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Abstract: Classification accuracy of adult sockeye salmon (Oncorhynchus nerka) from three
known populations (one fluvial and two limnobiotic) spawning in the Paratunka River basin (East
Kamchatka) was assessed by two methods. The first method used scale structure (spacing of cir-
culi triples and so on), the second method used these characteristics, in conjunction with X and Y
coordinates of some typical points at the inner boundary between the fresh-water scale zone and
the marine first year scale zone. Discriminate analysis with additional use of two-dimensional pa-

rameters revealed a significant increase in average accuracy of classification.

INTRODUCTION

Fishery management and monitoring of national
resources within international waters require a reli-
able method of identifying origin of salmon stocks.
There are many methods used currently, but the most
promising is differentiation of adult fish scale struc-
ture (Anas and Murai 1969; Tanaka et al. 1969; Cook
and Lord 1978; Cook 1982; Nikolayeva and Seme-
nets 1983; Myers 1985; Davis 1987; Millar 1988;
Schwartzberg and Fryer 1993; Bernard and Myers
1994; Kayev 1998; Temnykh 1998; and others).
Scale characteristics include distances from the scale
center to various structures (some circuli, circuli trip-
lets, annual ring, fresh-water growth zone and marine
growth zone boundaries and so on) and distances
between the structures, and the number of circuli
within various zones on the scale.

Usually the scale characteristics are sufficient for
identification of large stocks on the basis of represen-
tative standard samples. However, in some cases (for
example, to differentiate various populations of a
species which spawn in closely spaced spawning
grounds, or to estimate adult return to different
hatcheries within one river) traditional characteristics
might be not enough. Therefore, in addition to these
characteristics, we also use two-dimensional scale
parameters. One of these parameters can be X and Y
coordinates of some typical points in relation to the
scale center. We have suggested that several edge
points delineating the boundary of the first marine
year zone might be useful for identification of stocks
inhabiting different ecological niches during early
life.

Identification of stock origin from scale shape
and otholiths, using the Fourie function, has been
done (Jarvis et al. 1978; Bird et al. 1986). However,
when using the Fourie function the coordinates of a
group of edge points in relation to the center of esti-
mation area must be found. We have proposed using
the scale center as the center of coordinates, which
allows measurement of the vertical and horizontal
asymmetry. Scale characteristics may be related to
locomotory function of fish. It is possible that scale
structures are determined by the level of adaptation
of individuals to intense or prolonged swimming.

Two-dimensional parameters of the first year
zone on scales were successfully used as additional
characteristics for identification of wild and hatchery
chum salmon entering spawning grounds of
Paratunka River, West Kamchatka (Zaporozhets and
Zaporozhets 1999). We decided, therefore, to apply
the method to sockeye salmon (Oncorhynchus nerka)
from different populations inhabiting one river to see
if we could improve the separation of two such
closely related populations.

In this study we used scale measurement data
from fish whose origin was known, in order to esti-
mate potential benefit from using the two-
dimensional method.

MATERIALS AND METHODS

Adult sockeye salmon scale samples from three
populations were collected from spawning grounds
by scientists working in KamchatNIRO (Eugeny Po-
godayev and authors). Spawning grounds were all in
the Paratunka River basin: Blidzneye Lake, Dalneye
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Lake and upper reaches of Paratunka River. Scales
were taken according to NPAFC recommendations
(Knudsen 1985; Davis et al. 1990). Age was esti-
mated by Eugeny Pogodayev.

The radiuses of all circuli in the first annual zone
were measured by one reader, along a long axis of the
scale between reference lines connecting the edges of
extreme circuli (Fig. 1). These measurements were
analyzed using "BioSonics" OPRS (OPRS, BioSonics
Inc., Seattle, WA) at the magnification of x82. We
also measured X and Y coordinates from the center
(focus) of scales to six characteristic points as fol-
lows: 1) left lowest termination of the first year
growth zone, 2) left extreme of the first year zone, 3)
upper extreme of the first year growth zone, 4)
maximum radius point at the first year growth zone,
5) right extreme of the first year growth zone, 6) right
lowest termination of the first year growth zone.

Fig. 1. Central zone of sockeye salmon scale demonstrating
characteristic axes and points: 0, center (focus) of scale; 1,
left lowest termination of the first year growth zone; 2, left
extreme of the first year zone; 3, upper extreme of the first
year growth zone; 4, maximum radius point at the first year
growth zone; 5, right extreme of the first year growth zone; 6,
right lowest termination of the first year growth zone; 1-6,
reference line; 0-4, axis used for making measurements.

Geometrical coordinates are defined as follows:

- -X, Yo- focus of scale;

- X<0, |Y <0} Max,

- |X;<0}—»> Max, Y, — any location,
- X; - any location, Y;—> Max,

- X4 Max, Yi— Max,

- Xs—>» Max, Y5 >0,

- X0, [Ye<0]-—» Max;

- Y=Y

Scale Variables

Initially OPRS measurement data consisted of
radial and coordinate parameters.

1. Radial parameters: distances from the center of the
focus to the outer edge of each circulus that was
marked on the OPRS monitor. These data were re-
formatted into an initial set of 11 variables:

1) - R1 - central zone size;

2) - NF - total number of fresh-water sclerites;

3) - RF - radius of last fresh-water circulus;

4) - NR - number of sclerites until first marine year
circulus;

5-11) - average circulus spacing in seven initial trip-
lets (T1 - T7), assessed from the equation

“Tn = (DRy+DR11+DR4:2)/3),

Where DR, = R,.1 - R, , and Ry.; U R, - radii of two
neighbouring sclerites.

The triplets were assessed as particular sclerites
united in groups by three in every group to 'smooth’
the individual circulus increments on a particular fish
scale and to make characteristics of stocks more cer-
tain (Davis 1987; Bernard and Myers 1994). We did
not separate the fresh-water triplets from marine trip-
lets because the number of fresh-water sclerites in
fluvial sockeye can be very low (Fig. 2). The separa-
tion would, therefore, complicate matters.

II. Coordinate parameters: X and Y coordinates of
the seven points on the scale mentioned above (in-
cluding the center) were estimated from the center of
the focus to the outer edge of each circulus marked
on the OPRS monitor. The system was reformatted
by subtracting coordinates: coordinates of the points
(X5, Y,) minus coordinates of the center (X, Yo).

Fig. 2. Dispersion diagrams of seven triplets in three sock-
eye salmon populations in the Paratunka River basin: BOZ,
"Blizhneye Lake"; DOZ, "Dalneye Lake"; RIV, "Fluvial". Cen-
tral square, diamond, etc., mean; boxes, standard error;
whiskers, 95% confidence interval.
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Variable Selection

Transformed data were tested for missing values,
inter-group correlation and normal distribution
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through the STATISTICA-5.1 program (StatSoft, Inc.

1998). Variables which failed the tests were ex-
cluded from the analysis. Extreme outliers were
sought through distribution diagrams (Scatterplot
with Box Plot). Extreme mean values were also ex-
cluded from the analysis. All individuals having an
incomplete set of variables were excluded from the
analysis automatically according to the Casewise
deletion of missing data option.

Two-factor dispersion analysis ANOVA (origin
and year of birth, a = 0.05) was used to select further
variables. The task was to find sub-sets of variables
which were significantly different in different sock-
eye populations, but similar among different aged
individuals.

In final studies we used only four circuli triplets
T;-Ts, first radius R, and coordinates: X,, Yz, Y3, Yy,
Ys. We analyzed data from measurements of 180
individual scale samples collected in 1996, including
86 scale samples from Blidzneye Lake sockeye (1),
64 samples from Dalneye Lake sockeye (2), and 28
from Paratunka River sockeye (3).

Tests of Model Performance

Discriminate analysis of data was accomplished
using the program STATISTICA 5.1 after prelimi-
nary computation. Classification accuracy was tested
through the five-fold cross-validation. This kind of
validating has been useful when there is no particular
test sample.

Classification is repeated five times, each time a
sub-sample being excluded in constructing a test-
sample for cross-validating. Thus, every sub-sample
should act five-1 times as a participant of learning
sample and as a test-sample. Cross-validation costs,
estimated for five test samples, are averaged to get
five time errors for estimation of the cross-validation
cost, together with its standard error. The cost is ex-
pressed as the percent of mistakenly classified obser-
vations. Accordingly, the data were divided into
three equal sub-samples, every sub-sample having
48%, 36% and 16% of Blidzneye Lake, Dalneye
Lake and Paratunka River sockeye, respectively.
Then three-fold classification of learning and test
samples was accomplished.

RESULTS

Two-factor ANOVA (origin and year of birth)
showed there was no significant difference (p < 0.05)
between the three sockeye populations in their aver-
age size of initial spacing between circuli triplets (T,
T,). Otherwise, NF and T, variables depended sig-
nificantly on the age of fish (p < 0.05). These vari-
ables were excluded from the analysis.

The most common significant differences among
populations occurred with the following characteris-
tics: Xy, Yy, X, Yi, Yy, Xs, Ts, Ts. However, after
analysis of correlation matrix and preliminary
simulation the following characteristics were
selected: R;, Xz, Yg, Y3, Y4, Y5, T3, T4, TS, Tg.

Step-by-step discriminate analysis of three equal
data sub-samples using ten selected variables indi-
cated that one of the characteristics (Yy, T;, Ty) was
surplus and the program did not select that character-
istic for the model. Nevertheless, those characteris-
tics were not completely excluded from the analysis
because average accuracy of classification would
have been decreased.

The model, which included nine variables, ob-
tained from program selection, classified learing
samples with an average accuracy of about §4+4%,
and test sub-samples with average accuracy of
77+6% (Table 1). Results with test subsamples were
best for Blidzneye Lake sockeye (88+5%). Dalneye
Lake sockeye classification with the model was poor
(60+7%) (Fig. 3). Average cost of classification was
23+6%.

Step-by-step discriminate analysis of three equal
data sub-samples using 5 radial variables (R,, Ts, T4,
Ts, Ts) showed that one of these variables (T;) was
surplus in two of three cases.

The model, which included four to five variables,
selected as a result of simulation, classified learning
samples with an average accuracy of about 63+4%,
and test sub-samples with an accuracy of 59+7%
(Table 1, Fig. 3). Average cost of classification was
increased by 1.4 times (32+7%) compared to the first
method.

Examination of canonical analysis results
showed that contribution of coordinate characteristics
to differentiation of three sockeye salmon popula-
tions in first and second discriminate functions took
about 60% and more than 70% respectively (Fig. 4).

Table 1. Classification accuracy (mean % % standard error) of sockeye salmon origin assessed with “coordinate” characteristics
(RT+XY) and without these characteristics (RT). BOZ, Blizhneye Lake; DOZ, Dalneye Lake; RIV, Fluvial Stock of Paratunka River.

RT+XY RT
Samples BOZ DOZ RIV BOZ DOZ RIV Mt+m
Learning 95.9+1.5 69.0+0.8 87.7+4.6 84.214.2 62.9+5.9 60.9+5.1 63.9+11.6 62.5:4.1
Test 88.3+4.7 60.3%6.7 81.7+9.7 76.8:5.6 57.6+4.1 42.8£16.3 77.916.4 59.4+7.3
Classification effort 11.7+4.7 39.746.7 18.319.7 23.2+56 42.5+4.1 57.0£16.4 22.246.4 31.9+7.3
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Fig. 3. Classification accuracy among three sockeye salmon populations (Pop. 1, Blizhneye Lake; Pop. 2, Dalneye Lake; Pop. 3,
Paratunka River) in learning samples (above) and test samples (below), compared by two methods: 1 using coordinate characteris-

tics; 2 without these characteristics.
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Fig. 4. Reliable contribution of different variables to dis-
crimination of bench-mark sockeye salmon samples from
three populations spawned in 1996 in Paratunka River.
Above, first canonical function; below, second canonical
function.
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DISCUSSION

Statistically reliable differences in scale charac-
teristics of sockeye salmon from three populations
(two limnetic and one fluvial) indicated that limnetic
growth of fish in these populations during embryo-
genesis and feeding was different.
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There was much more similarity between the
two limmetic populations than between them and the
fluvial population. This indicates similar conditions
for spawning and development during the first fresh-
water vear in lakes. However, the two lakes differed
in geomorphology: Blidzneye Lake is a shallow-
water lake, warming quickly in summer; Dalneye
Lake is deeper and more stable in water temperature
regime (Pogodayev 1995). Feeding of Blidzneye
Lake juvenile sockeye salmon is poor compared to
that of Dalneye Lake juvenile sockeye: in Blidzneye
Lake abundance of competitors for food and preda-
tors (Juvenile stickleback, Gasteroteus aculeatus and
coho, O. kisutch) is several times greater than abun-
dance of juvenile sockeye salmon (Pogodayev 1995).

Growth conditions for the juvenile sockeye
salmon in Paratunka River and its tributaries are dif-
ferent to those in lakes. Rapid flow and powerful
spring floods cause these juvenile sockeye salmon to
migrate to the sea early. Consequently, only a few
narrow fresh-water sclerites occur on the scales.
Later, rapid growth of these sockeye in the ocean
results in many wide marine sclerites (Fig. 2).

Complicated age structure of sockeye popula-
tions makes the discriminate analysis of scale charac-
teristics difficult. Therefore, accuracy of classifica-
tion of multiple-age samples, despite conducting
variable selection procedures, is lower than classifi-
cation accuracy of mono-age samples. Nevertheless,
we were unable to collect enough mono-age samples
for this study.

Classification accuracy of test sub-samples made
with and without coordinate characteristics (Table 1)
spoke in favor of using these additional characteris-
tics. The more complex model, including both types
of characteristics, was 1.3 times better at classifying
sockeye populations than the radial model, and the
cost of classification was 1.4 times lower.
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It could be suggested that higher classification
accuracy of complex models arises because there are
more variables. However, simulations, carried out
with the same number of variables, suggest other-
wise: classification accuracy of learning samples in
the model with five radial variables (R;, T3, Ty, Ts,
Te) was 62.5£4.1%, in the model with five coordinate
variables (Xs, Ya, Y3, Y4, Ys) - 77.3£0.5%, and in the
model with five complex variables (X,, Y3, Ts, Ta,
Ts) - 82.3+1%.

Significant contribution of coordinate variables
to the total discrimination of groups (Fig. 4) speaks in
favor of using the variables as additional parameters
for population differentiation.
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