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Precocious maturation (parr maturation) of salmonid males is treated as a conditional
mixed ESS, and cues for the choice of life-history tactic discussed. Growth rate seems
to affect the timing of the choice but not necessarily the choice of tactic. Unpredictable
environmental conditions affecting potential fertility rather than survival would select
for parr maturation. The temporal and regional variation of parr male frequency in wild
sea trout suggests that populations are adapted to population specific parr male fre-
quencies and that a state correlated with individual growth, e.g. nutritional state, is used

as a cue.

1. Introduction

Some species and populations of salmonids are
migratory (anadromous), and the life history for
such forms of the genus Salmo is essentially the
following. After hatching in fresh water in spring,
the juveniles, called parr, often remain in the
nursery stream for one year or more before smolt-
ing and seaward migration during spring. Rapid
growth is often associated with migration early in
life; this holds for within- as well as between-
population variation (Randall et al. 1986). The
fish grow in the sea for one season or more, and
return for spawning in autumn. Stream length and
sea survival seems to be associated with delayed
age at maturity (Schaffer & Elson 1975), but the

reasons for the large variation in age at maturity
for anadromous salmonids are still largely ob-
scure (Dempson et al. 1986). In addition to anad-
romous adults, there is also, in many populations,
a fraction of males starting sexual maturation
(precocious maturation) while still in the pre-
migratory parr stage, usually during the autumn
prior to main age/size at smolting. This leads to a
physiological conflict (Thorpe 1986). In the sea
trout Salmo trutta L., the result of this is that
precocious maturation inhibits smolting/migra-
tion, and the parr males remain small and resident
throughout their lives (Bohlin et al. 1986, Delle-
fors & Faremo 1988).

When monitoring the parr male frequency in
wild populations of sea trout in SW Sweden
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(Dellefors & Faremo 1988), we noticed that the
parr male frequency varied annually and that this
variation was related to growth rate — good
growth, high frequency of parr males — sug-
gesting some kind of causal relation between
growth and the probability of sexual maturation in
the parr stage. When comparing populations,
however, we did not discover such a pattern; the
population with the lowest growth rate was that
with the highest incidence of parr males. Myers et
al. (1985) arrived at similar conclusions con-
cerning parr maturation in wild Atlantic salmon S.
salar L. in North America; the individual or an-
nual variation in growth rate partly explained the
intra-population variation in parr male incidence
but not the variation among populations. In hatch-
ery reared stocks of Atlantic salmon, the inci-
dence of parr males appears to be population
specific but affected by variation in growth rate
(Glebe & Saunders 1986).

The patterns observed raise two interrelated
but different questions. One is: What determines
and regulates the long-term average of parr male
frequency? Another concerns the individual
choice: What makes one male become mature ata
small size while still in the nursery stream, and
another at a considerably larger size following
growth in the sea?

Our main object is to discuss the latter ques-
tion, specifically how environmental heterogene-
ity or phenotypic variation among juveniles in a
population would be expected to affect the choice
of alternative life-histories for salmonid males.

The following notation is used:

Anadromous male, a male with first

maturity after migration and growth in

the sea.

Precocious male or parr male, a male

starting sexual maturation in the pre-mi-

gratory stage.

P The proportion of a male cohort pro-
grammed to become p-males.

0 The proportion of all eggs fertilized by p-
males.

p The proportion of an individual’s male

offspring programmed to become p-

males.

Malthusian fitness of an a-male.

Malthusian fitness of a p-male.

a-male

p-male

2. ESS for parr male frequency

We base our views on the notion that the system of
parr males and anadromous males basically is a
game between two size classes employing dif-
ferent reproductive behaviour, and that the re-
productive success associated with these tactics or
strategies is frequency dependent. The reason is
the specific male-male interaction. Big anadro-
mous males (a-males), attempt to monopolize a
female by aggressive behaviour against both other
a-males and the small parr males (p-males). The
p-males take advantage of their small size using a
cryptic, ‘sneaking’ behaviour by hiding in the
vicinity of the courting pair and making a quick
approach to the egg-laying female to fertilize eggs
(Jones & King 1950). In addition, p-males are able
to function as independent males in the absence of
a-males (Myers & Hutchings 1987). In such a
system, the reproductive success for individuals
of either form is likely to be better when it is rare
than when it is common, i.e. the fitnesses are
negatively frequency dependent. This might lead
to a stable coexistence at a population specific
equilibrium frequency P* in which the fitness for
the two forms is equal, and which is determined by
factors affecting the reproductive success and
survival for the two forms (Gross 1984, Bohlin et
al. 1986, Myers 1986).

The condition for this kind of coexistence can
be illustrated in the following way (Fig. 1) (Bohlin
et al. 1986). In a non-growing population with
stable age structure, a proportion P of the male
cohort is programmed to become p-males, and
(1-P) to become a-males. The p-males manage to
fertilize the proportion Q of all eggs in the popu-
lation, and the a-males (1-Q). By definition, Q/P
is the net reproductive rate of p-males, and (1-Q)/
(1-P) the net reproductive rate of a-males. If there
is a frequency P = P* where the two forms are of
equal fitness, then, in this case,

Q/P* = (1-Q)/(1-P*)
or
P¥=Q

In Fig. 1, the equilibrium frequency P* is where
the function Q(P) crosses the diagonal from the
origin. This is a stable equilibrium frequency, if
the slope of Q(P) in this point is < 1. P* depends
thus on the population specific shape of Q(P),
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Fig. 1. Q, the proportion of all eggs which are fertilized
by parr males, as a function of P, the proportion of a
cohort programmed to become parr males. The popu-
lation specific equilibrium frequency P~ is that atwhich
P = Q, and P* thus determined by environmental
factors affecting the shape of Q(P). By definition, Q/P
is the net reproductive rate of parr males.

which is determined both by factors affecting fe-
cundity (relative gonadal size, ‘sneaking’ op-
portunities etc.) and survival of the two forms
(Bohlin et al. 1986, Myers 1986).

Theoretically, a system with two types of
males is similar to a population with two sexes. In
both cases, the frequency equilibrium P* could be
maintained by a genetic dimorphism leading-to
two pure strategies (p-males with only p-male
offspring, a-males with only a-male offspring).
Another alternative is a genetically homogeneous
population with each parent programmed for one
mixed strategy composed of two tactics, viz. to
produce offspring of both kinds. In the case of one
mixed strategy, the choice of tactic may be ran-
dom (e.g. like the ‘choice’ of sex by meiosis), or
conditional. In a conditional programme the indi-
vidual utilizes environmental cues to determine
the best choice in relation to its state or other
conditions (e.g. like using body size or number of
females present as cues to determine the optimal
time for sex-changing in the case of protandric

hermaphroditism, Charnov & Bergstrom 1987).
Some general considerations concerning the type
of system that will emerge are the following
(Maynard Smith 1982, 1988), disregarding ge-
netic or other constraints:

1) In a large population where P* is stable (no
random variation), and in whichenvironmental
conditions have no differential influence on
the individual performances (pay-offs) under
the two options, systems with two pure strate-
gies and systems with one mixed strategy
appear equally probable.

2) If P*fluctuates at random, e.g. due to climatic
variation, individuals adopting a mixed strat-
egy will generally perform better than either
pure strategists.

3) If environmental conditions affect the indi-
vidual pay-off under the two options differ-
entially, individuals using a mixed conditional
programme are favoured over both individuals
choosing a tactic at random and individuals
using pure strategies.

The p-male/a-male system is mixed; a parent
generally has both kind of offspring, and the
proportion eventually reaching maturity in the
parr stage under artificial conditions depending
on the treatment (Lundquist & Fridberg 1982).
Furthermore, juvenile salmonids vary with re-
spect to growth rate, condition, nutritional state,
etc., at least partly as a result of a heterogeneous
environment. This variation is not likely to be
neutral in the sense that it is irrelevant for the in-
dividual performance under the two options. We
will therefore treat the p-male/a-male system as a
population of individuals utilizing a mixed strat-
egy with a conditional choice of reproductive
tactic.

3. Conditional response to environ-
mentally determined cues

The simplest type of conditional choice would be
the following. An environmentally determined
phenotypic character y has a stable distribution in
the population. In amixed strategy, each offspring
of an individual is equipped with the genetic
programme: If y is larger than a threshold value K,
the individual becomes a p-male, otherwise it
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becomes an a-male. In a population consisting of
such individuals, natural selection would favour
individuals happening to choose a value of K that
divides its male offspring into the fraction p* = P*
above the threshold, and (1-P*) below.

This kind of system is similar to the simplest
kind of sex ratio games (Hamilton 1967, Maynard
Smith 1982), in which the only single stable sex
ratio among offspring (p*) is the same as the stable
primary sex ratio in the population (P*). As the
cue variable y in this case is utilized merely as an
aid (like tossing a coin), the ‘choice’ of tactic is
random. Such a system would thus be possible if
the frequency P is the only factor affecting the
fitnesses differentially, which is not very prob-
able.

If there is also an environmentally determined
phenotypic variable x that does affect the fitness
relations, then individuals using x as a cue rather
than the neutral variable y would be favoured.
Some environmentally determined characters or
environmental conditions may strongly affect the
fitness, but to the same extent for both tactics.
These would not be more useful as cues than the
variable y. Natural selection would rather favour
the use of a variable x related to 4 /4 for the in-
dividual male offspring. For an individual with an
x value corresponding to lp//l“ > 1, the p-tactic is
the best, and if A /A, < 1, the a-tactic should be
chosen. An example is shown in Fig. 2 where x
represents an arbitrary, environmentally de-
termined, phenotypic variable, of which A /4 is
an increasing function. If x for an individual is
large, it would perform better under the p-tactic,
and if low the a-tactic is the better. Due to fre-
quency dependence, this function will be large for
alow value of P and successively depressed with
increasing P, and thus the intersection with the
line /lp//lu =1 (equal fitness) will also change with
P. This simply means that if there are many
individuals competing under the p-tactic, then
only those with the very largest values of x would
perform better as p-males than as a-males. In Fig.
2, this function is superimposed on the actual
distribution of the cue variable x in the population.
The equilibrium frequency P* is reached when an
area under the x-distribution to the right of the x-
value for 4 /4, = 1 equals Q. This value of x would
then become the population specific threshold K
selected for. If the relation is positive, as in Fig. 2,

X

Distribution of X

*

p<p
1 / I “‘J Il IMHMHHHM 0 .

Fig. 2. Graphic representation of a continuous phe-
notypic variable x affecting the relative fitness (/lp//la)
of parr males positively. Due to frequency depen-
dence, the function will be successively depressed
with increasing frequency P of parr males in the
population. Superimposed is the distribution of xin the
population. If the frequency Pof parr malesis low (top),
all males in this specific population would perform best
as parr males regardless of their phenotype. With an
increasing parr male frequency (middle), individuals
with alow xvalue would perform better as anadromous
males. The equilibrium frequency is reached (bottom)
when the parr male frequency (shaded) equals the
area under the xdistribution to the right of the intersec-
tion. Natural selection would favour the intersection K
as a threshold.

the conditional programme would be: If x > K,
become a parr male, otherwise become an a-male.

The conditional model above would suggest
an all or none response to the cue variable (all
above K would employ the p-tactic). If, however,
the variable x is only one of many characters
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Fig. 3. If the relative fitness ).p//la is affected by other
variables in addition to x, there will be a distribution
around the 4,/4, function (broken lines), resulting in a
tendency rather than an all-or-none response. No-
tation as in Fig. 2.

affecting the relative fitnesses, this will lead to
some kind of distribution around the 4 /A, func-
tion (Fig. 3), and the result will be a tendency
rather than an all or none response. In this case,
A /2, is atwo- or multidimensional function rather
than determined by one environmental variable.

The conditional mechanism is based on the
assumption that an individual tends to make the
best of its situation in terms of fitness. This does
not necessarily mean, or lead to, equal average
fitness for the two tactics. One of the tactics may
be anemergency solution for a phenotype doomed
to alower fitness by its environment (‘making the
bestof abad job’, Maynard Smith 1982). Whether
the two tactics will yield the same average fitness
depends basically on the shape of Q(P) (Fig. 1).

4.1If choice is conditional, which cues are
selected for?

The question is to find environmental conditions
or environmentally determined states affecting
the individual performance under the two repro-
ductive tactics differentially. Such conditions or
states may be used as cues in the choice (e.g. a
nutritional state or growth rate affected by the
food available). States associated with a tactic
may also be parts of that tactic and may have
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nothing to do with the choice (e.g. a nutritional
state or growth rate which is the result of preco-
cious maturation). Furthermore, choice of tactic
has to be made in advance, so the cues selected for
should also be reliable predictors of future states.

In the p-male/a-male system, there are two
major differences between the two behavioural
tactics that may affect the type of cue selected for.
One is body size, and the other is the difference in
time lapse between choice of tactic and reproduc-
tion for a-males and p-males. For the p-tactic, the
question is to predict one’s reproductive success
some months later and for the a-tactic one’s sur-
vival and reproductive success some years later.

4.1. Growth and size as affected by the environ-
ment

It is tempting to see an environmentally deter-
mined growthrate as a cue for choice of tactic. The
first reason is based on life-history theory. With a
growth curve (growth in fertility), where the po-
tential fertility is continuously approaching a fixed
upper limit, one would expect arapid growth to be
associated with early maturation, and a slower
growth, caused by environmental stress, with later
maturation, other variables constant. The second
reason is that growth is correlated with the proba-
bility of parr maturation (e.g. Thorpe 1986, 1987),
although this relation may also be more obscure
(Lundquist 1980).

The predictions of current theory on pheno-
typic plasticity do not, however, agree well with
the a-male/p-male system. Under reasonable
mortality regimes, one would expect slow-grow-
ing individuals to mature later but at a smaller size
than the more rapidly growing ones (Stearns &
Koella 1986). Contrary to what is generally found,
the small p-males should be old and the larger a-
males young, and maturation at a large size is not
expected to be associated with poor growth.
Moreover, tagging experiments suggesta positive
relation between sea survival and body length
(e.g. Lundquist et al. 1988) and thereby also
between growth and sea survival. Therefore, under
this theory, it seems far from evident why poor
growth would select for migratory a-males.

One reason for this discrepancy is that the
model used is based on the assumption that fer-
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tility is proportional to body size (Stearns &
Koella 1986). For salmonid males using ‘sneak-
ing’ behaviour or fighting this is clearly an over-
simplification. The game is essentially between
two size classes. Parr males take advantage of
their small size, whereas the anadromous males,
fighting for spawning opportunities, are favoured
by a large body size. Using proximity to the
females as a measure of male reproductive suc-
cess, Gross (1985) found that medium-sized males
did less well than smaller and larger males in coho
salmon. Therefore, Leonardsson & Lundberg
(1986) hypothesized that body size is a cue vari-
able x and used a dome-shaped relation between
the reproductive success of parr males and their
body size; being too small or too large would
reduce the fertility of a p-male. The result is a
population specific parr male size range, where
the optimum parr male size is affected both by the
size of the big male and the physical structure of
the spawning area (type of substrate, etc.). At the
time when the choice has to be made (at least some
months before parr maturation), only male juve-
niles with certain combinations of body size and
growth rate would be likely to hit the size window
and therefore be selected to become parr males. If
so, a rapid growth may or may not select for parr
maturation.

The size-window theory is hard to test because
of the difficulty of relating the size-window range
to environmental factors. Meanwhile, with mod-
ern techniques, e.g. DNA-fingerprinting (Jeffreys
et al. 1985), it might prove possible to assess the
shape of the relation between the individual repro-
ductive success and body size among competing
parr males under reasonably realistic conditions.
However, a qualitative prediction from the condi-
tional model which it might be possible to test is
that populations with a low P* would be associ-
ated with a more narrow p-male size range (rela-
tive to the size range of all males) than populations
with a higher P*. In sea trout populations there
seems to be no such tendency (Dellefors & Far-
emo 1988). In addition, there is an almost com-
plete overlap in the size distributions of parr males
and those of the same age which are still imma-
ture. Thus, although the assumption of a basic
size-dependent game seems reasonable and sup-
ported by some evidence (Gross 1985), it appears
that the size-window is wide and that individuals

Bohlin et al.: Male strategies in salmonids « ANN. ZOOL. FENNICI Vol. 27

within the range use additional cues for the life-
history choice (cf Fig. 3).

The effect of environmentally determined
variation in growth rate on the p-male/a-male
system is thus unclear. On the other hand, from
general life-history theory one would expect a
rapid growth to influence the system in one spe-
cific direction: towards an earlier choice, and,
once this choice is made, an earlier maturation
in both options. An earlier choice related to
better growth is supported by the fact that faster
growing salmon smolt emigrate earlier than more
slowly growing ones (Chadwick 1981). In hatch-
ery reared populations the general picture is that
enhanced growth reduces age at smolting as well
as age at parr maturation. Thus rapid growth is
likely to be associated with rapid development
and early maturation, but thereby not necessarily
with the increased probability of choosing the p-
tactic.

4.2. Growth rate and survival

On the individual level there might be a trade-off
between growth and survival. An individual could
choose a risky way of increasing its growth, or a
safer life at the cost of reduced growth. Without
frequency dependent interaction, one would ex-
pect one optimal risk level (foraging effort, etc.)
yielding the optimal growth under a given set of
conditions. Under frequency dependence in a
system with two optimal size classes, however,
such a trade-off might lead to two strategies or
tactics, one associated with good growth, lower
survival and thereby early maturation at a small
size (p-males?) and another with slower growth,
better survival and thereby later maturation (a-
males?). The adaptive variation in growth rate
alternative is supported by Metcalfe (1989) and
Metcalfeetal. (1989), juvenile salmon parr choos-
ing the tactic of delayed smolting changed into a
more prudent form of behaviour (in order to
increase survival?) and a slower growth. This
scenario would not necessarily explain the choice
of tactic; the differential growth rates here are
parts of the tactics and may have nothing to do
with the actual choice. There are, however, envi-
ronmental situations that might influence growth
and survival differentially. In the field there may
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be, say, territories associated with safe but scarce
foodresources, and others with risky but abundant
resources. If individuals are able to assess both the
risk level and resource value, this might influence
the choice of reproductive tactic.

4.3. ‘State’

The over-lap in the size distributions of parr males
and those still immature suggests cues other than
size/growth, or additional cues, for the choice of
life-history. It appears that the choice of parr
maturation has to be made at least some months
prior to the spawning time in autumn, and that the
‘state” during this period is used as a cue (Thorpe
1986). In addition to body size, environmentally
determined individual variation in condition,
nutritional state, state of health, etc., will affect the
individual performance, and the question is one of
the differential effect of this variation on the
fitnesses associated with the two life-history tac-
tics. Fertility is affected by the nutritional/ener-
getic surplus acquired by foraging, and is there-
fore likely to increase rapidly above a certain
feeding level. Survival, on the other hand, may be
more gradually favoured by the nutritional state,
and variation in ‘state’ would therefore create
larger variance in potential fertility than in sur-
vival. If (1) current ‘state’ affects immediate po-
tential fertility rather than survival, and (2) future
‘states’ are unpredictable, then a ‘good state’
would select for reproduction soon (because fu-
ture ‘states’ are likely to be worse), and a ‘low
state’ for delayed maturation (because future states
are likely to be better). If so, the conditional
mechanism suggested (Fig. 2) might be tested by
rearing fish from two or more wild populations
with known average parr male frequencies and
subjected them to arange of, say, feeding regimes
in a hatchery during the critical period of strategy
choice. The experimental populations are then
followed until parr maturity. The threshold model
predicts that the switch to precocious maturation
should occur at different and population specific
levels of feeding — those from populations with
a low parr male frequency at higher levels of
feeding. As far as we know, no such tests have
been made.
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5. The conditional model and temporal
variation in parr male frequency

In the wild populations of sea trout (Dellefors &
Faremo 1988), we may recall that the temporal
variation of parr male frequency was related to
growth rate, whereas the long-term population
averages were not. One possible explanation is the
following. The different populations are adapted
to environments with different Q(P) functions
(Fig. 1) and have, as a result, different values of
parr male frequency P*. Nutritional state is a cue
x, and individuals with a state above the popula-
tion specific threshold K, corresponding to P*,
will become p-males. The distribution of x, how-
ever, varies from year to year due to variation in
food availability, etc. If K is fixed to correspond to
the long-term average P*, this variation would
lead to environmentally determined variation in
parr male frequency around P*. A positive corre-
lation between nutritional state and growth would
then lead to an annual variation with growth
correlated to parr male frequency.

The reason why K is not adjusted upwards in
‘good’ years, which would seem to make sense,
may simply be that an individual can assess its
own state x but has limited information about the
population, viz. the current distribution of .x. An
adaptive reason could be a combination of fre-
quency and density dependence. x (nutritional
state or growth) is likely to be negatively related
to the density of a parr cohort (see e.g. Randall et
al. 1986). If the number of returning a-male
competitors varies at random, it would be safer to
choose the p-tactic if a member of a poor parr
cohort. This would automatically be achieved if K
is fixed and x negatively density dependent.

6. Heritability of parr male frequency

Although the choice of life-history is likely to be
conditional, there is, at least in hatchery reared
populations, often some heritability of parr male
frequency (Glebe et al. 1980, Thorpe & Morgan
1980, Thorpe et al. 1983, Glebe & Saunders
1986). In terms- of the simple conditional pro-
gramme suggested this means a genetically de-
termined within-population variation in the
threshold K. The mechanisms creating additive
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genetic variance, or reducing the rate at which it is
drained by natural selection, is complex and only
partly understood (Falconer 1981). Generally,
one would expect a lower heritability for traits
closely related to fitness than for more neutral
traits (Mousseau & Roff 1987). How closely a
threshold K is related to fitness depends on the
slope of the ’1,7/32, function in Fig. 2 (bottom); the
lower the slope, the lower the difference in fitness
between individuals with different K values and
the weaker the selection. In the extreme case that
the slope is zero (the cue x neutral), and if the
population is large with no random variation in
P*, any combination of offspring frequencies p,
and thereby of K values, is possible as long as
the individual offspring frequencies add up to
the population specific parr male frequency
P¥=0Q.

7. Final remarks

The general picture of environmentally deter-
mined factors influencing the choice of life-his-
tory for salmonid males is that conditional mech-
anisms are probable but the conditional programme
complex. The basic system may be similar to that
in Fig. 2, but including several variables as cues.
The relative fitness p-males/a-males would then
form a multidimensional space rather than a two-
dimensional function. Growth is obviously in-
volved, either as a cue or merely correlated to cues
utilized. Rapid individual growth is likely to se-
lect for early choice of life-history, but its rele-
vance as a cue for choice of tactic is obscure.
Furthermore, if fertility is affected by an unpre-
dictable ‘state’, e.g. nutritional state as influenced
by climatic conditions, then a good state would
select for immediate reproduction, e.g. parr matu-
ration.

Most information on precocious maturation
has come from hatchery reared populations. If the
main object is to gain an understanding of adap-
tive mechanisms, one has to keep in mind the vast
difference between the conditions in a hatchery
and those in the environment to which the popu-
lations are adapted. Growthrates are often doubled
or tripled, and population densities not compa-
rable. Functional programmes may fail to deal
with such conditions; the cues may be out of

range. Further comparative studies of natural and
artificial populations would therefore be in-
teresting.
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