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A method for estimating natural mortality and evolutionary constraint on fish life histo-
ries is presented based on the assumption that observed life histories are evolutionarily stable.
Inverse optimization techniques are used to determine the values of natural mortality,
reproduction—mortality trade-offs, and energy conversion efficiencies that would make ob-
served life histories evolutlonanly stable. The life history method yields natural mortality
estimates comparable with thoce based on population age— frequency data. Sensitivity anal-
ysis is used to determine the robustness of the predictions to errors in parameter estimation
and density-dependent factors.
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Nous présentons ici une méthode pour estimer la mortalité naturelle et les contraintes
évolutionnaires sur le cycle de vie des poissons. Cette méthode repose sur ’hypothese que
les cycles de vie observés sont stables sous le rapport de ’évolution. Des techniques d’opti-
misation inverse ont été utilisées pour déterminer la mortalité naturelle, les compromis
reproduction—mortalité et les rendements énergétiques susceptibles de stabiliser les cycles de
vie observés. La méthode donne des estimations de mortalité naturelle comparables a celles
que donnent les fréquences d’dge d’une population. Nous faisons appel a une analyse de
sensibilité afin de déterminer la solidité des prédictions face aux erreurs d’estimations de

parametres et aux facteurs qu’influence la densité.
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MosT estimates of the rate of natural mortality in fish popu-
lations have been derived from age—frequency data or by
mark —recapture methods. Both of these methods are very
sensitive to biases in sampling technique. They also lead to
estimates with large standard errors for all but the largest
sample sizes. The biases and standard errors are large and
somewhat unreliable because many parameters (age-specific
natural and fishing mortality rates, immigration and emi-
gration rates, etc.) must be estimated from the same body of
data on catch rates of fish at different ages. Despite their
unreliability, estimates of natural mortality are important
parameters in analytical techniques designed to assess stock
sizes, including various types of cohort analysis (Ricker
1975).

It would clearly be desirable to be able to check some of
these estimates using data of an entirely different kind, if the
data were available and appropriate analytical techniques
could be developed. In this paper we attempt to use life
history information about fish populations to make estimates
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of natural mortality rates.

The analytical technique that we use to relate the life his-
tory to the population dynamics is based on the assumption
that fish life histories are evolutionarily stable (Maynard
Smith 1974). A population is evolutionarily stable, with re-
spect to a phenotype or set of phenotypes, if a rare gene
introduced into the population will always be eliminated if its
carriers have a phenotype different from the population mean
(Charlesworth 1980, p. 231). Using techniques based on this
assumption, it is possible to estimate natural mortality, iden-
tify possible constraints on growth and reproduction, and
determine whether estimates of population and life history
parameters are internally consistent. In our analysis, the age-
specific natural mortality rates are considered to be the envi-
ronmentally determined rates to which the population is
adapted in such a way that the life history is evolutionarily
stable. We shall term our estimate of natural mortallty the best
adapted (BA) estimator.

By evolutionary constraints we mean the limitations on the
range of possible phenotypes or modes of adaptation. This
range will, in turn, impose limits on natural selection (at least
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in the short term or within the set of genotypes/phenotypes
which can be considered a single species). We shall, in partic-
ular, be concerned with two constraints: (1) the additional
probability of mortality a fish incurs because of the energy
it invests in reproduction and (2) the conversion efficiency
of energy into eggs relative to the conversion efficiency
into somatic material. When one examines fish life histories
in terms of optimality or lack of it, one feature appears
overwhelmingly important: most fish continue to grow after
they reach sexual maturity. As it turns out, postmatura-
tional growth is evolutionarily stable only under restrictive
conditions.

An implicit assumption in our analysis is that the data we
use on growth rates, fecundities, ages-at-maturity, etc., relate
to a mortality rate which has some “real-world” relevance. If
there have been no significant phenotypic or genetic changes
in the fish communities due to exploitation, the BA estimator
should estimate the primordial mortality rate. However, fish
stocks that have been heavily fished for many decades may no
longer have their original life histories (Borisov 1978; see
Doyle and Myers 1982 and Doyle 1983 for methods of esti-
mating the selection intensity in natural populations). To the
extent that these new life histories are not yet evolutionarily
stable, the estimated mortality rates and evolutionary con-
straints will be biased away from both primordial and current
values. Whether these biases are serious remains to be seen.

Formulation of the Model

We shall use data on female fish, but the approach can also
be applied to males. We shall assume that the effects of
selection on males via genetic correlations between the sexes
is insignificant (Falconer 1960; Lande 1980). We shall con-
sider a population censused at the beginning of the breeding
season. All individuals will fall into age classes 1,2,...,7T.
We shall write [, as the probability of a female surviving from
fertilization to the beginning of the breeding season when she
is of age x. The expected number of female zygotes produced
at age x will be m,. For the density-independent case, the
evolutionarily stable life history will correspond to the
1" survivorship schedule and m,’ fecundity schedule that yield
a local maximum in the intrinsic rate of natural increase,
r’, which is given by the discrete-time version of Lotka’s
equation (Taylor et al. 1974; Charlesworth 1980, p. 232).
That is, for any other survivorship and reproduction schedule,
1.* and m,* (Charlesworth and Ledn 1976)

T T
e} > exp (—r'x) L m* < 2 exp (—=r'x)l/'m,/ = 1.

x=1 x=1

The reproductive schedules will be calculated as follows.
The change in weight of a female over | yr can be described
by

2 we =wo+ (1 — u)f(w)

where f(w,) is the energy available for growth and repro-
duction for a fish of weight w and u, is the proportion of that
energy that goes into reproduction at age x. The function f(w)
is the net energy discounted for standard metabolism and
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locomotion, i.e. the surplus energy (Ware 1980). If popu-
lation density effects are ignored, one form of the surplus
energy is

3)  fw) = aw,®.

If the relationship between surplus energy and weight differs
greatly for young and old fish, the above allometric rela-
tionship may not be adequate to describe the entire life cycle,
as assumed in this analysis.

The expected number of female zygotes produced by a
female aged x is

@) me = glu)f(wy),

where g(u,) is the conversion function of energy into female
zygotes (female zygotes will be referred to as “eggs”). That
is, g(u.)/u, is the conversion efficiency of energy into eggs.
For an intrinsic rate of increase, r, the problem of finding the
evolutionarily stable life history reduces to the maximization
problem:

5) max 2, exp (—rx) Lem (We 1, tey).

Wl T~ =2

The above model cannot produce an evolutionarily stable
life history with postmaturational growth if g(u.) is linear
(Taylor et al. 1974).

The general question of what kinds of constraints are suf-
ficient, and are not sufficient, to make postmaturational
growth evolutionarily stable can be investigated by using
control theoretic methods (Taylor et al. 1974; Ledn 1976).
Constraints and environmental factors that are in general not
sufficient to make postmaturational growth evolutionarily
stable are (R. A. Myers, unpublished results) (1) weight-
dependent mortality, (2) surplus energy functions that have
a more complex dependence on weight than eq 3, (3) the
inclusion of two control variables (energy allocated to mainte-
nance, as well as growth versus reproduction), (4) density
dependence, (5) stochastic surplus energy functions, and
(6) stochastic mortalities.

There are two specific constraints on phenotypes that can,
however, produce postmaturational growth. We shall con-
sider these two constraints in some detail. Postmaturational
growth is evolutionarily stable if the energy cost per egg
increases as the amount of energy devoted to reproduction
increases (the ‘“concave energy conversion” constraint)
(Taylor et al. 1974). Postmaturational growth will also be
evolutionarily stable if mortality associated with reproduction
increases as a convex function of the proportion of energy
devoted to reproduction (the ‘“convex mortality” constraint).
A function, f, is convex if for any pair of points on the graph
of f the line segment joining these two points lies above or on
the graph of f, and similarly for a concave function.

Relatively precise estimates can be made of the magnitude
and functional form of the above relationships required for an
observed fish life history to be evolutionarily stable. This
estimation procedure produces useful numerical predictions
of population parameters, €.g. natural mortality rates. How-
ever, it is impossible to distinguish between these two
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alternate constraints on a purely theoretical basis or with the
data that are currently available. Both mechanisms could be
acting together to produce the observed life histories. Here,
the assumption is that postmaturational growth is due to one
or both constraints.

Biological Basis of the Constraints

MECHANISMS LEADING TO CONCAVE EGG CONVERSION
FUNCTION

There are a number of phenomena that could produce a
concave egg conversion function in fish. Among these are the
following:

1) Limitations of space for carrying eggs. If the number of
eggs a fish can produce is more than the number it can
carry, this will constrain the amount of energy that can be
efficiently expended on reproduction at any age (Hubbs
et al. 1968). This constraint is circumvented by the prac-
tice, characteristic of some species, of ripening batches of
eggs sequentially (Hunter and Goldberg 1980). There may,
however, be selective pressures for synchronous repro-
duction, as there appears to be on plants (Janzen 1976), or
there may be a relatively short season in which offspring
survival is best (Cushing 1975). Either may create concave
egg conversion functions.

2) Nutrient limitation on egg production. If there are essential
nutrients that are either not available or are energetically
expensive for a fish to obtain, a concave egg conversion
function could result. In the common sole, Solea vulgaris,
final oocyte maturation appears to depend on essential
amino acids not found in all foods (Fluechter and
Trommsdorf 1974).

3) Some fishes develop their eggs almost exclusively on
stored reserves, e.g. the American plaice (Hippoglossoides
platessoides) (MacKinnon 1972). If there is an energy cost
to storing this energy reserve (which increases as a convex
function of the amount of energy stored), or if only a
limited amount of energy can be stored, a concave egg
conversion function could result.

4) Indirect energetic cost due to egg production. There may
be energetic costs to egg production beyond those required
to produce eggs. If these energetic costs increase as a
convex function of the proportion of surplus energy allo-
cated to reproduction, then a concave egg conversion func-
tion will result. Also, the energetic costs of protecting or
carrying eggs or young may increase disproportionately as
the number of eggs or young increase.

5) Decreased food intake is associated with reproduction in
some fish species. An extreme case are those species of
mouth brooders that do not eat during reproduction (Fryer
and Iles 1972). In this case, eq 4 is an oversimplification
and must be replaced by

Moy = g(u) f(wy, uy)

where f(w,, u,) is now a decreasing function of u,. If the
whole quantity g(u.)f(w,,u.) is a concave function of
Uy, postmaturational growth can occur. We know of no
attempt to quantify the loss of feeding due to reproduction,
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as done for lizards (Shine 1980). In our calculations below,
we assume that eq 4 is an adequate description of repro-
duction. For species in which it is not an adequate descrip-
tion, the decrease in surplus energy due to reproduction
must be determined experimentally before our methods can
be used.

- Mechanisms 3, 4, and 5 could pose problems in analyzing
published data, since the surplus energy as measured by the
summation of gonad energy content and incremental weight
increase (Ware 1980) would underestimate surplus energy.

MECHANISMS LEADING TO CONVEX REPRODUCTION
MORTALITY TRADE-OFFS

A number of phenomena may lead to reproduction—
mortality trade-offs. Examples include the following.

1) Greater predation accompanying reproduction. Egg pro-
duction is often associated with a loss of muscle tissue
(Shevchenko 1972). This may reduce locomotory capabil-
ities and lead to increased predation.

2) Increased susceptibility to disease has been suggested as a
cause of reproduction—mortality trade-off (Orton 1929).
Either prereproduction or postreproduction mortality can

(if it is a convex function of u,) lead to the evolutionary

stability of postmaturational growth. Here, we shall consider

only prereproduction mortality.

There is, unfortunately, no evidence to suggest what shape
the curve of mortality as a function of the proportion of
surplus energy allocated to reproduction might take. In
particular, it is not known whether mortality is a convex
function of energy allocated to reproduction. Some types of
reproduction—mortality may not be a convex function of u,,
e.g. the mortality incurred during a spawning migration.

Methods

We made two estimates of natural mortality for each stock
studied. First, we assumed that postmaturational growth was
due to a convex reproduction—mortality trade-off (and the
egg conversion function was linear). Second, we assumed that
postmaturational growth was due to a concave egg conversion
function (and that there was no reproduction —mortality trade-
off). The result is two estimates of natural mortality, each
based on one of the above assumptions.

Several types of data are required in the analysis. These are
(1) growth rate over the natural life span of the species,
(2) fecundity estimates over the life span of the species
(weight fecundity data may sometimes be used), (3) estimates
of energy content of eggs, and (4) estimates of age and size
at sexual maturity. Species chosen for the analysis were those
for which the above could be estimated with reasonable
accuracy.

Several surplus energy estimates that we used came from
Ware (1980). When making estimates it is important to state
the range of ages over which the estimates are made. For
example, an allometric relationship gave an adequate fit for
the surplus energy for American plaice from age 6 only. The
surplus energy estimates for North Sea plaice (Pleuronectes
platessa), perch (Perca fluviatilis), and whitefish (Core-
gonus clupeaformis) were calculated over ages | to 7.






