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ABSTRACT

A study of stock/recrvitment processes in model form suggests that the natural
mortality of fishes is a density dependent function of age. With an eslimate of the
larval mortality of the plaice in the Southern North Sea, the trend of natural morta-
lity with age was estimated. A critical age was defined as that at which the specific
growth rates and specific mortality rates become equal and it was suggested that in
older age groups mortality might become senescent, In the models used, mortality rate
in the larval stage depends upon the variability of food and there is a sense in which
subsequent recruitment is determined by the patchiness of the food. Thers is a distine-
tion between such an exploratory character in the density dependent mortality that may
establish the magnitude of recruitment and the conservative character of the stock de-
pendent on which the initial numbers are based. Differences in the ratio of specific
growth rate and specific mortality rate during larval life might express competitive dif-
ferences which would affect the magnitude of recruitment and eventually the quantity in
the stock, A consequence is that possibly high diversity is the result of low competitive
pressures and vice versa.

It is a truism that the numbers of animals depend upon the supply of food,
and it was the central theme of Lack's (1954) book on the “Natural regulation
of animal numbers”. The reproductive rate was considered to be adapted by
natural selection to the food supply and numbers were controlled by deasity-de-
pendent mortality, The same principles apply to fishes, where the mechanism of
stabilization operates during juvenile life through density-dependent mortality
(which may be linked to density-dependent growth). Fecundity cannot be the
driving force during adult life because density-dependent growth is by then more
or less absent. Variation in stock is expressed through fecundity in the initial
pumbers of eggs and larvae. However, the mechanism of stabilization itself is
finked to fecundity (Cushing, 1971) in that density-dependent mortality is pro-
bably higher in the more fecund fishes (Cushing and Harris, in press, g).
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The very large reduction in numbers during immature life is often
regarded as a loss or a wastage in the face of a hostile environment. Because the
fecund fishes can stabilize their population well, it does not follow that they
must live in adverse conditions. Further, if the numbers are really wasted, the
evolutionary processes which operate across the food chains must appear to be
inefficient. In this paper another explanation is put forward which may be more
relevant to the mild and benign environment in which fishes live,

There are two developing models of the growth and mortality of fishes during
larval life. Jones (in press) shows that haddock larvae grow at 12%/d and
die at 10% /d, and he suggests that they grow through a succession of predatory
fields and that they live on ‘private’ food sources which develop at the same
time as the larvae. A density-dependent mortality is generated by varying the
numbers of larvae. Jones suggests that the coefficient of variation of gadoid
year-classes in the North Sea is correlated with probable ranges of food available
to the different populations.
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Fig. 1. Dependence of larval mortality on numbers of plaice larvae in the model

described.
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The second model, that of Cushing and Harris (in press, a) and Cushing
(in press), proposes that, in rich food, larvae: eat well, grow-well, swim quickly
and minimize predation; in scarce food, however, for converse reasons predation
is greater. Variations in the numbers of larvae generate density-dependent
mortality and variations in food alter the degree of density dependence. Fig. 1
shows how the larval mortality (as percentage per month) depends upon the
numbers of plaice larvae in the sea, in model terms.  The numbers per m?®
correspond to those in the sea and the observed mortality rate of plaice larvae
is 80% per month (Harding and Talbot, in press), so the external constraints to
the model are approximately right. Fig. 2 shows how in the model the weight
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Fig. 2. Dependence of larval weight on food in thq model described.
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after 30 days depends upon food density, that is, the weight of larvae increases
with food in roughly the form of an Ivlev curve. Fig. 3 shows how the percen-
tage mortality per month varies with food density for a constant number of lar-
vae; the mortality rate is high (but corresponds with that observed) and the
differences between food levels are low. The growth rates and mortality rates
are roughly those observed. It is shown that density-dependent mortality can
be generated in the larval stages of plaice as a function of the food available.
Such models have been proposed in the past (Ricker and Foerster, 1948; Bever-
ton and Holt, 1957) for short periods during larval life. However, the processes



32 D. H. CUSHING

described in the two models are very general and could be applied, in princigle,
to fish of any age; however, such processes must be much sharper in larval life,
and conversely in adult or older fish they are slight.
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Fig. 3. Dependence of larval mortality rate on food in the model described.

Fisheries biologists have usually considered that density-dependent mortality
was a small proportion of the total. One of the reasons for this belief is that
the variability in recruitment is very high as compared with that in stock (as, for
example, in a stock and recruitment curve). The density-independent mortality
is usually considered to be the wastage in a hostile environment. If, however,
we suppose that the natural mortality of fishes were density dependent through-
out life (primarily because predation must be considred as a density-dependent
process; the time to capture and eat a prey organism is constant, but the time to
search is inversely proportional to prey density and as the ratio of the first to
second increases with density, predation is density-dependent), the variability of
recruitment is considered as the end product of a continuous process during im-
mature life. Ricker's equation (1958) relating recruitment to parent stock
supposes that the tangent to the curve at the origin represents density-inde-
pendent mortality. He supposed that control as density-dependent mortality
is generated by the aggregation of predators on to the initial numbers of eggs and
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larvae. Beverton and Holt (1957) arrived at the same curve in formal terms
in supposing that fish larvae grow through a critical period at different rates ac-
cording to the food available, which generates density-dependent mortality, ac-
cording to the numbers of larvae, Both processes were considered to be active
amongst the eggs and larvae in the sea, but there can be no distinction between
the eggs produced by one fish and those produced by more than one. If all
mortality were density-dependent, the distinction would not matter because only
the single process is effective. Then any density-independent mortality is an in~
stantaneous loss which is subsequently modulated in a density-dependent man-
ner during the remaining life-cycle. If we suppose that natural mortality is a
density-dependent function of age (because predation js also density-dependent),
it can be shown (Cushing, in press) that N¢ = Ng/(1 4+ Myt) and that
Ny = (No-Ng )} [Ny, t, where Ny, is the initial number of eggs or larvae, Ny the
sumber at time t and M, theinitial mortality rate, The curve of pumber in time de-
scends sharply and tends to flatten in adult life.  Such trends of numbers of larvae,
O- and I-group fishes with age have been presented on a number of occasions

(e.g., Pearcy, 1962).

In different species of fish, the specific mortality rates (Mx = In(Ny 4/ N
where N, and N, | are numbers in a cohort in successive years calculated
from the density-dependent curve on age) are practically the same at a given
age during adult life, Then the differences in natural mortality between species
are really differences in the age of first maturation and the duration of adult life.
The growth of adult fishes is not density-dependent as a general rule (an excep-
tion is the large Pacific halibut, in which density-dependent growth is
evident in the youngest adult age-groups only; Southward, 1967); consequently,
the specific growth rate, G, can be readily determined. Then a critical age (cor-
responding to Ricker's, 1945, critical length) can be defined as that at which
{G-MX) = O. Between the age of first maturation and the critical age in the
virgin stock, the population fecundity increases, but at greater ages it must de-
crease and the animals might well then become senescent. Indeed,
Greer-Walker (1970) has shown that the white muscle fibres of older fish de-
crease in size as they grow older—at about the critical age of 16 in cod. In the
older fish, the escape speeds and the attack speeds must therefore
decrease with age, If senescence is a reality in fishes, the population fecundity
is limited by the critical age. Hence, on average, and only on average, the popu-
lation should replace itself by the critical age. A larger stock would be corrected
by density-dependent processes in the subsequent generation and a smaller stock
would be augmented by the fecundity of the senescent population. If the popu-
lation replaces itself by the critical age, two adults should be generated by
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n gonads, where n is the number of age-groups between the age of maturation and
the critical age; thus a scale is provided for the equation given above. It can
be located by the observed larval mortality rate of 80% /month in the plaice of
the. southern North Sea; then the estimates of 40% /month in the first summer
and of 10% /month in the first winter and of 10% /year from the ages of 5 to
15 (Beverton and Holt, 1957) can be derived and they correspond in fact to the
observed mortalities. For the plaice, at least, the trend of natural mortality with
age is well described by the density-dependent function. At first sight it is an
improbable conclusion, but not on later consideration. A fuller account is given
in Cushing (in press) and in Cushing and Hartis (in press, b).

Harris (in press), in a study of the equations which relate recruitment to
parent stock, has distinguished - stock dependence and density depen-
dence. . Ricker (1954, 1958) suggested that fish populations were controlled by
the aggregation by predators on to the initial numbers of eggs or larvae. Such
stock dependence can perhaps be generated in other ways, but it must always
play au essential part in control. Density dependence, in the new and narrow

Stock dependence
2

Density dependence occurs
at any time period

Time —_—a
Ny > Mm
Fig. 4. Stock dependence and density dependence in an ideal state,

sense, occurs later, in larval life or in juvenile life and it may well be gene-
rated as in the models described above. An important point, which Dr Gulland
has made to me, is that density dependence must operate during a period of time.
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The distinction between the two forms of control is reminiscent of Gulland’s
(1965) distinction between a coarse control and a fine control. Fig. 4 illus-
trates the distinction as a trend of numbers with age: stock dependence repre-
sents the movement of initial numbers of eggs and larvae on the ordinate, whereas
density dependence represents the shift of the curve in age upwards or downwards,
that is, between nt and n9 on the figure. For a given initial number of eggs
and larvae, the trend of demsity-dependent natural mortality with age must re-
present an average condition. The variance about the curve is represented by
the variation in recruitment. Another form of variation may be represented by
differences in the numbers at the critical age; if it remains at 2.1 for a number
of year-classes the population expands rapidly, and vice versa. These considera-
tions show that the trend of natural mortality with age is not quite the rigid
structure which was proposed above,

During the first year or so of life, at least, differences in the initial number
generate differences in the specific mortality rates at given ages, that is, from
month to month. In the models described above, it was shown that density-de-
pendent mortality was a function of the availability of food. Fig. 5 illustrates
the trend of specific mortality with age during an early period of life. At a mid-
dle period, I have supposed that a marked change in food availability occurred
and that it persisted for a period of time, say a month, and that then the change
was reversed, that is, the decrement of food later equals the earlier incre-
ment. During the period of rich food, the specific mortality rate is less at the
new rate than at the old; then when the food availability change is reversed, the
trend of mortality must take a different course in age (because it is a little less
during the period of time). Thus, recruitment may be partly controlled by varia-
tion in the availabllity of food; Jones and Hall (in press) reached the same con-
clusion by a quite different route, but with an analogous model. However, it is
not the only conclusion. A much more important one is that because the dis-
tribution of food is always variable in space, as well as in time, there may be a
continuous modulation of the potential recruitment by the variability in the
availability of food. It is an active and continuous process of extracting energy
from the environment and it should be contrasted with the concept of loss or
wastage in the face of an environment which was named as hostile. It should
not be implied that there is no such thing as density-independent mortality, but
its real effects are instantaneous losses and hence modulations of the form of
density dependence. It has long been thought that variability in space should
generate temporal variat'on; indeed Steele (1961) showed how it might occur.

A much more important point is that the stabilization mechanism itself should
be rooted in the variability of food.
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Fig. 5. Trend of specific mortality rate with time and the effect of food wpon it.

We may return to the distinction between stock dependence and density
dependence. Whereas density dependence is a continucus process of the
exploratory extraction of energy from the food available, stock dependence has
a conservative character. That is, in each generation, stock summarizes the ex-
ploratory activity characteristic of recruitment. Each cohort extracts the most
energy from the food available during its life, but stock represents the average
of a number of cohorts, The average represents the energy conserved, or in
another idiom, information stored. It has long been recognized that the vari-
ability of recruitment is damped by the number of year-classes, but it is averaged
in time rather like 2 moving mean—for the same reason, because the variability
in a time series is conserved by such a procedure.  Perhaps the variability in re-
cruitment should not be regarded strictly as a random variable, but as one which
is generated in climatic trends (Ottestad, 1942).

If we contrast stocks of high and low abundance, the difference in specific
mortality rate at a given low age'is much less in low stock than in high. Not
only is the dependence of mortality on density during a time period less, but the
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growth is less if growth and mortality are linked. Less food is extracted, the
animals are perhaps smaller and the variance of recruitment is probably less.
To put the argument the other way round, the sbundance of stocks depends
on the availability of food.

Differences in number between species are the resuits of competition, and
from cohort to cohort they will be expressed in the proportion of recruitment to
parent stock, or in another terminology, in differences in the net rate of increase,
During any time period in the juvenile life-histories, such differences between
species would be expressed in the rato (G/MX) which would be high in abun-
dant stocks (G/M*); and low in less abundant ones (G/MX);. Competi-
tion is then high between abundant populations and low between the less abun-
dant ones. Hence there is a greater chance of a species being eliminated under
conditions of abundance than under conditions of scarcity. The number of spe-
cies is less where food is abundant in the sea than where it is scarce. The argu-
ment assumes that the competitive advantage or disadvantage expressed in the
two ratios (G/MY); and (G/M*); for short periods in larval life can be
maintained from generation to generation. Diversity is then explicable as the
result of processes within the two stabilization mechanisms.

The processes of production in the sea may be classed in two groups, the
continyous cycle of the open ocean in tropical and subtropical seas and the dis-
contintous one of high latitude and upwelling areas. The difference between the
two in primary production may be of an order of magnitude or more. Cushing
(1972) suggested that the transfer from primary to secondary production was
three times as efficient in the continuous cycle as in the discontinuous one, so in
secondary production the differerice is probably reduced to a factor of 3 to 10.
Efficient transfer occurs where competition may be less intense, Where
(G/MX)  is high, feeding is intense and so is predation; that is, the compe-
tion for food is great in the face of predatory mortality, The continuous produc-
tion cycle with efficient transfer is perhaps one of muted competition, whereas
in the discontinuous one transfer is inefficient because competition is more severe.
In the long term of evolution more species would survive in the continuous cycle,
where food is not abundant, than in the discontinuouns one, where it is. The
inverse relationship between diversity and abundance is thus seen to be one of
the degree of competition, itself a function of the part played by food availa-
bility in the stabilization mechanism.

Fishes grow through a number of trophic levels during their lives : their
initial food may be algae and then they move on to copepod nauplii, copepods,
worms or fish. Except for sharks, they are rarely the top predators, but they
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are usually at a high position in a food chain. During the whole of their lives
they exploit a considerable part of the chain. Consequently, they compete not
only with analogous fishes, but with animals in the plankton or in the benthos.
The competition will be most severe in the juvenile stages, If a density-depen-
dent form of natural mortality in age were characteristic of fishes, perhaps it is
also so of other animals in the chain, if only because of the important part played
by fishes in the food chain structure. More to the point, the processes described
briefly in the models above are of general application and could perhaps be used
in invertebrate population studies,

If such an extension is permissible, there are two general conclusions :

1  that high diversity in evolutionary time periods is linked to low abundance
of food because the intensity of competition is less;

2 that the structure of food chains depends upon the stabilization mechanism
of the component populations,
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