























































































































































































































Growth, Mortality and Migrations of the Anadromous Char,
Salvelinus alpinus, L., in the Yardnes River,

Troms, Northern Norway

KJELL W. JENSEN and MAGNUS BERG

Directorate for Wildlife and Freshwater Fish N-1430 As, Norway
Directorate for Wildlife and Freshwater Fish N-7000 Trondheim, Norway

I. INTRODUCTION

Mathisen and Berg (1968) estimated the in-
stantaneous daily growth rates in summer and
winter for the anadromus char of the Vardnes
River. Their aim was to show the pronounced
seasonal variation in growth for this fish and the
material was pooled regardless of size or sex.

As more material is now available, we can
separate the growth of the two sexes and also
take in account the size dependence of the growth.
We can also obtain some information about the
survival and the migrations of this little known
fish.

Il. MATERIAL

The location of the small Vardnes River is shown
in Fig. 1. The river harbours populations of
anadromous brown trout, Arctic char and Atlantic
salmon. The river and the traps for descending and
ascending fish were described by Mathisen and
Berg (1968). The traps were again used in 1967—
70 and all trapped ascending and descending fish
examined. All previously tagged fish were re-
corded, and all untagged fish were tagged below
the front of the dorsal fin with a numbered
Carlin tag. For each fish the total length in cm
and the weight to the nearest 10 g was recorded.
As the sex could only be ascertained from external
examination, many char could not be sexed.

The number of char tagged when descending
(labelled “Out”) and when ascending (labelled
“Up”) are shown in Table 1. A total of 6165
individuals were tagged and some of these were
afterwards controlled in the traps in up to eight

different seasons. The efficiency of the traps
varied much from day to day depending on water
flow and other factors. The great variation in
the table mainly reflects variations in trapping
efficiency.

111. GROWTH

One way to estimate length growth in this material
is to use the method of Manzer and Taylor
(Ricker 1975). One of the conditions for this is
that there is a linear association between It+1
and It

The predictive linear regression was computed
for It+1 on It where It was the observed total
length of a char caught in the up-stream or the
down-stream trap and It+1 the observed length of
the same fish when controlled in the same trap
approximately one year later. The results are
shown in the upper part of Table 2, where N is
the number of observations, Tt and it+1 mean
lengths, b the slope of the predictive regression
line, sh the standard error of b, and r the corre-
lation coefficient. Apparently the regression lines
will give a fairly accurate description of how the
growth depends on length and sex for individual
fish. They are not true Waiford lines (Walford
1946) as these are obtained by plotting mean
length at age (t+1) against mean length at age t.

The sex could only be acertained after the
secondary sexual characters had been developed.
The group “Sex unknown” contains therefore
mostly growth observations from small, juvenile
fish which were never recaptured in the traps
after they had attained maturity. The groups
“Females” and “Males” contain growth observa-
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Fig. 1. Map of the Vardnes River (Mathisen and Berg 1968).

Table 1. Number of char tagged in the Vardnes River
1956—70.

Year Out Up
1956 19 86
1957 34 8
1958 259 21
1959 223 170
1960 385 25
1961 267 78
1962 375 39
1963 66 47
1967 918 226
1968 770 114
1969 1122 17
1970 739 157
Total 5177 988

tions both from the juvenile and the mature
periods of life.

The slopes of the regression lines for females,
males and “Sex unknown” differ significantly. As
young, fast-growing fish are over-represented in
the last group, we shall leave it out in the further
treatment of the growth data. Apparently the
males grow faster than the females.

We have also some observations of char with
two years between the control measurements, and
the predictive linear regressions lt+2/lt for these
fish are listed in the lower part of Table 2.

According to Ricker (1973, 1975) the geometric
mean functional regressions can be preferable for
bivariate distributions of this kind. The GM

Table 2. Predictive linear regressions It+1lIt and It +2/k-

Sex N It

One year’s growth

Males 254 3178
Females 254  32.61
Sex unknown 632 25.89
All fish 1140 28.70
Two years' growth

Males 97  30.75
Females 95  30.94

It+i b sb r

36.98 0.8198 0.0232 0.912
36.96 0.7320 0.0237 0.889
30.74 0.9566 0.0182 0.903
33.51 0.8896 0.0110 0.923
38.02 0.6270 0.0683 0.686
37.92 0.5866 0.0550 0.742
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Table 3. Predictive and functional linear regressions of It+i on It- Estimated values of L~ and K.

Regression type

Predictive linear regression. Males
Females
Males
Females

GM functional regression.

39 9

Predictive linear regression. Males
Females
Males
Females

GM functional regression.

ii

regression lines pass through the means of all
b
the observations (It+], It) with slope v=—,

The computed predictive and functional re-
gression equations for the two sexes are shown
in Table 3, and we have now to decide which
set of equations gives the most reasonable results.

In von Bertalanffy’s growth equation

I"LJl-e-KCt-t0))

which can be derived from the Walford line
equation, the parameters can be computed
from the Walford line. Hancock (1965) who
worked on cockles, used the same method on
Manzer and Taylor lines and found values for

and K that were very similar to those obtained
from the Walford lines. Let us assume that our
regression lines can also be used to estimate the
“asymptotic length” and the curvature para-
meter K. can then be estimated as the inter-
section between the regression line and the line
It+1=1It, and K can be estimated from the slope
of the regression line which is e~Kt For the re-
gression line for one year's growths (It+1:It) the
slope is e~K and for lines describing two-years
intervals (It+2:It) the slope is e~2K. The results
are shown in Table 3. Apparently the values
calculated from the predictive regressions are more
realistic than those from the GM regressions (the
biggest fish in our sample of individuals were for
females 59 cm and for males 60 cm). For the
K-values the predictive regressions give the most
consistent estimates.

Regression equation Loo K
One year’s growth

It+i=0.8198 It+10.9268 60.64 ©-20
It+i=0.7320 It+ 13.0895 48.84 0.31
It+1=0.8989 It+ 8.4128 83.21 o.11
It +1=0.8234 1t+10.1090 57.24 0.19
Two years’ growth

It+2=0.6270 h + 18.7398 50.24 0.23
It+2=0.5866 It+19.7706 47.82 0.27
It +2=0.9140 h+ 9.9147 115.29 0.05
h +2=0.7906 It +13.4599 64.28 0.12

Yearly increases in length can also be described
by the simple exponential model It+1 =1t + eG which
can be written G=loge(lt+1/It). The common
method is to estimate G between length means
for the different ages. As the age is unknown in
our samples, we shall compute individual G-values
and average these within 5-cm groups. These
calculated mean G-values for the two sexes are
shown as points in Fig. 2. We can also estimate
G-values from our regression equations by the
formula

G=loge (b It+C)/It

where b is the slope and c the constant in the
regression equation. This will give continuous curves
showing estimated variation in G with length.
These curves for the two sexes and the two types
of linear regressions are also shown in Fig. 2.
The curves based on the predictive regressions give
the best fit to the estimated points.

IV. MORTALITY

The age of the char in our material is unknown,
and we shall try to estimate survival rates from
the tagging data. Table 4 shows for each year
the number of char which were tagged when
descending (Out) or ascending (Up). The fish
were divided on five 10-cm groups. Within each
of these groups are listed the number tagged (N),
the number (Ctr.) that was later re-observed at
least once at the weir and the number (R) that
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e Females
© Males

---Calc.curves predict, regr.

-—- Calc, curves GM regr.

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 cm

Fig. 2. Observed G-values (means within 5-cm groups) and G-curves
calculated from predictive and GM regressions.

was reported caught by fishermen but had not
previously been re-observed at their weir. Finally
is for each group listed the percentage of tagged
fish which was later either fished or re-observed
at the weir and this is a minimum estimate of the
survival percentage in the time period between

6

descent and ascent (Out—Up) and between ascent
and next year’s descent (Up—Out). The main
reasons why these survival estimates are too low
are incomplete control at the weir, incomplete
reporting of recaptures by fishermen, tagging
mortality and tag losses. A further complication is
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Table 5. Estimated survival (minimum values) of 22 c¢cm long descending char.

Males Females Yearly survival
Period | G s G S Sout - out Sup - Up
Out year 0 22.0 22.0
0.275 0.36 0.282 0.36
Up vyear 0 28.96 29.17 0.26
0 0.71 0 0.71
Out year 1 28.96 29.17 0.26
0.180 0.36 0.166 0.36
Up vyear | 34.68 34.43 0.23
0 0.64 0 0.64
Out year 2 34.68 34.43 0.44
0.126 0.68 0.102 0.68
Up year 2 39.33 38.13 0.44
0 0.64 0 0.64
Out year 3 39.33 38.13 0.44
0.093 0.68 0.073 0.68
Up year 3 43.17 41.02 0.52
0 0.77 0 0.77
Out year 4 43.17 41.02 0.57
0.070 0.74 0.051 0.74
Up year 4 46.30 43.17 0.57
0 0.77 0 0.77
Out year 5 46.30 43.17 0.57
0.055 0.74 0.035 0.74
Up vyear 5 48.91 44.70

that a substantial number of River Vardnes char
ascend other rivers.

The low rates estimated for 1963 and for Up
1970 are due to the traps being out of use in
1964—66 and after 1970. These periods were
therefore excluded in the calculations of the mean
rates that are listed at the bottom of the table.
These means are our best minimum estimates of
survival.

As we have treated both growth and survival
as functions of length regardless of age, we can
now combine the growth and survival estimates
to construct tables of survival through sequences
of years for cohorts with known lengths at first
migration. In Table 5 we start with descending
fish with length 22.0 cm. The corresponding
growth coefficient, G, is 0.275 for the males and
0.282 for the females (taken from Fig. 2) while
the rate of survival for both sexes in this first
Out—Up period is 0.36 (from table 4). When
ascending (Up year 0) the males have attained
a mean length of 28.96 ¢cm and the corresponding
Up—Out survival rate for the next period is 0.71
The last columns in the table show the yearly
survival rates based on the year between two

descents (Out—Out) or two ascents (Up—Up).
Again it should be emphasized that all survival
figures in the table are minimum values for the
survival of tagged char and they may grossly
underestimate the true values for untagged fish.

Table 6 shows the reported recaptures by fisher-
men. Rj—R7 are the numbers of recaptures in the
first to the seventh year after the tagging. The
yearly rates of exploitation were calculated from
the recaptures the first year after tagging. For
the descending fish these rates varied between
0.01 and 0.18 with a weighted mean of 0.04.
For the ascending fish the rates of exploitation
varied between 0 and 0.27 with a weighted mean
of 0.11. The highly significant difference in re-
capture between the two groups is probably
caused by a higher tagging mortality and a lower
vulnerability to the fishing gear of the small
descending fish.

The recaptures by the fishermen can also be
used to estimate survival rates. For each group
of tagged fish in Table 6 we should except the
number of recaptures to be highest in the first
year and then gradually to decrease because of
mortality and tag losses. However, in many of
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Table 6. Recaptures by fishermen.

Period of Number

tagging tagged Rg Rs

Up 1956 86 23 4 4
1957 8 — 1 2
1958 21 — 1 —
1959 170 10 13 17
1960 25 1 6 1
1961 78 14 10 2
1962 39 5 6 1
1963 47 3 4 2
1967 226 42 18 3
1968 114 6 8 4
1969 17 - - -
1970 157 5 5 1

Total 988 109 76 37

Out 1956 19 3 [
1957 34 6 1 2
1958 261 2 11 —
1959 223 13 3 1
1960 385 7 18 34
1961 267 10 25 13
1962 375 17 12 13
1963 66 2 -  —
1967 918 67 85 17
1968 770 37 17 10
1069 1122 20 12 6
1970 739 27 7 6

Total 5179 211 192 102

the groups the number of recaptures has been
highest in the second and even in the third year,
and this is especially the case for fish which were
tagged when descending (labelled Out in the
table). Many of these char are too small to be
fully vulnerable to the fishing gear in use and
we shall therefore leave out the first year’s re-
captures. There are also indications that the fishing
mortality and/or the efficiency of reporting re-
captures has varied considerably from year to
year. For instance gave the groups Out 1959,
1960, 1961 and 1962 the highest number of recap-
tures in respectively year 4, 3, 2 and 1 after
tagging. The reason was probably exceptionally
good conditions for sea-fishing in the summer
1962. The same trend is present in the Up groups
for 1958—61. Bias due to variations in fishing
mortality and reporting efficiency among years
can hardly be avoided in this material.

Our best estimates of yearly survivals are the
fractions R3/R2. For the ascending char this gives

S=37/76=0.49

[N
N

B w8l veusBall

Total no. Per cent
R» Re R7 recaptured  recaptured
32 37
—_ = - 4 50
1 1 — 6 29
2 1 — 46 27
— = = 8 32
- - - 26 33
— — 12 31
— — 9 19
1 - — 64 28
- - - 22 19
— — 0 0
B a— 11 7
4 2 — 240 24.3
R 4 21
- = - 9 26
7 1 3 31 12
2 - — 32 14
- - - 66 17
- - - 52 19
1 1 2 48 13
1 1 — 4 6
3 2 2 186 20
4 — 70 9
1 - — 46 4
- = 40 5
19 5 7 588 114

and for the descending char:
S$=102/192=0.53

The difference between the two estimates is not

significant.
The formula
g_R3+R4+ v+ +Rn
R2+R3+ +++ +RN-1

gives slightly lower estimates, probably because
of an increased rate of tag loss with time.

As the efficiency of the traps has varied very
much from time to time, controls in the traps
through successive years of cohorts of tagged
fish can hardly be expected to give useful survival
estimates.

Our conclusions are that among the exploited
length groups the yearly survival is of a magnitude
of 0.50. The mortality among the small, tagged
fish is considerably higher, but this may at least
partly, be an effect of handling and tagging. For
vulnerable size groups the mean rate of exploita-
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Distance from the Vardnes River

S 0§1
No. recaptured freshwater 99 42 73
No. recaptured saltwater 412 82

tion was 0.11, but this is probably an under-
estimate because of incomplete reporting of re-
captures.

V. MIGRATIONS

The timing of descent and ascent and the duration
of the stay in the sea and in freshwater of the

B a a a a a
ol 04 04 04 04 a
8
<N
| | \
A A
3 11 6 2 3 1 4 271
11 12 4 3 1 2 — 556

Vardnes River char was analysed by Mathisen
and Berg (1968). In this paper we are mainly con-
cerned with the migrations in the sea.

Table 7 shows the distance between the mouth
of the Vardnes River and the points of recapture
reported by fishermen. Most of the recaptures
were made in the sea and most (74 %) of these
within 25 km of the Vardnes River. 22 (4%)

1 to Tuioma River.Murmansk

Fig. 3. Recaptures in rivers more than 100 km away from the Vardnes River.
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Table 8. Recaptures on different kinds of fishing gear.

Rod Trolling
Freshwater, No. 225 2
» % 85 1
Saltwater, No. 45 34
%> 8 6

of the sea recaptures were made more than 100
km away from the river mouth. Two of these
fish were caught between 400 and 500 km away
from the river.

Still more interesting are the 271 freshwater
recaptures. Of these 99 were made in the Vardnes
River and 173 in other rivers. 27 of these were
made in rivers that were more than 100 km away,
the localities are shown in Fig. 3. Of these 27
specimens 4 had been observed only once in the
traps in the Vardnes River, 14 had been observed
twice, 6 had been observed three times and
three had been observed four times. The
longest distance covered was the 940 km to the
Tuloma River near Murmansk in the USSR by
a char that before this had been registered four
times in the Vardnes River. As there were 97
days between the last observation at the weir
of this fish and the recapture date, the mean dis-
tance covered per day was 9.7 km. Next “best”
was a char with estimated mean speed 6 km/day.
These are of course, minimum estimates of the
mean speed, as all speed estimates based on
distance and time between marking and recapture.

VI. FISHING GEAR

Table 8 shows the distribution of the reported
recaptures of tagged char on the different kinds
of fishing gear. In freshwater rod with spoon
or spinner, worm, fly etc. has accounted for
85 % of the catch and gillnets for nearly all the
rest. In the sea the gillnets are most important,
then come rods (usually near the river mouths)
and then trolling, seine and bagnet. The bagnets
are typical salmon gear with too big meshes for
char.

As fishing was only permitted in the Vardnes
Lake while the river itself was closed to fishing,

Gillnet Bagnet Seine Total no.
38 — — 265
14 — — —

457 4 13 553
83 1 2

the totals in the table can not be used for general
reflections about the relative importance of sea-
and freshwater fishing for anadromous char in
the district.

VIl. DISCUSSION

The lack of age determinations has made us regard
growth as a function of length and independent
of age. In species where the variance in length
within the young age groups is great, this method
may be advantageous. One question is how well
Manzer—Taylor lines can be assumed to describe
true population growth. As mentioned by Ricker
(1958, 1975) these lines represent the growth of
the surviving fish. They can therefore be used
to compute the growth rates of the survivors of
the tagged fish. As the handling and tagging may
retard the growth, our computed G-values may
underestimate the true growth of the surviving
untagged part of the population. Further there
may be considerable differences in growth rates
from year to year. Very little is known about
yearly variations in the length growth of ana-
dromous char, and the small yearly samples have
forced us to pool all years without weighting.
However, the close fits of the regression lines
may indicate that within fish lengths yearly
variations in G have been of small consequense.

Very little is known about the natural and
fishing mortalities of anadromous char. For the
anadromous char from the River Salangselv, North
Norway, Nordeng (1961) estimated from the age
distribution a yearly survival rate of about 0.50
for mature fish. The rate of exploitation as calcu-
lated from tag returns was 0.36.

Moore (1975) estimated the mean yearly natu-
ral mortality to 16 °/o between ages 10 and 20



years for the unexploited anadromous char from
four rivers in the Cumberland Sound area of
Baffin Island. The estimate was based on the age
distribution of the pooled material from the four
rivers.

For the Vardnes River char the data show
an increase in survival rate with size. Although
this could be expected, it may be an artifact
caused by high mortality of small fish because of
handling and tagging. For the exploited size
groups our best survival estimate is of the magni-
tude S=0.50. As this estimate is based on fractions
of the type R3/R2 one of the underlying assump-
tions is that the rate of reporting recaptures does
not vary much from year to year.

A yearly survival of 0.50 is in good agreement
with Nordeng’s results. As we know that the
reporting of recaptures is too low, we can not use
the estimated rate of exploitation to separate fish-
ing and natural mortalities without bias. Tenta-
tively we can use Moore’s estimate of a yearly
natural mortality of 16 °/o which corresponds to
the instantaneous coefficient M=0.17. Combined
with a survival rate of 0.50 this gives F=0.52 as
a tentative estimate of the fishing mortality. Pro-
vided that the natural mortality is constant
(monthly coefficient 0.17/12) the corresponding
rate of exploitation will vary between 0.34 and
0.41, depending on the distribution through the
year of the fishing mortality. This is again in
good accordance with Nordeng’s results. On
the other hand our own rate of exploitation of
0.11 and survival of 0.50 would give a natural
mortality of the magnitude M=0.53 which is
probably a gross over-estimate.

The descent and ascent of anadromous char
is easily observed and has been described by
several authors. Especially the ascent has been
of direct commercial interest as much of the
char fishing in high latitudes is done in the river
mouths when the fish return from the sea in late
summer or early autumn.

The migrations in the sea, however, and even-
tual ascent in other rivers than the natural are
little known as they have been studied in only
some few places over the vast circumpolar distri-
bution area of anadromous char.

Usually the char remain in a sea area fairly
near to the river from which they descended, but
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Hunter (1966) mentions that tagged char had
been recaptured as far away as 80 miles from the
river of origin. Nordeng (1968) found by tagging
experiments in River Salangselv that the char kept
to the neighbouring fjords within a maximum
distance of 80—100 km from the river. Guile-
stad (1973) who tagged anadromous char on
Spitzbergen mentions that his 60 reported re-
captures were all made near the tagging sites.
In the Cumberland Sound (Baffin Island) Moore
(1975) estimated from visual observations that the
char were moving at a rate of 0.6—0.9 km/day
away from the river mouths, and that the “average
maximum” distance travelled from the natal river
was 40—50 km. However, longer migrations by
a fraction of the population and eventual ascents
in other rivers than the natal would hardly be
detected by the methods used by Moore.

As we have seen, some of the char from the
Vardnes River undertake much longer migrations
than those mentioned above and with a speed
that must be higher than suggested by Moore.

The 99 recaptures by fishermen in the Vardnes
River and the 173 recaptures in other rivers do,
of course, reflect the fact that only a small amount
of fishing was done in the Vardnes River. But
still the 173 recaptures in other rivers indicate
considerable straying, and as we have seen, not
necessarily to neighbouring rivers. An important
fact is that many of these fish, and especially the
bigger specimens which had made the longest
migrations already had been controlled two to
four times in the Vardnes River.

There are apparently differences in the mi-
gration pattern from year to year, and especially
the year 1968 was conspicious by the high number
of recaptures in rivers more than 100 km away
from the Vardnes River. Of the 27 recaptures
of this kind 13 were made in 1968.

Comparisons with the results from the Vardnes
River and River Salangselv (Nordeng 1968)
which is only some 50 km away, indicate that
even within the same district the migration pattern
and the straying of anadromous char can vary
considerably from river to river.

Evidently the migrations in the sea of ana-
dromous char are not always as short nor as
uniform as suggested in the sparse literature about
the subject.
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VI, SUMMARY

A weir with traps for descending and ascending
fish was constructed on the Vardnes River in 1956
and operated in 1956—63 and 1967—70. The
river harbours populations of anadromous brown
trout, Arctic char and Atlantic salmon. Only
the char is considered in this paper.

The yearly length growth of the char was

regarded as a function of initial length only. The
instantaneous yearly growth rates were calculated
from tagging data. The males were growing faster
than the females.
The yearly rate of survival of the exploited
part of the population was estimated to about
0.50. For the smallest length groups the survival
rates were significantly lower, but this may
partly be an effect of tagging mortality. The
estimated rates of exploitation and natural mor-
tality were probably grossly biased by incomplete
reporting of recaptures by fishermen.

Most of the recaptures were done within 25
km of the mouth of the Vardnes River, but some
specimens had travelled much farther. The longest
recorded migrations was to a river 940 km away,
and this distance was covered in 97 days. A
considerable number of char entered other rivers
and some of these fish had previously been con-
trolled in up to four different seasons in the Vard-
nes River.
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I. INTRODUCTION

Since Roixefsen (1933) found that otoliths of
old cod (Gadus morhua (L.)) often had more
zones than corresponding scales, otoliths have
often been used for age determination of marine
fishes and sometimes for freshwater fishes (Nord-
eng 1961), especially Salmonidae. In spite of
this, very few seem to have used otoliths for
estimating fish growth in this family. To our
knowledge, this has only been done for whitefish
(Coregonus lavaretus (L.)) (Ausen 1976), and
Arctic char (Salvelinus alpinus (L.)) (Dalene
1973). Hitherto, scales have most commonly been
used for estimating the length of fish during earlier
stages in their life span (Hire 1970). The objectives
of this paper are, for brown trout (Salmo trutta
L.): (1) to choose the most appropriate otolith
radius to be used for regression analysis (fish
length on otolith radius), (2) to compare the
goodness of fit for different regression models
of fish length on otolith radius, (3) to study the
validity of the assumptions underlying the appli-
cation of regression analysis, and (4) to compare
the use of otoliths versus scales for estimation
of fish length. Earlier we (Jonsson and Stenseth
1976) have studied the applicability of different
regression models of fish length on scale size for
brown trout and found that the polynomials of
higher order than two give the best fit. For all
the regression models studied (Table 1) it was
found that the residuals were not normally distri-
buted, and that the variance of the residuals
depended upon scale size and estimated fish
length. It was therefore concluded that these
models can only be used for estimating fish length,
without giving confidence limits for the estimates.
Except for large material, no tests of the regression
models can be performed.

1 Contribution from the Voss Project, Zoological Insti-
tute, University of Oslo.

Il. MATERIAL AND METHODS

The material consists of 1,729 fish from a land-
locked population of brown trout collected from
May 1972 to November 1973 in the Lake Lena-
vatn and the River Strandelvi, Western Norway
(60°40'N; 6°28'E). The fish from the lake were
caught mainly in beach seine and gill nets. In the
river, at the inlet to the lake, specimens under
8 cm were caught with electrical fishing apparatus.
Fish smaller than 10 cm were measured to the
nearest 0.1 cm. Larger specimens were measured
to the nearest 0.5 cm. This resulted in a maximal
error of 2.5 per cent. The size distribution of fish
caught is shown in Fig. 1.

One sacculus otolith from each fish was read
under stereomicroscope (25 X). (Zeiss immersion
oil was used as a refraction medium. The refraction
index was 1.515 at 20°C.) This image was then
magnified by Zeiss Camera Lucida drawing appa-
ratus 1.8 times and transferred to a strip of
cardboard on which the scale edge was marked.

Il. RESULTS

A. The best otolith radius

The number of hyaline zones (annuli) could most
easily be determined along three radii, rl; r2, and
r3 (Fig. 2). To determine which of these radii
gives the best correlation to fish length, the fishes
(228) caught in July, 1972 were analysed. This
material consisted of fish measuring from 9.5—
32.0 cm (Fig. 1). Estimating the correlation coef-
ficient between each of the three radii and the
total fish length, we found the highest correlation
between r, and the fish length. Using the test
described by Snedecor and Cochran (1973;
185—188) these correlation coefficients differ sig-
nificantly. Therefore we used the otolith radius
rx in the further treatment. The error due to
measurement of the otolith radius  was estimated
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Table 1. The regression models (fish length on otolith radius) with estimated parameters for
a land-locked population of brown trout (Salmo trutta L.) from Voss River System, Western

Norway.

The mean square deviations between estimated and observed fish length are given for the
models shown, and for the equivalent models for fish length on scale radius.

Mean square deviation

Model Regressions of fish length on otolith radius . i
number ~ with numerical parameters Fish length on  Fish length on
otolith radius scale radius !

1 Y =—1.0+15.8-Xo 5.01 6.16

2 Y =—2.0+ 17.5-X0—0.7-X02 5.00 6.16

3 Y =—=8.2 + 34.7-X0—14.8-X02 + 3.6-Xo03 4.68 5.67

4 Y =2.6-8.4-Xo+ 39.2-X02-23.1-Xo03 + 4.5-X04 451 5.66

5 InY=In14.9+1.1dnXo 5.20 6.12

6 In(Y+3.9) =1nl8.2+ 0.86-InX0 4,99 6.12

1 Parameter values for the corresponding models are given in Jonsson and Stenseth (1976).

equal to 0.022 mm. This was done by measuring
27 otoliths of different size (representative of the
total material) 40 independent times each. As the
otolith radius  varied between 0.22 and 3.0 mm
in the material, the error due to measurement may
be considered negligible. As a result the otolith
radius may be treated as a non-random variable
in the following regression analysis. Measuring rl
of the two otoliths for any given fish from each
side of 50 randomly chosen trouts, we found that
these could differ by as much as 14 per cent. No
systematic error was, however, found. Thus, the
otolith used for further analysis was chosen at
random.

-d 100 -

B. The best regression model

The regression analysis is based on the models
most commonly used for estimating fish length
from scale size (Hite 1970; Jonsson and Stenseth
1976). These are given in Table 1.

We have used the mean square deviation be-
tween the observed, Yu, and the predicted, V,,
fish length, i. e.

BeAS i

for comparing the goodness of fit to the data.

FISH LENGTH (cm)

Fig. 1. Length distribution of the brown trout (Salmo trutta L.) from Lake Lonavatn, Western Norway.
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Fig. 2. Measured otolith radius of brown trout (Salmo
trutta L.) from Lake Lonavatn, Western Norway.

Fig. 3. The square deviation between
the observed and the predicted fish
length as a function of the parameter
c in eqg. (2). The other parameters in
this model are the linear least square
estimates for a given value of c.

8630 -

The parameters in the model
In(Y—c)=a+b ' InX0 2
are found by the following technique: For a
given value of ¢, the linear least square estimates
for a and b are found. The ¢ giving min (Dev) is
then chosen (Fig. 3). Parameters in the models are
found by linear least square techniques.

The least square estimates of the parameters in the
regression models together with their mean square
deviation between the observed and the predicted
fish length (eq. (1)) are given in Table 1. Based
on the mean square deviation the fourth de-
gree polynomial is seen to give the best fit
to the data. It is, however, pertinent to give a
confidence interval which can only be given under
the following assumptions: (1) that the residuals
are normally distributed with expectancy equal
to zero and constant variance, and (2) that these
residuals are independent of each other, as well
as the dependent and independent variables of
the regression models.

C. Evaluation of statistical assumptions

In order to study the normality-property,
we have employed Kolmogorov—Smirnov’s test
(Gibbons 1971), and Fisher’s ¢j* and g2 statistics
(Sokal and Rohif 1969). The numerical values
of these statistics are given in Table 2. The

C(cm)



84 Bror Jonsson and Nils Chr. Stenseth

10.0 -

25

o

RESIDUAL

SEQUENCE NUMBER

critical value for the Kolmogorov—Smirnov
statistic (D) at the 0.05 level is 0.032 and at the
0.01 level 0.038. Consequently, we can conclude
that the distribution of the residuals is different
from the normal distribution. The numerical values
of gx and g2 show that the distribution of the
residuals is skewed to the right, and is too sharp
relative to normal distribution. Applying a t-test
shows that both gt and g2 are significantly dif-
ferent from zero. The critical value for the t-test
at the 0.05 level is 1.65 and at the 0.01 level 2.33.

The models given in Table 1 may be used to
obtain an unbiased estimate of the mean fish length
for a given otolith size. However, without re-

Table 2. Numerical values of the statistics used for
testing the normality-properties of the residuals.

g g @ — <N

3 S > o 2

< >3 o Z 5 Z

> 2c 5 =P i‘& E=R
E £z g B2 8>
(=] o £ N D = D S
= ¥ % [ e pS 2
1 0.056 1.23 20.9 7.14 60.7
2 0.059 1.46 24.8 9.60 81.6
3 0.056 0.77 13.1 2.89 24.5
4 0.058 1.03 17.4 4.54 38.6
5 0.051 0.84 14.3 3.96 33.7
6 0.060 1.64 27.8 12.28 104.4

Fig. 4. Time sequence plot of the re-
siduals for the fourth degree poly-
nomial.

lying on the Central Limith Theorem (e.g. Sne-
decor and Cochran 1973) for large samples, we
cannot give the confidence limits for these esti-
mates. We can test neither the lack of the fit to
the data using the F-test, nor whether the regres-
sion is significant or not.

In order to study the constancy of the variance
of the residuals we have made three different
residual-plots (Draper and Smith 1966): The
residuals plotted against (1) time (i.e. time se-
quence plot), (2) estimated fish length, and (3)
measured otolith size. The results for the fourth
polynomial are given in Figs. 4—6 as an example
of these plots. The general trends of the equivalent
plots for the other models are the same. Fig. 4
indicates that the variance of the residuals is
constant with respect to time, and that they are
independent of each other. (As “time” is in a
one-to-one correspondence with the sequence in
which the fishes were analysed, these plots imply
constancy in our method throughout the study
period.) Analysing the sequence of signs of the
residuals and applying the Mann—Witney U-test
(Gibbons 1971) also indicates that the residuals
are independent. Figs. 5 and 6 show that the
variance is not constant either with respect to
the estimated fish length or to the measured
otolith size. It might be possible to obtain a
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Fig. 5. Residuals plotted against the
estimated fish length for the fourth
degree polynomial.

constant variance and normal distribution of the
residuals by including additional independent vari-
ables, applying weighted least squares, or by
transformations (e.g. those proposed by Box and
Cox (1964)). As the normality assumption is far
from satisfied, we have not attempted to include
such additional terms, nor have we applied any
transformation of the observations.

0.0

u -25

095 119 142 166

OTOLITH RADIUS (mm)

024 047 071

126 168 210 252 294
ESTIMATED FISH LENGTH-Y (cm)

IV. CONCLUSIONS

Based on this material we conclude that the
assumptions underlying application of the regres-
sion analysis are not satisfied. It seems reasonable
that this is a general result. We have found similar
violations of these assumptions when scale size
is used as the independent variable (Jonsson and

Fig. 6. Residuals plotted against the
measured otolith size for the fourth
degree polynomial.

190 214
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Stenseth 1976). In all the models studied the mean
square deviation is less for the regression of fish
length on otolith size than for fish length on scale
size (Table 1). The correlation coefficient is 0.92
between fish length and ototlith size and 0.88
between fish length and scale size. Use of the test
described by Snedecor and Cochran (1973, p.
185—188) shows that these correlation coefficients
differ significantly from each other. It is there-
fore concluded that the regression models of fish
length on otolith size give a closer fit to the data.
Furthermore, Jonsson (1976) using the same
material, showed that age determination of mature
brown trout is more certain with otoliths than
with scales. Consequently, for the population
studied, otoliths are superior to scales both for
age determination and for estimating fish length.
This result might at least be applicable to slow
growing brown trout populations in general.

V. SUMMARY

Based on otolith size, different regression models
for estimating fish length have been analysed.
Using land-locked brown trout (Salmo trutta L.)
we have investigated the fit of different regression
models. It is found that the fourth degree poly-
nomial fits the data closer than the others. For all
regression models it is found that the residuals
are not normally distributed, and that the variance
of the residuals depends upon the otolith size and
the estimated fish length. Thus it is concluded
that these models can be used for estimating fish
length only. It is also concluded that the regression
of fish length on the otolith size is better than
that on the scale size.
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