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Detailed records of outgoing smolts of Atlantic saimon (Sa/mo salar) and estimates of the parr population
that produced them were used to study the demographic conequences of male precocious sexual
maturation in southwest Newfoundland. Approximately 80% of males matured precociously in the stream.
Annual survival probability of a male that reproduces precociously is reduced by a median 44%. Precocious
maturation delays smolting; the probability of smolting in the second year for a male precocious parr is
approximately 13% of that of a female. The economic loss due to precocious maturation is large; 60% of
the adult male salmon production is lost due to precocious maturation.

Des données détaillées sur des saumoneaux de saumon de I'Atlantique (Sa/mo salar) descendant vers la
mer et des estimations des populations originales de tacons ont été utilisées pour étudier les conséquences
démographiques de la maturation sexuelle précoce des miles au sud-ouest du Groenland. Environ 80 %
des males sont arrivés précocément a maturité dans le milieu limnicole. La probabilité annuelle de survie
d’un male dont la reproduction est précoce est réduite de 44 %, chiffre médian. Une maturation précoce
retarde la smoltification ; ainsi, la probabilité qu’un tacon male précoce devienne un saumoneau au cours
de la deuxieme année est d’environ 13 % de celle de la femelle. La perte économique due a la maturation

précoce est élevée : 60 % de la production de saumons males adultes est ainsi perdue.
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n many anadromous salmonids, males may become sexual-

ly mature before migrating to the sea (Salmo salar, Jones

1959; S. gairdneri, Schmidt and House 1979; Oncorhyn-

chus tshawytscha, Robertson 1957; O. masou, Utoh 1976;
O. nerka, Hanson and Smith 1967; Salvelinus fontinalis, Power
1980). These precocious parr dart in close to spawning adult
pairs and shed sperm in competition with the adult males (Jones
1959).

There is clear evidence that some of the precocious parr
migrate to the sea as smolts (Leyzerovich and Mel’nikova 1979;
Dalley et al. 1983) and some remain in the river for at least 1 yr
after maturing (Mitans 1973; Gibson 1983). Furthermore, there
is evidence that male parr that mature precociously incur a
higher mortality than those that do not (Dalley et al. 1983).
There are no quantitative estimates for the proportion of
precocious parr that do not smoltify or the reproduction—
mortality associated with precocious maturation. The purpose
of this paper is to provide such quantitative estimates and to
investigate the demography of the Atlantic salmon parr.

Methods

The approach taken in this paper is to compare the numbers of
female, immature male, and precocious male parr in an
age-class with the number of female, immature male, and
precocious male parr and smolt the following year to determine
the patterns of maturation, mortality due to maturation, and
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smolting that are consistent with the observed numbers at age in
the 2 yr.

The Data

Murray (1968a, 1968b, 1968c, 1968d) described the Little
Codroy River salmon demographic study in detail. The data
discussed in this paper are drawn from records of parr and smolt
sampled during this project, which was under the direction of A.
R. Murray.

My analysis combines data from two separate phases of the
study: sampling to estimate parr population densities in the river
and sampling of the smolt run at the river outlet. Parr were
collected from 38 sampling stations in the Little Codroy River
drainage basin in August and September of each year using an
electrofishing apparatus (Murray 1958). Each station was
fenced with a net before electrofishing began. Multiple sweeps
were made with the electrofisher until no more fish were caught.
The estuary and deep pools (1 m depth) were sampled using a
modified 10-m trawl, but very few parr were found in these
areas. Over 500 parr were sampled each year except for 1959
when 300 parr were sampled. Although the sampling was begun
in 1956, sufficient stations were not established to provide
representative estimates of the parr population until 1959 when
approximately 1.7% of the stream bed was sampled (Murray
1961).

Data from 1959 to 1963 appear to be quantitatively reliable
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TaBLE 1. Abundance data used for the analysis.
Parr
Year my mP my m? ms' msP fi f f3
1959 8307 21770 4010 14323 286 3724 19192 16 041 1145
1960 5799 20085 919 3819 0 778 23904 4526 424
1961 6826 11377 1327 6637 95 85 14691 6542 0
1962 4349 14 827 845 7595 121 482 18 687 7716 1206
1963 4124 8248 546 3760 0 910 12069 3457 121
Smolt

Year Mzi sz M3i M3p M4i M4P F2 F3 F,
1960 304 76 895 934 19 29 1505 4039 48
1961 716 179 447 652 13 153 3556 2162 179
1962 926 357 489 688 13 26 3308 2368 13
1963 600 320 200 660 0 60 3303 2142 40

and were the only data used here. The length, weight, and stage
of sexual maturation were recorded for each individual parr, and
scales were sampled and analyzed to estimate age and to
back-calculate growth rates. Maturation in male parr was
assayed by examining the gonads of the parr and categorizing
them as in Jones and Orton (1940). Basically, a parr could be
identified as immature (Jones’ stage I), maturing (Jones’ stages
II-1V), mature (Jones’ stages V-VI), or spent (Jones’ stage
VII). No spent male parr were recorded; samples were not taken
after October, the time of spawning. No sexually mature female
parr were captured during the study.

Smolts were collected and counted at a smolt fence placed at
the mouth of the Little Codroy River. The counts for the total
number of smolts were very accurate. The smolt run lasted
approximately 2mo; 50% of the smolts were counted by
approximately June 20 of each year (Murray 1968c). The
efficiency of the smolt fence was substantiated by a mark—
recapture experiment (Murray 1968c). A sample of the smolt
run was taken throughout the run and analyzed in the same
manner as described for the parr (this sample was over 500 fish
for each year used).

Total numbers of parr and smolts of each age- and sex-class
were estimated by multiplying the total estimated number of
parr and smolts by the proportion of each sex—age-class in the
subsample (Table 1).

Growth during the first year was inferred from scale annuli
determined by standard criteria (Berg and Grimaldi 1967).
Annulus radii were measured from the focus along the longest
oral radii (Tesch 1968).

Demographic Model

I will estimate the survival and the proportion of parr that
mature or become smolt at each age from data on abundances of
parr and smolts. The notation for the abundances and the
parameters are described in Table 2.

If all transitions from parr to smolt and from immature to
mature parr could be identified, standard procedures could be
used to estimate the transition probabilities between states
(Billingsley 1961). Unfortunately, this is not the case. It was not
possible by visual examination of the gonads to distinguish male
parr that mature for the first time from those that matured
previously. It is possible to estimate the proportion of mature
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parr that remain in the river by assuming that the survival of
immature male parr is the same as the survival of female parr. If
this assumption is not made, there is not sufficient information
to distinguish between greater mortality due to precocious
maturation and the proportion of precociously mature parr that
remain in the river an extra year.

There is evidence that the assumption of equal survival for
immature males and females is reasonable: (i) populations with
very few precociously mature males have a 1:1 sex ratio
(Schiefer 1971) and (ii) hatchery and wild populations maintain
a 1:1 sex ratio until the age that precociously mature males
appear (Vladimirskaya 1958; Mitans 1973; Dalley 1978). The
sensitivity of my conclusions to this assumption was checked.

The mortality rate of precocious parr is different from that of
other parr (Myers 1983). Since the precocious parr were
censused less than 2 mo before mating occurred, it is assumed
that the mortality due to precocious maturation took place
during spawning or between spawning and the next census.

Because the smolt census is 2 mo earlier than the parr census,
I initially assume that the survival of parr from the census in
August—September to the smolt census the following Juneis 1.2
times the survival of parr from one year to the next. No parr were

TABLE 2. Basic parameters and variables in the model.

8,  Survivorship during 1 yr for immature male or female parr of

age j

Survivorship during 1 yr for precociously mature male parr of

age j

fi  Number of female parr of age j

Number of female smolts of age j

Number of immature male parr of age j

m#  Number of precociously mature male parr of age j

M j" Number of immature male smolts of age j

Number of precociously mature male smolts of age j

p;  Proportion of immature male parr of age i that would become
precociously mature at age i + 1 if there was no natural mortality

q;  Proportion of immature male parr of age i that would become
smolt at age i + 1 if there was no mortality

r; Proportion of precocious male parr of age i that would become
smolt at age { + 1 if there was no mortality

s;  Proportion of female parr of age i that would become smolt at
age i + 1 if there was no mortality
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found in the river that had regressed from precocious to
nonreproductive (such males would have been detected by the
examination of their gonads in the same manner that spent
smolts were detected). Thus, I assume that all precocious male
parr that do not smoltify the following year remain precociously
mature the following year. That is, precocious male parr either
remain in the river as precocious parr, die, or become smolts.

The following model was thus posed for the change in
abundance of parr:

miy =11 - (p; + g)13;m;

mh 1 = pidymf + (1 = rdmf
o M = 1.2q;8;m}

MP, = 1 2r,8 omp

Fivr =1 = 5%, f;

Fj+1 = 1.2S16]fj

for j = 1, 2 (see Table 2 for an explanation of the notation). The
following constraints were assumed:

Osp;<lforj=1,2

Oqu$1for]—1,2
Osr=<lforj=1,2
2 O0sg=<lforj=1,2
pitg<slforj=1,2
O0=sg;=slforj=1,2
09, ,slforj=1,2.

The rarity of age 4 and older parr and smolts precluded
reliable parameter estimates after age 3.

Note the following about the model: (i) Immature male parr of
ages 1 or 2 may remain as immature parr, may become
precociously mature parr, or may become smolt the next year;
(ii) precociously mature parr of ages 1 or 2 may remain in the
river as precocious parr or may become smolts the next year;
(iii) precocious male parr remain precocious for a second year if
they remain in the river; (iv) mortality rates are the same for
immature males and female parr.

Results

Fitting Models to the Data

The model was fitted to the data for each year separately
because there is evidence that the age at smoltification is not
constant (Chadwick 1981). For any year the 12 equations in (1)
contain 12 unknown parameters that are to be estimated. Thus,
there is exactly enough information to uniquely specify each of
the parameters. This is done by a simple algebraic rearrange-
ment of the equations in (1) to sequentially estimate 3;, s;, g,
Pj, 8; p, and r; for each age.

Initially, the equations in (1) were fitted to the data for the 3 yr
without imposing inequality constraints (Eq. 2). The 12
parameters in the model were estimated separately for each of
the four sets of data. The only inequality constraint that was
violated in any of these four fittings was the parameter p, (the
proportion of immature 2-yr-old parr that become precocious at
age 3), which was less than zero (—0.28) for the 1960-61
transition. That only one of the inequality constraints was
violated in the four data sets is evidence that the biological
assumptions of the model are reasonable, and that the data are
sufficiently accurate to yield meaningful rate parameters. The
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TaBLE 3. Rate parameters estimated in the model. The asterisk indi-
cates that an inequality constraint, p, = 0, was imposed.

Year Age (j) pj q; r; S; d; S p
1959-60 1 0.53 0.1 0.025 0.22 0.3 0.12
2 0.21 0.79 0.57 0.89 0.24 0.095

1960-61 1 0.17 0.26 0.023 031 04 0.32
2 0% 0.88 0.85 1 0.4 0.17

1961-62 1 0.67 0.16 0.065 0.26 072 0.41
2 0.18 0.63 0.61 0.62 049 0.14

1962-63 1 0.27 0.35 0.074 044 033 0.24
2 0.2 0.8 0.39 094 0.25 0.19

most reasonable biological interpretation of the inequality
constraint being violated is that very few or no parr mature for
the first time at age 3, and sampling errors resulted in the
unconstrained estimates being less than zero. Next, the model
was fitted to the 1960—61 data with the inequality constraint
p2> = 0 imposed (Table 3). The parameter g, was then over
identified, i.e. there are two possible parameter estimates for it.
The mean value of the two possible estimates was chosen as the
appropriate estimate of g, in the 1960—61 transition.

A probable reason for the high survivorship estimates for the
1961-62 parameters is that the parr population is underesti-
mated in 1961. In 1961, the water levels were unusually low
(Murray 1968d) and parr probably migrated into deeper pools
that were not consistently sampled because few parr were found
there previously (R. F. Burfitt, Department of Fisheries and
Oceans, P.O. Box 5667, St. John’s, Nfild. A1C 5X1, pers.
comm.).

Standard errors are easily calculated for the results if it is
assumed that all samples were strictly random, there is no model
error (e.g. immature male mortality is exactly the same as
female mortality in all years), and there are no errors in the
estimation of the total parr population size. The resulting
standard errors are quite small but are misleading and will not be
reported here. However, it is shown in the next section that the
parameter estimates are robust to the realistic violations of the
above assumptions.

Although it is not possible to make quantitatively reliable
inferences for the parr that remain in the river after age 2,
qualitative information can be inferred. In particular, the rarity
of parr older than age 3 (4 of the 6000 individuals sampled)
implies that nearly all the parr become smolts, or die by age 4.
This implies that few or no precocious parr remain permanently
in the river as occurs in the Black Sea (Barach 1962) and the
Matamec River in Quebec (Gibson 1983).

Sensitivity Analysis

An error in estimating the proportion of each age- and
sex-class was more likely for the parr than for the smolts
because of the difficulty in obtaining random samples from a
stream. The accuracy of the estimates of the proportions of the
sex- and age-classes can be checked by comparing the number
of males and females of age 1. Since there is a 1:1 ratio at birth
(Dalley et al. 1983), this ratio should also be 1:1. There are more
male than female 1-yr-old parr in the samples (Table 1). The
sensitivity of the estimates was checked under two hypotheses:
(i) precocious male parr were systematically overestimated and
(ii) immature male parr were systematically overestimated. The
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