stock on a long-term basis is through
fecundity, with the time of maturation being related to the

L. size.

1

Density-dependent growth for 0O-group clupeids
has been well established for herring and Pacific sardines
(Sardinaps caerulea) by Iles (1967, 1973). Using 4,'s back
calculated from herring scales by Messieh (MS 1973),we have also
established a density dependent growth relationship with year-
class size for Gulf of St. Lawrence herring (Fig. 4). The
following equation represents the relationship:

] = 4.252 x 10‘9yR - 2.768 x 10lp + 168.71 R® = 0.73
F o= 19.16°

(4) 2

where %y is the length in mm, ¥_ is the size of the year-class

R
at age 2 and D is a dummy variable (Draper and Smith 1966)
representing the difference between spring and fall spawners.

Both spring and fall spawning herring are combined to represent
the year-class size since they are assumed to compete during

the overwintering peried and spring in their firast year of life.
Although juvenile herring have been found in a number of localities
in the Gulf, it is assumed that the major portion of the 0-group
fish school in the mouth of the St. Lawrence River.

The size of the presnet year-class is reflected in
the density-dependent ll growth, and since maturity is a fixed

function of length, future year-class sizes are related to

the present onz. For example, the age of 50% maturity has
varied by as much as 2 yr for this stock in response to
variations in L. It would follow that depending on the length

at age, there can be a dramatic difference in the gonadal pro-
duction of equally sized cohorts, Thus individual fish in a

less abundant cohort mature aconer and may produce more gonad

in their lifetime than fish in a more abundant cohort. In

this way, the overall egg production of two unequally sized

stocks can remain relatively equivalent, thus rendering the long-
term biomass of the stock equal. However, this inherent stability
is shaken by the variable effects of temperaturxe and the size

35ignificant at P<0.05
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of the age group 0 mackerel year-class on herring growth (see
equation 1). Information on the size of the present spawning
population, stored by their progeny, will be partially destroyed
by temperature and competitive perturbations before it is
released into subsequent generations. The offsetting of the
optimal maturity schedule, by a random environment, indicates
herring must have a more precise homeostatic control mechanism
than has been suggested so far.

As illustrated for the Pacific sardine {(Lett and
Doubleday 1976) and for Gulf of St. Lawrence herring (Fig. 4),
there is a central tendency of year-class size and & length.
This tendency of cohorts towards a constant £1 is implied by

Ware (1975b} in relation to the dependence of mortality on
the growth rate of juvenile fish. We also wish to suggest that
it is only under unusual conditions that 21 will vary enough

to make density-dependent growth cbservable. A good example of
an atypical condition would be the ensuing catastrophic popu-
lation changes that developed in the wake of the epizootiec
disease in the Gulf of St. Lawrence. At this time, the herring
and mackerel stocks were severely depleted (Sinderman 1958),
reducing the predatory pressure on herring larvae.

The scenario for this central tendency towards maximi-
zation of production is as follows {Fig. 4). Pelagic fish
seem to have an optimal swimming speed associated with the
food concentration of their prey organisms which serves to
maximize their growth rate (Weihs 1973; Ware 1975a). If a
fish population is simultanecusly trying to maximize survival
and growth rates, then production,

P = NAW

will also be maximized such that
(5) dP = dN * AW + N - d(aW) = 0
and by rearrangement of the terms results in

o - e

which simply means that the mortality rate is equal to the
instantaneous acceleration of growth. Using a simulation, Lett
(unpublished data) has investigated the implication of this
equation as a predatory process. Growth accelerates as larvae
begin cropping down the standing crop of phytoplankton that are
in ¢lose enough proximity such that predation is not at an
energetic disadvantage. However, as food becomes scarce,
starvation begins and growth decelerates since larvae are not
efficient enough swimmers to move onto a new foraging location
when the local standing crop becomes depleted. Predation by 1+
herring and mackerel (unpublished stomach content data, B.S.
Muir, perscnal communication) is assumed to result in the
selection of the weaker larvae which are unable to avoid them.
This allows the surviving larvae's food supply to build up

once more. The acceleration of growth is coupled to the
predatory rate, i.e., mortality rate, since the degree of over-
cropping is determined by the accelerated growth phase, and
will subsequently regulate the rate of starvation. The higher
the predatory rate, the faster that the starving larvae are removed
from the system. However, accelerated growth of the remaining
larvae cannot resume until the food supply has had time to build
up once more. Assuming that predators are only efficient at
capturing weakened larvae, the time to the next sequence of
starvation is unrelated to the predatory rate in the present
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starvation sequence. Therefore, the only noticeable difference
in larval abundance that should be mediated through predation,
occurs when the predatory rate on larvae is low enough to
prevent the buildup of the local phytoplankton populations.
Since even poorly conditioned larvae will capture food, and
phytoplankton increases exponentially, only a very nominal
level of larval predation can keep the phytoplankton in a
depleted state. It is interesting to note that after a given
number of days of starvation herring larvae will lose their
ability to eat (Hempel 1965), and from a competitive point of
view may be considered as dead. This provides a posgible adaptive
mechanism allowing the remaining larvae to grow. Although
these surviving larvae will ultimately be smaller at metamor-
phosis, the mumbers surviving should be greater. 1In summary,
year-class size and the weight at the end of the first year of
life respond exponentially to predation. This exponential
response may only be a mathematical interpretation of a much
more discrete event. Furthermore, all other factors being
constant, the main forcing function is food density. An obser-
vation of these events on a larger scale would alsc be masked
by the heterogeneities of plankton patchiness.

If the former argument is true, year-class size should
be related to the number of larvae and the total pelagic hiomass,

BTP x 1078, (Winters Ms 1975) made up of 1+ herring and mackerel.

Although there are other pelagic species, herring and mackerel
by far make up most of this biomass.

This hypothesis was tested using multiple regression
analysis. The following equation, forced through the origin,
was used to test the relationship:

(6) log, Yy = 2.679 log Ly - 5.000 x 1075 [log r 1% x B

- 0.165 [logeLR]2

Variable Coeff. S.E.
-1
loge LR 2.679 4,350 x 10

[log, Lpl? x By, 5.000 x 107>  1.543 x 10~3

[log, Lg]? -1.652 x 101 7.400 x 1072

The coefficient of multiple determination (Rz) is

4

0.88 while F for regression is 26.25" (F' /3.98) (the correlation

3,11
matrix is in Appendix IIC). Yo is the addition of both the spring

and fall year-class sizes x 10~%, determined by cohort analysis
(Winters and Hodder 1975) from 1965 +o 1971. The yvear-class
sizes from 1959 to 1964 were calculated by projecting the 1965
population structure back assuming a natural mortality of 0.2
(Winters and Hodder 1975) and a fishing mortality which
corresponded to the effort and partial recruitment in the
appropriate year and cohort (Winters, personal communication).

The number of larvae/100,000 m3, L
dicted by equation (3), using the calculated

r of water was pre-

Rproduction in

dgignificant at P<0.05
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individual years between 1959 and 1971 and to the sea surface
temperature from Grande Riviére corresponding to the midpoint

of all spring and fall cruises, which comprised temperatures on May 20
for spring spawners and August 25 for fall spawners.

The year-class size increases very abruptly when the
total pelagic biomass falls below 109 metric tons (Fig. 5).
To draw the graph in this area is unrealistic since a low pelagic
biomass would result in a scarcity of larvae, and therefore
only the back corner of the response ig shown. As the herring
biomass increases, year-class size cuts a diagonal slice through
the response, with variations on either side of a deterministic
path resulting from stochastic environmental and systematic
predatory perturbations. It is this diagonal slice through
the larval, pelagic biomass plane which produces the Ricker
{1954) stock recruitment curve.

Ricker (1954) originally postulated that predation
was the fine tuning mechanism for the recruitment of salmon, and
Lett et al. (1975a) have hypothesized a similar effect for cod.
It follows that predation by mackerel and cannibalism by older
herring would be the ultimate population control on juvenile
herring, allowing for the maximization of producticn, giving
the optimal trade-off between fish size and numbers. The result
is population stability.

Simulation technique

A simulation was constructed combining the structural
equations of the early life history of herring to those encom-
passing current fisheries theory (Parrish and Jones 1953; Beverton
and Holt 1957; Ricker 1958). Each of the derived equations
seemed to have a firm biological basis in addition to being
statistically significant. The objective of the simulation was
to study the emergent properties {Kerr 1974}, and their relationship
to fisheries management.

The program, written in APL, is represented by the
schematic flow chart in Fig. 6. The program can be executed with
a submodel representing a mackerel fishery, which runs indepen-
dently of the simulated herring fishery, and generates annual
mackerel biomasses and age group 0 yvear-class sizes. The mackerel
biomass generator is a sine wave around a mean biomass with a
given periodicity and stochastically varying amplitude. Year-
class sizes of mackerel are determined by the mackerel biomass
and a random normal temperature variable in relation to the
structural eguations presented by Lett et al. (1975b).

However, when it is desirable to control the mackerel
biomass and year-class size to study the system more closely,
the program can be initialized by entering the mackerel bicmass
x 107%, the size of the juvenile mackerel year-class, x 10 °,
the numbers at age for spring and fall spawners, for ages 1 to
16, the fishing mortality for spring and fall spawners and the
number of years the simulation is to run. Since the initial
weights at age for spring and fall spawners, and the selection
at age for spring and fall spawners, will not vary from run to
run, they were initialized as fixed vectors. However, after each
iteration of the simulation, the abundance of spring and fall
spawners and the weights at age vectors will be recalculated
internally within the simulation model.

The main program, representing the herring fishery,

beging with an internal clock which is annually updated by
each iteration.
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To calculate yield for both the spring and fall
fisheries, the standard catch equation ({(Beverton and Holt 1957)
with an annual natural mortality, M, of 0.2 (Winters and Hodder
1975) was used:

Y =a316 Nawaaa F(l-EXP(-(BaF + 0.2)))
a=1 aaF + 0.2

where F is the fishing mortality, 3. is the selection at age
and Na and Wa are the numbers and weights at age. The catches

are accumulated into a vector of the same length as the number
of years being simulated.

Following the calculation of catch the remaining
biomass is calculated by the eguation:

a=16
B = Nawa EXP{-(aaF + 0.2)) IT

a=1l

for both spring and fall spawning herring. These values are
also accumulated for the length of time the simulation will run.

The next stage in the program is to calculate the
instantaneous growth rate which is a function of the age
group 0 mackerel year-class size, My’ and temperature, Tm.

Temperature is the annual, mean, monthly maximum and is considered
to be a normal deviate with mean 14.39 and deviation 1.11,

based on observed sea surface temperatures at Grande Riviere.

The following equation is used for both spring and fall spawners:

logeG = -4.071 1ogeYa ~ 0.161 x logeM + 0.827 log Y  x

y
logeTp + 6.0283 III

2

The growth rate x 10° is determined from the exponent

of G.
The weights at age, Wa, of spring and fall spawning

herring are now converted to lengths L, by the formulae

~ -
5 0.3005
Wa x 10
L, = —_— for spring spawners, v
2.55
s —
— o
5 0.3445
Wa x 10
La = —_— for fall spawners. v
9.72
— -

Using the lengths at age for spring and fall spawners,
the fraction mature at age, Ea,is determined by:

E 13
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ARC SINE E 9.769L_ - 245.2 for spring spawners VI

and
ARC SINE Ea = 8.OllLa - 204.6 for fall spawners. Vil

The ARC SINE of Ea is constrained such that it cannot be
>80 or <0.

Using the combination of the numbers at age, maturity,
and instantaneous growth rate, the production, P, of the spring
and fall stocks for ages 2-8 is calcunlated by the formula:

Na X Ga X Ea VIII

This production, coupled with a spring and fall sea surface
temperature at Grande Riviere, TP, of means 5.37 and 12.25
with standard normal deviations of 1.21 and 3.13 respectively
were used to calculate the numbers of spring and fall larvae
<10 mm produced by the stock. The equation used for this
purpose was:

L. = -5.700 P + 1.804T_ x P — 0.097T 2 x P X
R p P

and the numbers of spring and fall larvae were summed to produce
the total number that results in a combined year-class size.

The total pelagic biomass By, X 1076

in determining year-class size, YR X 10'6, gsince these herring

ig also important

and mackerel predate on herring larvae. The equation describing
this event is:

5

_ - 2
1oge YR = 2.679 loge LR - 5.000 x 10 [loge LR]

2
x BTP - 0.165 x [loge LR] X

The year-class is then broken up into spring and fall spawners
by multiplying by the ratio of spring and fall larvae to the
total number of larvae.

Using the year-class size, Yp x 107%, the length of

herring at the end of the first year of life, Rl, is determined

by the following equation:

=
I

1 -0.00425 x YR + 141.8 for spring spawners XY

and

=
1]

-0.00425 x YR + 168.7 for fall spawners. XIT
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These lengths are converted to weights using the following
expression determined for juvenile herring:

- 3.11
W)= 3.5 x 107° 5 XIII

with this weight being converted to kilograms by dividing by
1000.

The numbers at age are now updated by the formula:
Na+l = Na EXP(~-(F + M)) XIv

and the juvenile cohort is catenated into the position in the
vector for l-year-olds after being multiplied by 1.22 x 106
since YR is the year-class size at age two. The remaining

herring that are now 16+ are dropped from the vector. The
lengths at age are now updated by multiplying by the growth
rate Ga (equation III) such that:

W1 = W, EXP G_ Xv

The lengths are now converted to weights using the
expression:

_ 3.328
W, = 0.00255 L,

for spring spawning herring and

Wa = 0.00972 L, 2.903 for fall spawning herring. XVII

The L, herring are now catenated into the position
in the vector f&r l-year-old herring and the weight for the 16+
herring is dropped from the vector.

A test is now made to see if the simulation period
has expired, if not, the program returns to start and updates
the internal clock by one year. Otherwise, a data matrix is
printed out and the graphic subroutines executed.

Results and discussion of the simulation

The simulation was run for 100 yr starting with the
1965 spring and fall populations determined by cohort analysis.
When the mackerel biomass was fixed at values between 2 x 106

and 0.5 x 106 m.t., the spring and fall population biomasses
initially declined for the first 10 yr (Fig. 7). Thereupon,

the fall population began a rapid increase and the spring popu-
lation continued on a slower decline, reaching a minimum level
within 70 yr. However, when a fluctuating mackerel biomass was
added to the simulation, the spring spawning population no longer
collapsed but continued to coscillate at a level of about 2/3

the fall spawning biomass. It appears that the irregular year-
class strengths produced by the oscillating mackerel bicmass
added robustness to the model. The number of age group 0
mackerel influences the growth rate of adult herring (see
equation 1, Fig. 2). When the growth rate is high,during a period
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of small mackerel year-classes, gonadal production (see eguation
2) and subsequent larval production increases. Furthermore,

the juvenile 2 and 3-year-old herring reached maturity sooner
which resulted in an additional amount of gonadal production
which can be attributed to these younger year-classes. Therefore,
it was erratic, but strong, year-classes which kept the spring
stock viable.

Most herring stocks on the eastern seaboard of
North America are fall spawners, although there is a progression
toward spring spawners in the more northern limits of their
range (Leim 1857). Some insight may be gained from the
simulation regarding the preponderance of the fall spawning
herring stocks. Both stocks are of comparable abundance at the
outset, thus the dominance of the fall spawners must be related
to biological factors other than production of the adult stock.
Indeed, spring spawners mature at smaller sizes. As stated
previously, spring larval abundance was positively correlated
with temperature while fall larval abundance was negatively
correlated. However, the distribution of fall temperatures
in the Gulf of St. Lawrence is in closer proximity to the
optlmum temperature 9.3°C than the distribution of the
spring temperatures. The il length of fall spawning herring

is longer than spring spawning herring, but the greater relative
maturity at length of the spring spawners will provide some
compensatlon for this discrepancy. It is observed that the
spring. herring stock in the Gulf of St. Lawrence is now exiguous,
which possibly is the result of overfishing in addition to poor
recruitment.

The addition of 10% m.t. of mackerel to the Gulf of
St. Lawrence means about an equivalent reduction in herring
biomass (Fig. 8). The variance in herring stock biomass was much
lese when itwas associated with a fixed mackerel biomass than
when mackerel were not included in the simulation. It appears
that the affect of mackerel predation resulted in a dampening
of the variance in herring larval production.

The trade-off between herring and mackerel is demon-
strated more clearly in Fig. 9. The simulated competitive
relationship between herring and mackerel indicates that when

there are 2 x 105 m-t. of mackerel, the herring biomass con-

stitutes 1.5 x 106 m.t. for a total pelagic biomass of 1.7 x

106 m.t. Yet, when there are 1.50 x 106 m.t. of mackerel, herring

make up 5 x 10 m.t. for a total pelagic biocmass of 2 x lU
m.t. These numbers tend to indicate that the trade-off is
almost equivalent, with herring having a slight advantage over
mackerel, even though mackerel are assumed to determine the
fate of the herring stock to some extent. In other words,

the production of the pelagic fish community of Gulf of St.
Lawrence is fixed within narrow limits such that biomass remains
relatively constant. This type of concept has been stressed by
Dickie (1972) for some time as being an important management
consideration.

The reason for this advantage in favour of herring
may be the consequence of mackerel only being present in the
Gulf from May to October. The close agreement between the
simulated and empirical results suggests that much of the decline
in herring biomass between 1962 and 1972 may not have been
entirely due to overfishing, but rather the result of an increased
proliferation of mackerel. Therefore, the management of mackerel
may be as important as the direct manipulation of the herring
stock in determining the available biomass for exploitation.
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The trade-offs occurring in Fig. 9 are in response to
varying the amount of mackerel predation, while the age group 0
mackerel abundance remained fixed. However, as the mackerel
biomass oscillates,sc will their year-class sizes (Lett et al.
1975b), and growth rates and maturity of herring have previously
been shown to be sensitive to wide fluctuations in the age 0§
mackerel cohort. If mackerel is exploited in an optimal manner,
the year-class sizes formed will fluctuate around a value

between 3 x 109 to 7 x 109 fish (Lett et al. 1975)- These
year-class sizes will suppress the growth of herring to such a
degree that late maturation and poor gonadal production causes
the Gulf of St. Lawrence herring stock to collapse. Yet, when
the mackerel biomass is not exploited, and sustains itself at

a higher level with smaller year-class sizes (ranging between
107 and 7 x 109 individuals), the herring maintain a viable
population of both spring and fall spawners. Thus, the pulsing
effect of mackerel seems to produce a greater biomass of

herring with more vitality. It is apparent from this study that
both herring and mackerel cannot be exploited at an optimal
level simultaneously. In fact, in order to maintain a herring
fishery in the Gulf of St. Lawrence, it would be better to either
over or not exploit mackerel.

This outcome has a firm holistic,ecological foundation.
Dickie (1972} has clearly demonstrated that logarithmic units
separate the turnover rates on P/B ratios of different trophic
levels. When mackerel are not being exploited their turnover
rate is equivalent to the natural mortality rate (0.3) assuming
their standing c¢rop is being maximized. As they become exploited,
there are a greater proportion of younger faster growing fish,
presumably due to to productions of larger year-classes. At
the optimal exploitatien level, the mackerel P/B ratio has risen
to 0.9 (Lett et al., 1975). This rate, coupled with the natural
mortality of herring (0.2), is greater than the turnover rate
of their food supply (approximately 1.0 assuming an ecological
efficiency of 0.1) and must result in herring, which are out-
competed, disappearing. However, this reasoning is only valid

Vhen ?he carrying capacity available to the pelagic biomass
is being fully exploited, which usually is the case (Fig. 9).

North Sea herring larval production is used as a check
on the relative sizes of the parent stocks (Zijlstra 1970). To
study the precision of this management technique, the simulated
larval production was considered a function of stock biomass
(Fig. 10). The larval abundance is indeed some expression of
stock size but the associated variance makes it an almost impos~
sible predictive tool. Postuma and Zijlstra (1974) have pre-~
viously noted that the regression of larval abundance on
spawning potential does not pass through the origin. Our
results also show the same response,in addition to providing
some clues concerning the cause. Larval mortality varies quite
dramatically in response to temperature {see equation 3), thus
no matter what the adult production, there is a probability of
a small year-class. These smaller year~classes result in the

regression line going through the ordinate somewhat short of
the origin.

The simulated results demonstrate that any estimations
of year-class size based on the abundances of larvae less than
10 mm are particularly hazardous. The variability in year-
class size inflates as the larval abundance increases and sub-
sequently declines on the descending limb of the curve (Fig. 11).
Thus, predictions of small year-classes based on larval abundance
will be much more reliable than predictions of larger year-classes.
The end product is a dome-shaped relationship with an enormous
variance in year-class size associated with the crest. Theoretically,
the dome results from the diagonal transect of year-class size
across the larval abundance and total pelagic biomass planes
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and represents the conjoint increase in larval production and
predation by herring and mackerel (Fig. 5). When the stock
biomass is low, resulting from exploitation, the points will

be on the ascending side, but when the stock biomass is high,

the points will be predominately on the descending side and crest.

The variance in year-class size is greatest at the
dome since this is the vicinity of larval abundance in which
year-class size is most sensitive to changes in pelagic biomass.
This is especially true when the mackerel biomass is oscillating
independently of the herring biomass, a fact which produces
a sizeable variance when these two species interact. At larval
abundances below and above the area of the dome the year-class
formation becomes increasingly less responsive to variations
in pelagic biomass.

Year-class size should tend toward some central area
such that an equilibrium can be struck between recruitment
and mortality (Fig. 4). When there are surplus larvae resulting
from a large adult stock, the result is a smaller than average
year-class in reply to overcropping by the stock which produced
them. The smaller year-classes lead to lower larval production,
lower density dependent predation, thus larger year-classes.

Therefore, density dependent mortality through predation is a
control mechanism that serves to produce a tendency toward
optimal year-class sizes.

On the ascending portion of the curve, there is no
density dependent predation to force the year-class size to
an optimal area. Once year-class formation loses its association
with density dependent predation, then the recruitment process
is almost completely at the mercy of the effect of temperature
on larval abundance. A recovery mechanism is the formation of
larger l‘s with a decline in year-class size, causing earlier

maturation of the year-class if temperature perturbations and
competitive interactions form 0-group mackerel are not too
interruptive. However, this mechanism is not powerful enough

to compensate for extreme drops in year-class size in response

to unfavourable temperature since the growth rate of fish will
become asymptotic in relation to ration size. A decline in
year-class size can never be completely recovered since it leads
to a reduction in adult production and subsequent larval abundance.
Thus, year—-class sizes at the start of a decline are extremely
variable, but this variance declines as the production of cohorts
becomes less and less. Recoveries can be made when temperature is
favourable, but this only prolongs the eventual stock collapse.

The uncertainty in the relationship between stock
biomass and larval production (Fig. 10), coupled with the variance
in the year-class size larval relationship (Fig. 1ll) make the
scatter in the general Ricker "stock-recruitment"” relationship no
surprise (Fig. 12). It indicates recruitment is independent of
stock size over a fairly wide range. Furthermore, the simulated
results indicate the only time any pattern in a stock-recruitment
diagram emerged was when the fishery was collapsing. This fact,
coupled with the almost impossible task of accurate prediction,
makes fisheries management a fairly intangible discipline (Walters 1975).

Implications to fisheries management

To determine the effect of various fishing mortalities
on catch (Fig. 13}, simulation studies were carried out at two
fixed levels of mackerel biomass and year~class size and with
mackerel biomass and year-class size oscillating around a biomass
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of 1.2 x 106 m.t. Catch increased gradually in response to
fishing mortality for both fixed levels of mackerel biomass and
then declined rapidly in response to a recruitment failure of

the stock (Fig. 134, B). However, when the mackerel biocmass
is alliowed to oscillate, catch also increases gradually but does
not undergo an abrupt decline (Fig. 13C). The decline in catch

is also gradual with the final relationship representing the
Schaefer (1954) model.

At a mackerel biomass of 106 m.t. the catch of herring

increased more slowly than when biomass was 5 x 105 m.t. A
higher yield was alsoc achieved at the lower mackerel biomass
level although the upper mackerel biomass level allowed the
herring stock to sustain a greater fishing mortality. A
recruitment failure occurred at Fo 35 when the mackerel biomass

was 106 m.t., in compariscn to a recruitment failure at Fo 36
when mackerel was at 5 x 105 m.t. In both cases, the age group

0 mackerel year-class size was 109 fish. Thus the additiocnal
stability in year-class size resulting from a higher level of
predation by mackerel is at the cost of a lower yield. The
decline in mackerel leads to replacement by herring (Fig. 9).

This larger biomass of herring allows for a higher and more easily
achieved catch for the same fishing mortality (Fig. 13).

The fluctuations in mackerel biomass seem to give the
herring stock an added robustness in addition to higher yield
for equivalent levels of fishing mortality. The bioclogical basis
of this result is quite complicated, but can be explained in
relation to the response of year-class size to predation and
larval production. A recruitment failure is usually associated
with year-class size and larval production converging on some
point on the ascending side of the recruitment curve (Fig. 11).
Follewing this convergence, declines in larval production
associated with poor temperature conditions lead to irreversible
decline in stock biomass, unless the total mortality experienced
by the stock is reduced.

However, when the mackerel biomass is oscillating
independently, high biomass levels cause a lower abundance of
age group 0 mackerel which accelerates the growth rate of
juvenile herring, as well as improving the gonadal production
of adult herring. These juvenile herring then reach maturity
sooner ;increasing the size of the overall spawning stock just
when the mackerel biomass begins to decline to lower levels.
Thus, less predation from mackerel, coupled with favourable tempera-
tures allows for the production of a series of good year-classes
which keep the herring stock viable. In addition, the mackerel
oscillation prevents the herring larval production from settling
into an area on the ascending side of the recruitment curve.

This study would indicate that the determination of
maximum sustainable yield (MSY) is better represented by the
Shaeffer (1954) type model than the Beverton and Holt (1957}
yield per recruit calculation. Winters and Hodder (1975), using
a yield per recruit calculation, have determined Fopt (ICNAF
Sum. Doc. 1976) for the Gulf of St. Lawrence fishery to be 0.4.
This fishing mortality leads to a total collapse in the model
developed in this paper. Lett and Doubleday (13976} have already
introduced the concept of a ¢ritical biomass, the biomass which
leads to a recruitment failure; and Doubleday (1976) has discussed
the significance of variance in catch in this region. Furthermore,
Doubleday (1976) has developed the idea of a "biomass buffer"
in reference to an optimal relationship between catch and the
variance in catch. In accordance with Doubleday, we have also
found that the best representation of fisheries events is by
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a Schaeffer (1954) type model of catch relative tc biomass

(Fig. 14), contrary to Beverton's comments of the models simpli-
city (see Slobodkin 1973}. Our model is detailed, including
recruitment, environmental perturbation, species interactions,
density dependent %, growth, and a varying life expectancy for
individual cohorts.” The maximization of production occurs

at exactly 1/2 the virgin stock biomass, yet this is not the
area of optimal fishing (Doubleday 1976) since, at this point
the uncertainties of catch are indeed great. Following Doubleday's
(1976) suggestion we have inspected the area of catch produced
by controlling the effort (Fig. 13C) at a level corresponding

to an equilibrium biomass of 2/3 the virgin stock biomass.
According to the model developed in this paper, it is exactly
the area of an optimal tradeoff between variance in catch and
catch.

In addition to suggesting viable management alternatives,
the simulation of the Gulf of S5tl Lawrence herring fishery con-
firms Ricker's (1954) explanation of the mechanism for the
recruitment process. His thesis suggested that density dependent
mortality is generated by the aggregation of predators upon the
fish larvae and the more larvae the more predation. We feel that
this is correct with only one modification and that is, the
predators on the larvae is the stock which produced them;
therefore, the production of larvae and the number of predators
is not independent.

References

Ahistrom, E. H. 1954. Distribution and abundance of egg and
larval populations of the Pacific sardine. U.S. Dept.
Int., Fish Wildl. Serv., Fish. Bull. §3: 83-140.

Alderdice, P. F., and F. P. J. Velsen. 1971. Some effects of
salinity and temperature on early development of Pacific
herring (Clupea pallasi). J. Fish. Res. Board Can. 28:
1545-1562.

Anderson, E. D. 1975. Reassessment of mackerel in ICNAF Subareas 3,
4, and 5, and Statistical Area 6. Int. Comm. Northwest Atl,
Fish. Res. Doc. 75/103.

Bagenal, T. B. 1966. The ecological and geographical aspects
of the fecundity of the plaice. J. Mar. Biol. Assoc. U.K.
46: 161-186.

Beamish, F. W. H. 1964. Respiration of fishes with special
emphasis on standard oxygen consumption. II. Influence of
weight and temperature on respiration of several species.
Can. J. Zool. 42: 177-188.

Beverton, R. J. H. 1962. Long term dynamics of certain North
Sea fish populations, p. 242-259. 1n E. D. LeCren and M.
W. Holdgate [eds.], The exploitation of natural animal
populations, Blackwell, Oxford.

Beverton, R. J. H., and 8. J. Holt. 1957. ©On the dynamics of
exploited fish populations, U.K. Min. Agric. Fish., Fish.
Invest. Ser. 2, 19: 533 p.

Blaxter, J. H. 5. 1956. Herring rearing. 2. The effect of
temperature and other factors on development. Mar. Res.
5: 1-19.

Brett, J. R. 1971. Energetic response of salmon to temperature.
A study of some thermal relations in the physiology and
freshwater ecology of sockeye salmon (Onecorhynehus nerka)l.
Amer. Zool. 1l: 99-113,

F6



- 20 =

Burd, A. C. 1962. Growth and recruitment in the herring of
the southern North Sea. Fish. Invest. Ser. 2, 23: 5 P-

Burd, A. C., and W. G. Purnell. 1973. The relationship between
larval abundance and stock in North Sea herring. Rapp.
P.-V. Reun. Cons. Perm. int. Explor. Mer, 164: 30-36.

Cochran, W..G., and G. M. Cox. 1968. Experimental design.
John Wiley and Sons, Inc., New York, N.Y., 611 p.

Cushing, D. H. 1975a. The natural mortality of the plaice. J.
Cons. int. Ecplor. Mer. 36: 150-157.

1975b. Marine ecology and fisheries. Syndics of the
Cambridge Univ. Press, Cambridge, 168 p.

Cushing, D. H., and J. P. Bridger. 1966. The stock of herring
in the North Sea and changes due to fishing. Fishery
Invest., London, Ser. 2, 25{(1): 123 p.

Cushing, D. H., and J. G. K. Harris. 1973. Stock and recruit-
ment and the problem of density dependence. Rapp. P.-V.
Reun. Cons. Perm. int. Explor. Mer. 164: 142-155.

Day, L. R. 1957. Populations of herring in the southern Gulf
of St. Lawrence. Fish. Res. Board Can. Bull., 111l: 121-137.

Dickie, L. M. 1972. Food chains and fish production. Int.
Comm. Northwest Atl. Fish. Spec. Publ. 8: 201-219,.

Doubleday, W. G. 1976. Environmental fluctuations and fisheries
management. Int. Comm, Northwest Atl., Fish. Sel. Pap. No. 1,
In press.

Draper, W. R., and H. Smith. 1966. Applied regression analysis.
John Wiley and Sons, Inc., New York, N.Y., 407 p.

Galkina, L. A, 1971. Survival of spawn of the Pacific herring
(Clupea harengus pallasi} related to the abundance of
the spawning stock. Rapp. P.-V. Reun. Cons. Perm. int.
Explor. Mer. 160: 30-41.

Harding, D., and J. W. Talbot., 1973. Recent studies on the
egygs and larvae of the plaice (Pleuroneetes platessa L.)
in the Southern Bight. Rapp. P.-V. Reun. Cons. Perm. int.
Explor. Mer. 164: 261-269.

Hempel, G. 1965. ©On the importance of larval survival for
the population dynamics of marine food fish. Rep. Calif.
Coop. Oceanic Fish. Invest. 10: 13-23.

Iles, T. D. 1967. Growth studies on North Sea herring. I.
The second year's growth (l-group) of East Anglian herring,
1939-63., J. Cons. int. Explor. Mer. 31: 56-76.

1973. Interactions of environment and parent stock
size in determining recruitment in Pacific sardine as
revealed by analysis of density-dependent (-group growth.
Rapp. P.-V. Reun. Cons. Perm. int. Explor. Mer. 164: 228-240.

Iles, T. D., and S. N, Tikbo. 1970. Recent events in Canadian
Atlantic herring fisherieg. Int. Comm. Northwest Atl. Fish.
Redbook, Part III: 134-147.

INTERNATIONAL COMMISSION FOR THE NORTHWEST ATLANTIC FISHERIES.
1975. Int. Comm. Northwest Atl. Fish. Sum. Doc. 75/18.

1976. Int. Comm. Northwest Atl. Fish. Sum. Doc.
76/1/1.

F7



- 21 -

Jones, R. 1973. Density-dependent regulation of the numbers
of cod and haddock. Rapp. P.-V. Reun. Cons. Perm. int.
Explor. Mer. 164: 156-173.

Jones, R., and W. B. Hall. 1974. Some observations on the
population dynamics of the larval stage in common gadoids,
p. 87-102. TI»n J.H.S. Blaxter [ed.] Early Life History of
Fish. Springer-verlag, New York, U.S.A.

Kerr, 5. R. 1974. Structural analysis of aquatic communities.
Proc. Ist int. Congr. Eecology No. 1: 69-79.

Kohler, A. C., D. G. Faber, and N. J. McFarlane. 1974. Eggs
larvae and juveniles of fishes from plankton collections
in the Gulf of St, Lawrence. Fish. Mar. Serv. Res. Dev.
Tech. Rep. 490: 105 p.

Lasker, R. 1975. Field criteria for survival of anchovy larvae:
the relation between inshore chlorophyll maximum layers
and successful first feeding. U.S. Dept. Int. Fish. wildl.
Serv., Fish. Bull. 72 (In press).

Lett, P. F., and W. G. Doubleday. 1976. The influence of
fluctuations in recruitment on fisheries management strategy,
with special reference to Southern Gulf of St. Lawrence
cod. Int. Comm. Northwest Atl. Fish. Sel, Pap. No. 1:

In press.

Lett, P. F., A. C. Kohler, and D. N. Fitzgerald. 1975a. The
role of stock biomass and temperature in the recruitment
of southern Gulf of St. Lawrence Atlantic cod Gadus morhua.
J. Fish. Res. Board Can. 32: 1613-1627.

1975b. The influence of temperature on the interaction
of the recruitment mechanisms of Atlantic herring and
mackerel in the Gulf of St. Lawrence. Int. Comm. Northwest
Atl. Fish. Res. Doc. 75/33.

Lett, P. F., W. T. Stobo, and W. G. Doubleday. 1975. A
system simulation of the Atlantic mackerel fishery in
ICNAF Subareas 3, 4, and 5 and Statistical Area 6; with
special reference to stock management. Int. Comm. Northwest
Atl. Fish., Res. Doc. 75/32.

Leim, A. H. 1957. Summary of results under the Atlantic herring
investigation committee. Fish. Res. Board Can. Bull. 111:
1-16.

Messieh, 5. 1973. Biological characteristics of spring and
autumn herring populations in the Gulf of St. Lawrence
and their interrelations. Ph.D. Thesis. MeGill Univ.,
Montreal, Quebec, 190 p.

1976. Fecundity studies on Atlantic herring from the
southern Gulf of St. Lawrence and along the Nova Scotia
coast. Trans. Am. Fish. Soc. (Submitted).

Messieh, S§., and A. C. Kohler. 1972. Distribution, relative
abundance and growth of larval herring (Clupea harengus L.}
in the southern Gulf of St. Lawrence. Fish. Res. Board
Can. Tech. Rep. 318, 31 p.

Moores, J. A., G. H. Winters, and L. R. Parsons. 1975. Migrations
and biological characteristics of Atlantic mackerel (Scomber
scombrus) Occurring in Newfoundland waters. J. Fish. Res.
Board Can. 32: 1347-1357.

F8



- 22 -

Nikolsky, G. V. 1969. Theory of the fish population dynamics
as a biological background for rational exploitation and
management of fishery resources. ©liver and Boyd, London,
382 p.

Parrish, D. P. 1975. Marine trophic interactions by dynamic
simulation of fish species. U.S. Dept. Int. Fish wildl.
Serv., Fish. Bull., 73(4): 695-716.

Parrish, B. B., and R. Jones. 1953. Haddock bionomics -1;
The state of the haddock stocks in the North Sea 1946-1950
and at Farce 1914-1950. Mar. Res. 4: 1-27.

Parrish, B. B., A. Saville, R. E. Craig, I. G. Baxter, and R.
Priestly. 1959. Observations on herring spawning and
larval distribution in the Firth of Clyde in 1958. J.
Mar. Bicl. Assoc. U.K. 3B: 445-453.

Pope, J. G. 1972. An investigation of the accuracy of virtual
population analysis. Int. Comm. Northwest Atl. Fish.
Res. Bull. 9: 65-74.

Postuma, K. H. 1371. The effect of temperature in the spawning
nursery areas on recruitment of autumn spawning herring
in the North Sea. Rapp. P.-V. Reun. Cons. Perm. int. Explor.
Mer. 160: 175-183.

Postuma, D. H., and V. J. Zijlstra, 1974. Larval abundance in
relation to stock size, spawning potential and recruitment
in North Sea herring, p. 113-128. In J.H.S5. Blaxter [ed.]
Barly Life History of Fish. Springer-Verlag, New York, U.S.A.

Ricker, W. E. 1954. Stock and recruitment. J. Fish. Res.
Board Can. ll: 559-623.

1958. Handbook of computations of biological statistics
of fish populations. Fish. Res. Board Can. Bull. 119: 300 p.

Royce, F. R. 1972. Introduction to fishery sciences. Academic
Press Inc., New York, N.Y., 351 p.

Runnstrgm, S. 1942. Quantative investigation of herring
spawning and its yearly fluctuations on the west coast of
Norway. Fisheridiv., Dkr. Havundersok 6(8): 1-71.

Saville, A., I. G. Baxter, and D. W. McKay. 1974. Relations
between egqgg production, larval production and spawning
stock size in Clyde herring, p. 129-138. In J.H.S.
Blaxter [ed.] Early Life History of Fish. Springer-
Verlag, New York, U.S.A.

Schaefer, M. B, 1954, Some aspects of the dynamics important
to the management of the commercial marine species. Int.
Am. Trop. Tuna Comm., Bull. 1(2): 26-56.

Scott, D. P. 1962. Effect of food quantity on the fecundity
of rainbow trout (Salmo gairdneri). J. Fish. Res. Board
Can. 19: 715-73L1.

Sette, 0. E. 1943. Bioclocgy of the Atlantic mackerel (Scomber
scombrus) of North America. Part 1. Early life history.
U.S5. Dept. Int. Fish Wildl. Serv., Fish. Bull. 50(38):149-237.

Sheldon, R. W., W. H. Sutcliffe Jr., and A. Prakash. 1973.
The production of particles in the surface waters of the
ocean with particular reference to the Sargasso Sea. Limnol.
Oceanogr. 18: 719-733.

F9



- 23 -

Sinderman, C. J. 1958. An epizootic in the Gulf of St.
Lawrence fishes. Trans. 23rd North American Wildl. Conf.
(March, 1958), p. 349-360.

Slobodkin, L. B. 1973. Summary and discussion of the symposium
Rapp. P.-V. Reun. Cons. Perm. int. Explor. Mer. 164: 7-14.

Smith, P. E. 1973. The mortality and dispersal of sardine
egys and larvae. Rapp. P.-V. Reun. Cons. Perm. int. Explor.
Mer, 1l64: 282-292.

Tyler, A. V., and R. S. Dunn. 1976é. Ration, growth and measures
of somatic and organ condition in relation to meal frequency
in winter flounder (Pseudopleuronectes americanus), with
hypotheses regarding population homecostatics. J. Fish. Res.
Board Can. 33: 63-75.

Walters, C. J. 1975. Optimal harvest strategies for salmon
in relation to environmental variability and uncertain
production parameters. J. Fish. Res. Board Can. 32:
1777-1784.

Ware, D. M. 18%75a. Growth, metabolism, and optimal swimming
speed of a pelagic fish. J. Fish. Res. Board Can.
32: 33-41.

1975b. The relation between egg size, growth and
natural mortality of larval fishes. J. Fish. Res. Board
Can. 32: 2503-2512.

Weihs, D. 1973. Optimal fish cruising speed. Nature Vol. 245,
(5419): 48-50,

Winters, G. H. 1975. Population dynamics of the southern Gulf
of S8t. Lawrence herring stock complex and implications
concerning its future management. Ph.D. Thesis. Dalhousie
Univ. Halifax, Nova Scotia, 142 p.

Winters, G. H., and V. M. Hodder. 1975. Analysis of the southern
Gulf of St. Lawrence herring stock and implications con-
cerning its future management. Int. Nat. Comm. Northwest
Atl. Fish. Res. Bull. 11: 43-53.

zZijlstra, J. J. 1970. Herring larvae in the central North
Sea. Ber. dtsch. wiss. Komm. Meeresforseh. 21: 92-115.

F 10



- 24 -

Appendix I

Cruise dates utilized for the determination of larval abundance.

1967 May 25 - June 7, Oct 2-8

1968 May 23 - June 3, -

1969 May 12 - May 29, Aug 19-31
1970 May 20 - May 28, Aug 20-29
1971 May 10 - May 20 Aug 24-Sept 3
1972 May 16 - May 20 -
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Appendix II(a)

Correlation matrix of the intrinsically linear relationship among instantaneous
herring growth rate G_, age group 0 mackerel year-class size M, temperature T , the
dummy variable D, repfesenting spring spawners as 0 and fall spawners as 1, an

age

group Y . (Relates to equation 1). All terms are taken to the log base e.
G Ya Tm My D Yame YaxMy YaxD meMY meD M_xD
G 1.00 -0.94 -0.39 -0.66 0.28 =-0.93 -0.87 -0.24 -0.62 0.01 -0.09
Y, 1.00 0.41 0.64 =0.49 0.99 0.92 0.23 0.62 -0.04 0.05
T, 1.00 0.76 =0.01 0.49 0.60 0.10 0.81 0.03 0.12
My 1.00 0.04 0.69 0.81 0.20 0.94 0.06 0.19
D 1.00 -0.05 0.01 6.93 0.01 0.99 0.98
¥ xT 1.00 0.94 0.23 0.07 -0.04 0.05
YaxMy 1.00 0.27 0.79 0.02 0.13
Y xD 1.00 0.15 0.93 0.96
meM l1.00 0.02 0.14
meD 1.00 0.98
M 1.00

ny
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Appendix I1I(B)

Correlation matrix of the linear model among
herring larval production Ly, production of the adult stock
P, and temperature Tp- (Re&ates to equation 3).

g T, sz T P szxPz P
Ly 1.00 0.15 0.08 0.70 0.43 0,90
T, 1.00 0.99 0.74 0.90 0.45
sz 1.00 0.71 0.89 0.41
T P 1.00 0.94 0.92
T _2xp? 1.00 0.74
P 1.00

Appendix IT(C)

Correlation matrix of the intrinsically linear model
among herring year-class size ¥,, larval production L,, and
total pelagic biomass 1+ herring and mackerel B p* (ﬁelates
to equation 7). All variables except biomass 1&Ptransformed
to the log to the base e.

2

YR LR LR B LR %xB
Yo 1.00 0.64 0.43 -0.10 0.15
Ly 1.00 0.95 -0.50 0.81
LR2 1.00 0.46 0.89
Brp 1.00  0.75

2

Lo xBn 1.00
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66° :G?ﬁ_ 62° 60° 589

“ Anticosti I

New
N Brunswick

The spring migration of herring intoc the Gulf of
St. Lawrence is illustrated by the solid arrows,
while the fall emigration is shown by the stipled
arrow. The dark ring around the Magdalen Islands
is an area of spring spawning while the stipled
area along the Quebec coast is an area of fall
spawning. Historically, some spring spawning also
occurred along the Gaspe coast; however, this com-
ponelnit has disappeared.
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Instantaneous Growth Rate

Fig. 2. Effect of 0-group mackerel year-class size and
herring age on the instantaneous growth rate of
herring. Temperature has been held constant at
14 C.
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Effect of the production of the adult stock on the
abundance of herring larvae. Temperature is held
constant at 10 C.
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Fig. 4. The relationship between year-class of herring at
age 2 and their length at end of the first year of
life. Fall spawned juveniles have been corrected
by the use of a dummy variable to be comparable with
spring spawned fish. Arrows indicate the central
tendency toward a normal distribution of year-class
size and constant &, through the maximization of
production. A's aré fall spawners O's are spring
spawners.
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The effect of larval abundance and total pelagic
biomass on the formation of year-class size. The
back corner of the response has been left out

since small herring biomasses will produce few
larvae.
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Fig. 7. Simulated pattern of herring biomass over time
when mackerel biomass is constant at 10® m.t. and
age group 0 mackerel year-class size is 10°% fish.
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Fig. 8. Simulated pattern of herring biomass over time
when mackerel biomass is 10° m.t. and when mackerel
are absent from the Gulf of St. Lawrence.
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Simulated tradeoff (open As %+ 1S.D.) between
herring and mackerel in the Gulf of St. Lawrence.
Data points represent real values since 1961:;
however, there is also the confounding effect of
exploitation in the determination of these values.
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Fig. 10. A typical simulated relationship between adult
herring biomass and larval production.
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Fig. 11. A "Ricker type" recruitment relationship fitted
to simulated data. The curve represents a
diagonal slice through Fig. 5.
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Fig. 12. A simulated relationship between herring stock
biomass and year-class, showing scatter of points
under two extreme situations. Curve is fitted by
eye.
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Simulated relationship between fishing mortality
and catch. Bars represent 1 S$.D. of a normal
distribution and different symbols represent
different combinations of fishing mortality. A
is when mackerel biomass is 10® m.t. and age
group 0 mackerel year-class is 10° fish. B
mackerel biomass is 5 x 10° m.t. and year-class
size of mackerel is the same as A. 1In C the
mackerel biomass is allowed to oscillate in a
simulated "virgin state" and mackerel year-class
varies in accordance with its biomass and a
normally distributed random temperature variable.
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Fig. 14. Simulated relationship between total herring stock
biomass and catch. Bars represent 1 S.D. Mackerel
biomass has been allowed to oscillate in a simu-
lated virgin state.
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