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STUDIES ON THE VARIABILITY OF THE LAND-LOCKED MIYABE CHAR,
SALVELINUS MALMA MIYABEI OSHIMA

I. DEVELOPMENT AND EARLY LIFE HISTORY

Koji MAEKAWA, Department of Oral Anatomy, Faculty of Dental Medicine, Hokkaido University,
Sapporo 060

Synopsis

MAaEkAwWA, Koji (Dep. Oral Anat., Fac. Dent. Med., Hokkaido Univ., Sapporo). 1977. Studies
on the variability of the Land-locked miyabe char, Salvelinus malma miyabei OsHiMA. I. Develop-
ment and early life history. Jap. J. Ecol., 27: 91-102.

The early life history of the land-locked miyabe char, Salvelinus malma miyabei OSHIMA,
was investigated in an inlet stream of Lake Shikaribetsu in central Hokkaido from 1971 to 1974.
The ontogenetic process of this species was divided into seven developmental stages according to
the ETAP theory of Vasnetzov. A relatively high proportion of drifting terrestrial insects was
found in the food of all developmental stages except the alevin in every season of the year. Two
developmental stages were found among juvenile fish which migrated into the lake. One stage
consisted of smolt and/or presmolt-like fish which were 2 years or more old and varied from 105 to
155 mm in fork length. Migration occurred in June and July. Another stage consisted of relatively
younger fish of different age and size classes. They migrated into the lake from July to Novemeber
with a peak in October. It was suggested that these fishes were using the lake as a wintering area,
since, of all the available water sources, it maintains the highest water temperature during the
winter season.
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Fig. 2. Location and map of Shikaribetsu Lake and the
Yambetsu creek. Shikaribetsu Lake (elevation 800
m) is deep (maximum 101 m). Number shows the
stations at which the water temperature was
measured.
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Fig. 3. Developmental aspects from post-hatching to
phase Ds of the Miyabe char. A;: a larva just after
hatching. B;: a larva just after the appearance of
parr marks. Bs: a larva just after the absorption of
yolk. Cs: a juvenile after the separation of adipose
fin from fin membrane. Ds: a juvenile just after the
branching of rays of all fins.
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Fig. 4. Relation between fork length and the ratios of
head length (H), body depth (BD) and pectoral fin
length (P) to fork length of the juvenile chars.
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Fig. 5. Schematic diagrams showing distribution of
young chars of each phase in a pool of the Yam-
betsu creek.
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Fig. 9. Age and size composition of the fish captured by

the trap.
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Table 1. Stomach contents of chars captured in Lake Shikaribetsu shown by
percent occurrence in feeding fish.

July (19 exam.) October (7 exam.)
Incidence Incidence
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Feeding Occurrence Feeding Occurrence
Fish 3 15.7 1 14.2
Bosmina 6 315 4 S/
Daphnia 8 42.1 0 0
Insects 12 631 4 51
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Abstract Three forms of the Dolly Varden, Salvelinus malma, land-locked form (Miyabe
char), river-resident form and sea-run form, were examined with special reference to their
growth and development. The growth rate of the Miyabe char was closely similar in
early stages of growth to that of the river-resident form, but a remarkable difference of
body size appeared from two years of age, when the former descended into the lake and
grew rapidly thereafter. The Miyabe char attained maturity at a later and more advanced
growth stage than the river-resident form. The most striking difference was that a remark-
able inflection corresponding to the fork length of the smolt was recognized in the relative
growth line of the sea-run form, but the Miyabe char and river-resident form did not show
this inflection in the growth line. The Miyabe char, therefore, might have more neotenous
body form and size in relation to its precocity than the anadromous one. The process of
land-locking and the subsequent evolution of the Miyabe char might be similar to that of

kokanee, Oncorhynchus nerka, land-locked in lakes.

In a previous paper (Maekawa, 1977a),
some divisions in the developmental stages,
especially those in the juvenile stage of the
Miyabe char, Salvelinus malma miyabei Oshi-
ma, a land-locked form in Lake Shikaribetsu
in Hokkaido, Japan, were made with special
reference to the early life history. A com-
parison of development and growth between
the Miyabe char and other forms of the

Dolly Varden, S. malma (Walbaum), such as -

the residual and anadromous forms is im-
portant. It is necessary to acount for the
relationship between them, since land-locked
processes or differentiation of the Salmonidae
and closely related species have been discussed
in relation to their precocity by many previous
authors (Ohno, 1938; Ricker, 1938, 1940;
Azuma, 1973; Kubo, 1974; Utoh, 1976, 1977).
No such reports, however, have been made
on the Miyabe char, except for preliminary
reports by Kubo (1967) and Kimura (1976).

This paper describes the development and
growth of the Miyabe char in comparison
with some other prominent forms of the
Dolly Varden.

Material and methods

The materials examined in the present in-
vestigation were collected from the following

districts from 1970 to 1974. The Miyabe
char were collected from Lake Shikaribetsu
of the Tokachi River system and the Yam-
betsu and Kohan Rivers, flowing into the
lake. The river-resident forms were collected
from the upper reaches of the Nuppun-
Tomuraushi River of the Tokachi River
system, the Tokoro River, and the Nishitappu
River of the Ishikari River system. The
anadromous forms were collected in Alaska
from the Eagle and Switzer Rivers, a lake
(name unknown), the sea surrounding Juneau,
and the Sea of Okhotsk. The name of each
form is abbreviated as follows.

Lake-run form of the Miyabe char: L-form

River-resident form of the Miyabe char:

LR-form

River-resident form of the Dolly Varden

in the Nuppun-Tomuraushi River: RNu-

form

River-resident form of the Dolly Varden

in the Nishitappu River: RN-form

River-resident form of the Dolly Varden

in the Tokoro River: RT-form

Sea-run form of the Dolly Varden: S-form
All of the Miyabe char from the Kohan
River were resident-form, land-locked by a
concrete dam. Data on the body length of
the Miyabe char from Lake Shikaribetsu was




FOEAAMEEE Japan. J. Ichthyol. 25(1), 1978
obtained from a report by the Hokkaido Fish
Hatchery, to compute the relation between
body and fork lengths. It was y=0.93x+-0.03
(y: body length, x: fork length). The follow-
ing dimensions of the body were measured:
fork length, head length, body depth, pectoral
fin length, maxillary length, and eye diameter.
In order to compute the relative size of
the body parts of the sea-run form, river-

Number

5 5 5 5 5 5

5

resident forms, and the Miyabe char, speci-
mens collected during summer (June, July,
and August) were used, to exclude seasonal
variation, except for the LR-form which was
collected throughout the seasons. A log-log
was made of the fork length on the x axis and
body part length on the y axis. When inflec-
tions were thought to occur, an equation,
log y=k log x-+log b, of each straight-line was
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computed at the estimated point of the inflec-
tion. The statistical significance of the lines
was examined (Kondo, 1964) and a possible
intersecting point was calculated from the
equations.

Otoliths were used for age determination
(Grainger, 1953; Heiser, 1966). However, it
could not be used for the S-form because
they were strongly decalcified from storage in
10%; formalin for 1 year or less.

Results

Comparison of growth and body forms of
three forms of the Dolly Varden. = Compar-
isons of growth and body forms should be made
at the same developmental stage, but there
were not sufficient specimens from each locality,
except for those from Lake Shikaribetsu, Hok-
kaido. In considering the developmental stage,
the growth aspect of the fork length will be
described first in order to compare the S-form,
RNu-form, L-form and LR-form.

A) Growth aspect to fork length: The
fork length distribution of the Miyabe char
collected from the mouth to the middle
reaches of the Yambetsu River in 1971~1972
is shown in Fig. 1. The growth trend of
individuals of the first year, presumed by
the mode and mean of the fork length,
showed rapid growth from June (32mm in
fork length in average) to August or Septem-
ber (65 mm in average), and almost no growth
occurred after October and during the winter.
The larger groups of the fork length distribu-
tion in June (Fig. 1) were assemblages of one-
and two-year-old individuals, and were as-
sumed to grow to 80~100 mm in fork length
in late summer (Maekawa, 1977a).

Histograms (Fig. 2) show the size and age
frequency of samples from Lake Shikaribetsu
in June, July, August and October. Monthly
variation in the age-determined groups of July
and October and the mode of the smallest
group of fork length indicate that the smal-
lest fish grew rapidly from July to August.
Two groups were recognized in the fork
length distributions for the two-year-old
individuals in October, the smaller one with
an average length of 130 mm, which could be
fall migrants (Maekawa, 1977a). The histo-
grams of October also indicate that the fork

Jun. 1973
20 N=92
10
T T T T T
]D_Jul. 1974 L N=82
N\,
\x
e T T T T T
X 40
= Aug. 1973
s 3pk [] N=169
20
10
T IJ_’_J» T T
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1} /\I‘ T \'—l )
10 15 20 25 30
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Fig. 2. Monthly length- and age-frequencies of
Miyabe char collected by gill nets in Lake
Shikaribetsu. Six- and seven-year-old
individuals, two samples in July and four
in October, 1974, are excluded from the
figures shown by age frequency. Symbols
indicate as follows: A—A: 2 years old,
@—@®: 3 years old, Xx—X: 4 years old,
O—0O: 5 years old.

lengths overlapped extensively among indi-
viduals older than three years of age.

Fig. 3 shows the growth curve of the fork
length of the L-form, LR-form and RNu-
form. The LR-form in a group of fish is
differentiated from the Phase E, of the deve-
lopmental stages of the Miyabe char (Maeka-
wa, 1977a). The growth curve of the LR-
form was very slack and the size of five-year-
old individuals of this type was smaller than
that of other forms. The growth curve of
the RNu-form could closely resemble that of
the L-form in the early stage of growth,
since there was no significant difference in
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Fig. 3. Estimated growth curves of Miyabe char
and river-resident form of Dolly Varden.
The bars represent the range of standard
deviation.
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Fig. 4. Relation of body parts to fork length
in lake-run form (L-form) of Miyabe
char.

i

the size of one-year-old individuals between
the RNu- and L-forms, though the author
did not have samples for the first year of life
of the RNu-form. The curve of the RNu-

form, however, became retarded at the later
stages, two years after hatching.

B) Relative growth of body form: The
relative growth patterns of the head, body
depth, maxillary, pectoral fin and eye to fork
length were compared among all forms ex-
amined in this study.

The L-form showed two inflections in the
relative-growth curves of the head length,
body depth, maxillary length, and pectoral
fin length but not in the eye diameter (Fig. 4).
The first inflection clearly appeared at 29.4~
37.0mm in fork length, and the second at
about 130~180 mm. The body, head and
maxillary growth ratios showed a remarkable
tachyauxesis up to the points of the first
inflection, and bradyauxesis between the first
and the second, and tachyauxesis again there-
after (Table 1). There is no significant dif-
ference in the relative growth coefficient be-
tween K, and K, of the pectoral fin. However,
a possible intersecting point of the second
inflection of the pectoral fin was estimated
from visual observation, not from the equa-
tions, since it could be clearly recognized
from the line. The inflection of the LR-form
was not clear in the growth curve of all the
body parts, but individual variation was larger
than that of the other forms. This might be
due to seasonal or sexual variations.

In the case of the S-form (Fig. 5), however,
the relative-growth curves of the dimensions
showed more complex patterns, which had
clearly two inflections. The possible inflection
could have appeared at about 30 mm in fork
length as in the L-form, but since only a
few samples less than 35mm in fork length
were used, these influections could not be
estimated. The growth ratios which showed
remarkable bradyauxesis after the first inflec-
tions were found in the maxillary, eye and
pectoral fin growth. This inflection, however,
was somewhat unclear in the body depth and
head. Possible intersecting points were ob-
served from about 145.0 to 160.0 mm in
fork length. In the eye, the relative growth
coefficient of K, could be near zero, indicating



Table 1.
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Fork length at which growth inflection points occur and equations, log Y=k log X +log b,

of the relative growth curve in body parts to the fork length of the Miyabe char and each
x denotes log X. There are not statistically significant differences

form of the Dolly Varden.
in the coefficients between xi.
from visual observations.

The intersecting points shown by stars (*) were estimated

Maxillary

Pectoral fin

Eye

1.4709x —1.2309
(r=0.88, N=8)

29.6
0.9831x—1.0009

(r=0.99, N=134) (r=0.98, N=123)

132.7

1.3083x—1.3661
(r=0.81, N=65)

1.7422x—1.1906
(r=0.96, N=14)

37.0
0.8607x—0.6887

170.0%*

0.9290x —0.7434
(r=0.83, N=61)

0.7223x—1.0362

(r=0.98, N=151)

1.1491x—1.1245
(r=0.86, N=43)

0.9702x—0.7740
(r=0.94, N=39)

0.7908x —1.0840
(r=0.88, N=41)

1.0428x—1.0446
(r=0.98, N=179)

1.1261x—1.0822
(r=0.97, N=83)

1.1010x—1.0865
(r=0.96, N=83)

0.9379x—0.7646
(r=0.98, N=83)

1.0037x—0.8183
(r=0.98, N=80)

0.8224x—0.6565
(r=0.96, N=83)

0.7461x—1.0574
(r=0.97, N=T8)

0.8199x—1.1252
(r=0.97, N=84)

0.7203x—1.0548
(r=0.92, N=82)

0.9994x—0.9886
(r=0.98, N=85)

0.8904x —0.7399
(r=0.98, N=84)

0.7420x—1.0396
(r=0.98, N=89)

Body depth Head
K 2.0255c—1,2695.  1.5581%—0.8736
(r=0.94, N=12) (r=0.96, N=12)
o 1st inflect. 32.1 29.4
£ K 0.9869x—0.7426  0.8917x—0.5615
& (r=0.98, N=132) (r=0.99, N=156)
S0Hd inficel! 184.0 182.5
K, 1.4010x—1.2666  1.1323x—0.8651
(r=0.90, N=49) (r=0.86, N=48)
LR-form  1.4548x—1.2202  0.8358x—0.4906
(r—0.86, N—=43) (r—0.90, N=43)
RT-form  1.0964x—0.8273  0.8808x—0.5477
b (r=099, N=85) (=099, N—85)
£ RN-form  0.9925x—0.7164  0.9561x—0.5964
< (r=0.97, N=82) (r=099, N=81)
™ RNuform 1.1442x—0.8823  0.8816x—0.5526
(r=0.98, N=83) (r=0.98, N=83)
Lo 1.0369x—0.7893  0.8892x—0.5540%!
(r=0.98, N=91) (r=0.99, N—87)
. 1st inflect. e —
£ K Gl 0.8726x—0.5445%!
< (r=0.90, N=21)
2nd infiect. 225.0% 357.1
Ks 1.0946x—0.8106  1.3860x—1.3417

(r=0.95, N=26) (r=0.97, N=10)

149.3

0.7960x—0.7498
(r=0.81, N=22)

145.3 158.5

0.5586x—0.3542 —0.0639x—0.0725
(r=0.83, N=21) (r=—0.15, N=13)

291.5 268.0 210.7
1.6219x—1.9594  1.3477x—1.4811  0.5098x—0.8319
(r=0.97, N=10) (r=0.96, N=10) (r=0.89, N=14)

no growth between the first and next inflec-
tions. The second inflection occurred in all
of the body parts examined, when the fish
attained 200~350 mm in fork length, and their
growth ratios showed tachyauxesis thereafter,
though the intersecting points of the body depth
were estimated from visual observation, not
from the equations. In contrast with these
two forms, all of the river-resident forms did
not show remarkable inflections in the relative-
growth curve of all the body parts examined.

Between k, in the L-form and k;, in the
S-form, the relative growth coefficient showed
no significant differences in all the body
parts examined. No significant differences
were recognized in k between the RT-form
and RNu-form, but there were significant
differences in k of the body parts examined
between the RT-form and RN-form (P <0.05).
Significant differences also existed between the

RN-form and RNu-form in all the body parts
examined except the maxillary. Comparing
k, of the L-form and k of the RNu-form,
there was no significant difference in each
body part, except for the body depth. How-
ever, no difference was recognized in the body
depth between L-form and RT- or RN-forms.
The most striking difference between the S-
form and the other forms was that the S-
form has a lower growth ratio in the maxil-
lary, pectoral fin, and eye after the first in-
flection, and a greater ratio in the maxillary,
pectoral fin, and eye after the second inflec-
tion.

Fork length, sex ratio, and age at maturity
of the Miyabe char. The fork length and
age and sex ratios at maturity of both the
L- and LR-forms are shown in Fig. 7. All of
the L-form were over 180 mm in fork length,
but there was no such great length in the
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in sea-run form (S-form) of Dolly Varden.
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LR-form. The minimum size of the latter was
95.0 mm in fork length. Therefore, a distinct
difference in the fork length at maturity was
recognized between the two forms.

The male to female ratio was about 1:2 in
the L-form and about 3:1 in the LR-form.

The population sample of the L-form con-
sisted of individuals of age groups of three
to five, and those of three (40%) and four
(37% ) years were predominant. A few samples
were seven years old or more with a fork
length of 30~35cm. On the other hand,
individuals belonging to the LR-form were
younger than those of the L-form, and con-
sisted at age groups of one to four years old,
with a mode at two years for male and three
years for females.

Discussion

The shape of a fish is modified by different
rates of growth, acceleration or retardation
and development in various body parts (Hubbs,
1926). In the present study, the growth rate
of the Miyabe char (L-form) was similar in
the early stage of growth to that of the river-
resident form, but the remarkable difference
appeared from two years of age, when the
former migrated into the lake and grew
rapidly thereafter. Heiser (1966), who in-
vestigated the age and growth of anadromous
Dolly Varden, showed that this char ex-
hibited a slow growth rate before the stage
of two or three years of age and a very
rapid growth rate after the stage of migra-
tion into the sea. Blackett (1968, 1973) and
Armstrong and Winslow (1968) studied the
fecundity of the resident and anadromous Dolly
Varden in southeastern Alaska and reported
that the resident char matured sexually a
year or more earlier and at a smaller size
than did the migratory char (from 5 or 6
years of age). Ishigaki (1969) found that the
river-resident form of the Dolly Varden in
Hokkaido reached maturity at one year of
age, 12cm in fork length, based on the read-
ing of circuli of scales, but Komiyama (1978),
on the basis of the examination of otolith,
reported recently that the river-resident form
matured from two years of age. The lake-
run form of the Miyabe char matured from
three years of age at about 180 mm in fork

length, while the river-resident form of the
Miyabe char matured in one year at 95 mm -
in fork length. Of the forms of S. malma
examined, therefore, the greatest retardation
of growth and acceleration of maturity were
in the river-resident form of the Miyabe char,
while in the lake-run form of the Miyabe
char muturity was attained at a later and
more advanced stage of growth than in the
river-resident form of the Dolly Varden, and
in the anadromous char in Alaska at the
most advanced stage. Therefore, the stage
of divergence in the relative body size might
be connected with the age of sexual maturity,
although the Alaskan forms cannot be com-
pared with Asian races since there is no
report on their accurate age of maturity
determined by means of otoliths.

Martin (1949) studied the growth rates of
many fishes and showed that inflections oc-
curred at the hatching stage, some stages of
metamorphosis, ossification, and sexual ma-
turity. He also pointed out that differences
in the relative sizes of body parts between
fish of the same species were the results of
changes in the time of inflections, not in the
gradient of the relative growth curves. Many
other authors have also investigated growth
inflections of fish and have discussed the
mechanism of the inflection (cf. Amaoka, 1964).
In this study, the relative-growth pattern of
each form of the Dolly Varden seemed to be
closely similar to that of the brook trout,
S. fontinalis, from small brooks, from larger
bodies of water and of sea-run stocks, which
were compared by Wilder (1952). The first
inflection observed in the head, body depth,
and maxillary occurred at about 30 mm in
fork length and corresponded well with the
distinguishing point between the phases C,;
and C, of development (Maekawa, 1977a).
This inflection may probably occur in the
growth line in each body part of sea-run form
and also river-resident form.

One of the characteristic inflections appeared
in the sea-run form between 140 and 160 mm
in fork length, though it was not clear in
the other forms. The growth ratios showed
a remarkable bradyauxesis from this inflection
to the next. This may be due to a more
rapid growth rate of fork length after the
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migration into the sea (Heiser, 1966). There-
fore, differences in the relative size of body
parts between these three forms become clear
after this inflection.

Second inflections of some dimensions in
the lake-run form of the Miyabe char and
the sea-run form of the Dolly Varden oc-
curred in the area of sexual maturity, though
they were somewhat unclear in the river-
resident form in Hokkaido. From these con-
siderations as mentioned above, it can be
concluded that differences in the relative sizes
of body parts among the three forms are
results of changes in the timing or the num-
ber of times of the inflections, as was pointed
out by Martin (1949).

Here, it is interesting to note that the
inflection of fork length, which appeared at
about 150 mm in fork length in the sea-run
form, almost coincided with that of smolts
(Armstrong, 1970). The author suggested in
an earlier paper (1977a) that the Miyabe char
might grow to sexual maturity without trans-
formation to a complete smolt, or if they
were transformed, such individuals might be
very few. The work of Kubo (1967) is very
interesting in that smolt transformation did
not occur in the Miyabe char when cultured
in a pond under usual conditions, but some
juveniles transformed into silvery smolts in
the third spring of their life when reared
under blue light. This occurrence of smolts
suggests that the silvery colour of the Miyabe
char could be due to a change in the quality
of ambient light or by other unknown factors
after the fish migrates into the lake during
their young stage (Maekawa, 1977a). This
change to smolt did not appear or appeared
very seldom in the resident form of the Dolly
Varden in Hokkaido (Ishigaki, 1969; Maeka-
wa, 1973). Individuals of the Dolly Varden
living in lakes dammed artificially change to
a silvery body colour, but they retain juvenile
characteristics, such as a reduced lower jaw,
even in an adult (Maekawa, in preparation).
Therefore, it is supposed that most of the
Miyabe char, as in theiriver-resident form of
the Dolly Varden, conffiuies to grow without
changing to a complete smolt, in contrast
with the anadromous form, since the inflec-
tion corresponding to the fork length of smolt

Wil gl

in the sea-run form does not occur in the
relative growth line for the lake-run form of
the Miyabe char. As a result, most of the
Miyabe char might retain a juvenile body
form even as an adult.

The most striking characteristics of the lake-
run form of the Miyabe char are, as in the
river-resident form, those remarkable parr
marks which appear at maturity. A large
number of the lake-run and river-resident
Miyabe char live to spawn more than twice
(Maekawa, in preperation), in contrast with
the sea-run form of the Dolly Varden (Arm-
strong, personal communication). On the other
hand, the Miyabe char resembles the anadro-
mous form of the Dolly Varden in some char-
acteristics, i.e. both forms produce river-
resident form and have such morphological
characteristics as a prolonged lower jaw and
relatively large red spots on the body in contrast
to the reduced jaw and small red spots of the
river-resident form. In other words, the Miya-
be char has intermediate characteristics be-
tween the anadromous and resident forms of
the Dolly Varden and is more precocious and
has more neotenous characteristics than the
anadromous Dolly Varden. Therefore, the
relation between the Miyabe char and the ana-
dromous Dolly Varden might correspond well
with that between the land-locked kokanee and
the anadromous sockeye, Oncorhychus nerka
(Ricker, 1938).

Kubo (1967) presumed from ecological and
physiological studies that the Miyabe char
might be a stock of typical anadromous
Salyvelinus malma. As mentioned above, how-
ever, the Miyabe char slightly differs from
the anadromous form and/or river-resident
form, and differs also in the hemoglobin pat-
tern (Yoshiyasu, 1973) and in the number of
gill rakers (Maekawa, 1977b).

It is interesting to note that Ricker (1940)
thought that the process of the evolution of
the kokanee consisted of two stages of growth:
(a) the occurrence of residual or lake-type
offspring among the progeny of the anadromous
stock; (b) the modification of the progeny of
such residuals into the typical kokanee. He
postulated that the relation between growth
and development in the first stage and natural
selection in the second stage played an im-
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portant role. The process of evolution of
the Miyabe char in relation to land-locking
mechanism might be similar to that of the
kokanee, as described by Ricker.
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(Department of Oral Anatomy, Faculty of Dental
Medicine, Hokkaido University, Sapporo 060,
Japan)
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1.  INTRODUCTION

There are numerous opportunities for fish culture operations 10 make use
of low-grade waste heat. Problems arise because fish culturists are secondary
users and consequently jnitial siting and subsequent operations, particularly
operating temperatures and shutdown schedules are generally at the convenience
of the primary user and are not always jdeal for fish rearing (e.g., Gay et al.
1976; Tennessee valley Authority 1977). Solutions to the problems of coupling
a low-grade heat source and its operational vagaries with the exacting require-
ments of a highly efficient intensive fish culture system will have to be
addressed before commercial operations can succeed.

Solar energy js an underutilized source of low-grade heat. The objective
of the present report js to describe 2 government of Canada large-scale pilot
fish-rearing operation that uses solar energy as 2 source of low-grade heat.
The cyclic nature of the heat source and unscheduled interruptions in the
heating of the water are overcome by means of hot water storage tanks, water
reuse in the fish tanks and manipulation of the culture procedures.

The system first started operating in 1978. In this report we discuss
the detailed results of 6 weeks of operation in early 1980 during the  darkest
and coldest period of the year.

2 DESCRIPTION OF SYSTEM
2.1 Area

The pilot operation is at the Experimenta1 Fish Hatchery of the Freshwater
Institute (Department of Fisheries and Oceans, Canada) located approximateWy 65
km north of Winnipeg ( 50°N, 97°%) on the Canadian prairies. The hatchery is in
an area of mixed grain farms and wooded parkiand and there is 1ittle topograph-
jcal relief of any kind in the region. The site is well supplied with ground-
water1 which averages 6 C year around.

A truly continental climate prevails over the Canadian prairies (Hare and
Thomas 1974). Winnipeg winters are bitterly cold and summers short but warm
(Fig. 1). Heating degree days below 18 € in Winnipeg are 5 966 compared to
3 746 in Toronto and 2 994 in Vancouver. precipitation is 1ight with moderately

1 Artesian wells; TDS 560 mgL'l. Ca, Mg-HC03 type; pH 7.5-8.0; temperature 6 G




heavy spring and summer rains and very light falls in winter. Prevailing winds
in winter are from the northwest averaging 5.4-6.4 m s'1 and in summer and fall

from the south averaging 4.6-6.0 m s~

Although the climate is extreme, the area receives much bright sunshine,
2 230 hours annually, making it ideal for solar collectors (Fig. 1). Winnipeg
rece1ves about 4.5GJ m e of radiant energy annually, one of the highest in
the country. This compares with 2.9 GJ m - yr'1 on the Canadian Arctic coast,
7' 1GY e yr"1 in southern Arizona and 8.4 GJ e yr'l on the Sahara. The
winter skies are particularly bright; 40-45% of the daylight hours in the
coldest months of January and February are bright sunshine compared to 20-30%

at Vancouver on the Pacific coast.

2.2 Components

The pilot system consists of a commercial 1iquid flat-plate solar collector
system coupled to a series of 12 modular fish rearing units. The fish rearing
units, water blending tank, water storage tank and other mechanical aspects of
the solar collector system are housed in a 15.2 x 15.2 m insulated steel building
serviced from the main hatchery with electricity and water at a constant 6 0.5 C
year around. The collector panels are mounted in a steel supporting structure
immediately to the south of the building (Fig. 2, Table I).

The building and fish rearing units have been in operation since 1976 and
the solar collector system was added in the fall of 1978. After operating
through the winter of 1978/79 the collector pane]s2 were repaired and modified
in the summer of 1979 and the system was put back into operation in September
1979.

2.3 Operation

The solar collector system (Fig. 3) was designed to supply 70 percent of
the water heating needs of the rearing building with electrical water heaters as
back-up. The water is raised from 6 C to 12 C, a temperature much closer to the

optimum for rainbow trout growth. In practice the expectations have been
exceeded.

The system operates automatically with manual overrides. The solar loop
and process water loop into the heat exchanger begin operating when incoming

2 Prototypes when first installed but now in commercial production by Amherst
Renewable Energies Ltd., Perth, Ontario.




solar loop temperatures are at least 16 C and also exceed storage tank
temperatures by at least 3.5 C. When temperatures reach 40 C in the storage
tank, water is dumped to maintain safe temperatures. The blending tank is
batch loaded at rearing system operating levels (12 C for this test) by
automatic mixing of 6 C and heated (Z 12 C) process water. The water is
délivered to individual rearing units where it can be manually mixed with cold
(6 C) water to provide temperature control for individual tanks. Under normel
operating conditions (Table 1) the rearing units are supplied with make-up
water at a rate of 8.4% continuously.

3% TEST OPERATION
3.1 Methods

3.1.1 Energy Use

The solar array (Fig. 4) is comprised of 48 individual panels connected in
a series-parallel arrangement to reduce pressure drop. Each panel (Fig. 5)
consists of a number of flattened brass tubes connected in parallel and painted
flat black. The panels are double glazed, the inner cover being clear tefion

to resist the high temperatures and the outer layer tedlar, a tough abrasion-
resistant plastic. The entire solar collector is mounted at a 45° angle to the
horizontal. For Winnipeg at a 50° Jatitude, this is a compromise between '
winter and summer optimum. The entire array is oriented 10° west of south for
maximum heat pickup. In operation, the sun heats the 55% propylene glycol
solution which is pumped through the panels from bottom to top. The heated
glycol is passed through the tubes oF a stainless steel shell and tube heat
exchanger and thus transfers heat to the water which passes through the shell
of the heat exchanger and hence into the hot water storage tank. Propylene
glycol was chosen as the solar loop fluid since it would be less toxic to fish
in the event of a leak occurring in the heat exchanger between the solar and
hot water streams. Temperatures of the water and glycol entering and leaving
the heat exchanger were monitored with copper-constantan thermocouples mounted
in thermowells. Outside temperature was measured by a thermocouple mounted in
a well-ventilated enclosure. Flows were measured with calibrated pitot tubes
and a differential manometer. Total solar radiation was measured by an Eppley
thermopile pyranometer mounted in the plane of the collectors at the top center
of the array. All sensors were scanned every 15 minutes and recorded on 2
multipoint datalogger.




Energy usage of the electric pumps was measured by means of elapsed time
meters and clamp-on amprobes.

A1l data were fed to a prewritten computer program which did calculations
and produced tables and graphs of energy use,efficiency and coefficient of
pgrformance on a daily and weekly basis.

3.1.2 Water Quality

Under normal operating conditions the rearing units receive a continuous
supply of ﬁake-up water (Table 1). In order to ensure that there were adequate
supplies of heated water during this midwinter test the make-up water was only
provided 12.2 hours per day. For the rest of the day the rearing units operated
on 100% recirculation. A rearing tank temperature of 12 C was maintained by
adding 1.2 L m1’n'1 of heated 12 C water and 2.6 L m1‘n'1 of cold 6 C water. The
extra heat is provided from the air in the building during recirculation. The

normal daily heated water use for the 12 rearing units was 10 520 L (12 units x
1.2 L min~! x 730 min) or 1 full blending tank.

Regular water quality monitoring was carried out to ensure an adequate
growing environment for the fish. The rearing units were sampled daily at
approximately 9 a.m. for temperature and dissolved oxygen (DO) using a Y.S.I.
Model 54 temperature-oxygen meter. The meter was regularly checked using the
Winkler method. If DO levels dropped below 5 mg L°1, the measurements were
made in 1-2 hour intervals. A 24-hour (or over) continuous measurement of DO
was also performed periodically using a Y.S.I. chart recorder. Other chemical
parameters were measured twice a week; they included total ammonia nitrogen
(NH4-N), nitrite nitrogen (NOZ-N), nitrate nitrogen (N03-N), and pH (Orion meter
Model 901). The tanks were also analyzed monthly for soluble reactive
phosphorus (SRP) and bicarbonate-carbonate ions (for methods see Stainton et al.

1974).
3.1.3 Fish Production

Four of the 12 tanks were being used for experimental growth studies and
only the remaining 8 were used for fish production. The fish production system
was designed to produce 1280 commercial-sized (200 g-250 g) rainbow trout a
month. At maximum growth rates 9-10 g rainbow trout should reach market size
in 4 months. In brief, the system operates as follows: 1280 large fish are




removed for market and 1280 9-10 g fish are added to the system, at the end of
each month. When the maximum carrying capacity of the tank has been reached
the fish are subdivided into additional tanks. At the beginning of the period
all 1280 fish are in one tank; after 4 months they occupy 4 tanks. Production
js continuous so that at any point in time there are 4 size groups of fish.

T

Growth during the test run was monitored on a weekly basis. The mean
weight of the fish in each group was determined by hand counting 4 lots of 50
fish each and weighing each lot separately. During the course of the experiment
fish were fed approximately 150% of rations recommended in published tables
(Bardach et al. 1974), an amount well in excess of maintenance requirements.

3.2 Results
3.2.1 Energy Use and System Performance

Over the six weeks of the experiment a total of 5 691 kWh of heat was added
to the system. Of this total, only 522 kwh was required to be added by
supplementary electric heaters, the balance of 5 169 kWh being supplied by the
solar panels. Thus 91% of the required heat was supplied by the solar panels.

1f all of the other non-heating uses of energy are added and the energy for
the 3 extra pumps required by the solar-assisted system is subtracted, the total
energy usage for 2 conventional system would be 6 155 kWh. Thus 5 169/6 155 or
84 of the total energy requirement was supplied by the solar panels. When the
extra energy to run the solar pumps is taken into account the total
energy used by the presént system was 1 750 kWh or a net reduction of 72% when
compared to a conventional system. o

A comparison of total solar insolation and available solar insolation
(Fig. 6A) shows that at a solar insolation of less than about 300 kWh day'1 the
system does not operate and heat recovery is thus zero. These periods can last
as long as four days.

The total solar insolation over the six-week period was 20 722 kWh and the
amount available during pump operation was 9 874 kWh. Thus 9 874/20 1226
47.6% of the total solar insolation occurred while the system was operating.

Storage tank water temperature (Fig. 68) ranged from 7.0 C at the beginning
of the test, gradually increasing to 34.7 C at the end.




Anbient outside daylight temperature (Fig. 6B) ranged from -5.6'C to
-25.8 C, the lowest values occurring in the last week of January. Most of the
time the value stayed between -10 C and -16 C.

Rearing tank water temperature (Fig. 68) ranged from 9.2 C at the
beginning to 13.7 C at the end of the test. Supplementary electric heat had
to be added 7 out of the first 15 days of the test due to insufficient solar
input. The total number of hours of supplemental heat during this period was
bl

Figures 7A and B show respectively solar collector operating efficiency and
coefficient of performance as a function of solar insolation. Both efficiency
and coefficient of performance increase with increasing solar insolation and
drop to 0 at about 300 kWh da_y-1 as expected since the pumps cease operating
at this level. Solar collector efficiency or the percent of heat transferred
to the water compared to the solar input varied from 0 to 80%. Over the six-
week period the total collected was 5 169 kwh compared to a total input of
9 874 kWh. Thus overall efficiency was 5 169/9.874 = 52.3%. Combining this
figure with the 47.6% operating/total ratio gives an overall solar utilization
factor of 52.3% x 47.5% or 24.9%.

Coefficient of performance or the ratio of the total heat transferred to
the water compared to the amount of electrical energy used to run the system,
i.e., pumps, supplementary electric heat and 1ights, varied from 0 to g
with a total overall value of 4.1 over the six-week period.

3.2.2 Water Quality

There was a notable conditioning of the filters during the first 1-2 weeks
after beginning of the production experiment (before that, the tanks had been
in operation with substantially lower fish densities). This period was
characterized by a steady drop of DO values by about 3-4 mg L'1 (Fig. 6D).
After this initial conditioning period, the overall DO levels remained in a

6-7 mg L'1 range. The only exceptions were two tanks with the highest fish
densities (up to 58 kg m'3), where DO values would occasionally drop to levels
as low as 2.9 - 3.7 mg L'l. This happened only when there was no make-up water
added for several hours, or when filters had not been backwashed for a full
week. Differences between the individual tanks at sampling times can be seen

from standard deviation values in Table II.




NH,-N showed a trend closely tied to the increasing fish densities and DO
as the experiment progressed. An overall buildup to concentrations of 500-

1800 g L’1 in low-density tanks and up to 2600-3080 ug L'1 in the high-density
tanks was an obvious result of increasing fish metabolism as the fish grew.

At operating pH values (7.55-8.25) these ammonia concentrations were safe for
fish from the toxicity viewpoint (EIFAC 1970). NOZ-N levels remained also in
the safe 180-200 pg L™} range (Russo et al. 1976) for most of the experiment.
NO3-N showed a steady buildup during the first 2-3 weeks of conditioning. After
this period, values leveled off at the maximum levels of 9-10 mg L'1 which
suggested a properly functioning nitrifying system, balanced by duration of
make-up water addition. SRP values (not shown here) increased from 200 to 800

Mg G during the experiment as 2 result of excretion and excess feed.

The production tanks were likely close to their maximum carrying capacity.
The high feeding rates, high excretion and heavy loading of the filters
resulted in levels of N about twice as high and levels of DO about 1/3 lower
than other similar tanks in the hatchery (unpublished data).

After the first month of the test when the fish were divided into new tanks
at lower densities (Feb. 21), there was a substantial drop of all N forms and
rise in DO levels to initial 9 mg L"! (Fig. 6D).

Figure 8 presents examples of typical diurnal DO distribution in selected
tanks. The diurnal DO regime was governed by the duration of make-up water
addition, which generally improved it. When make-up was discontinued, there
was a gradual decline of DO, presumably due to fish respiration and biochemical
oxygen demand. Each feeding was 2also accompanied by a subsequent DO drop
within 10-20 minutes, 1ikely due to increased activity and defecation and their

oxygen demand.
3.2.3 Fish Production

The fish grew significantly during the 6 weeks of the test run (Fig. 6C,
Table 111), although not quite as rapidly as anticipated. The most rapid
growth was during the first two weeks of the test and then again after 4 weeks.
Mortalities during the tests were insignificant (¢0.3% per month) and could
usually be attributed to handling stress.




DISCUSSION

Although use of a cheap or free source of heated water offers many
advantages to a fish farmer, the location of waste heat sources is not always
ideal. Coupling of a water reuse system for the fish tanks with the waste heat
source can help solve many difficulties.

Coupling a solar collecting system to fish rearing units decreased energy
consumption for raising a projected 432 kg of fish3 (based on producing 1280,
225 g fish every 4 weeks) from 6 155 kWh to 1 750 kWh in a 6-week period (not
including energy cost for food, labor or equipment). At 4¢ per kWh the net
saving was approximately $176. The energy cost of running the solar collector
system (3 extra electric pumps) was $31 or 17% of the net saving.

In this test run, both ;he technical and fish production aspects of the
system operated efficiently. The maximum densities of fish reached (58 kg m'3
and 1.9 kg L"1 min) are close to the maximum used for commercial rainbow trout
production (Bardach et al. 1972).

Water quantity and quality become problems particularly if treatment of
water is required before use. In this pilot system, which was designed to
produce approximately 3,744 kg yr'l, water reuse has resulted in a 12-fold

increase in production from 6.9 kg l.'1 min annually to 82.1 kg L'1 min annually.

Non-scheduled shutdowns of sources of waste heat can have a traumatic
effect on fish production. The non-scheduled shutdowns of the solar collectors
are buffered by the water reuse system and the water storage system. Without
water reuse there would be a complete exchange of cold water in the tanks in
less than 35 minutes, which could cause a severe thermal shock, while with
water reuse the exchange would take over 11 hours. The blending tank provides
12.2 hours of hot-water. If all water was cut off from the outside,the system
would operate normally for 3.8 hours.

Cyclical interruptions in heated water such as occurs at night or
scheduled interruptions such as for major repairs to the solar collectors for
this system, are also ameliorated by reusing water and water storage. When the
water in the storage tank is 40 C, the system can operate normally for 8% days
based on using one blending tank of 12 C water per day.

3 This does not include the production of the other 4 fish rearing units which
use recirculated water. Potential production of all 12 tanks would be 648 kg.




1.3

Intensive fish culture operations can benefit substantially by using
previously unexploited sources of low-grade heat. Coupling the heat source
with water reuse units can, as described above, significant1y jmprove the fish
culture potential of such sources.
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Table 1. Characteristics of solar collecting system and fish
rearing units at Rockwood Experiment Fish Hatchery.

Number of solar panels
Net collecting area

Collector type

Supporting structure

Piping

Solar loop flow

Hot water storage tank

Blending tank

Fish tanks

Filter units

Water use per tank

48

125 m?

Double glazed liquid flat plate
collector. (Figure 5).

Galvanized steel open type structure
mounted on concrete piles.

Solar loop is of copper and stainless
steel. Process loop is of stainless

“steel and plastic.

3.2L 5"
solution.

of 55% propylene glycol

Fiberglass insulated, 19 130 L operating
temperature variable 6 UHE L= d0HCa

Fiberglass insulated 10 520 L operating
temperature variable 6 C - 16 0o
for test run. .

12 fiberglass tanks each 1.8 m x 1.8 m %
0.9 m - capacity 1500 L mounted over
filter units.

12 fiberglass units 1.8 m diameter x Tm
(0.75 m diameter settling chamber ing
center), granite filter media 0.75/m"»
approximate volume of water 1100 L,
mounted beneath fish tanks, backwashed
weekly.

{atar flbw =asL min"1 make up 8.4%,

make up flow 3.8 L min-!, water use

65 580 L da¥'1, (with recirculation

5 509 L day-1) water exchanges 25.2 day-!
(with recirculation 2.12 day-1).




Table 11. Standard deviations for water quality parameters in
individual tanks at various sampling dates.

Water Dissolved
temperature oxygen

R mg e

piean 03 0.8

Minimum OLa) 0.4

Maximum W s




Table II1. Fish weight and loading density during 6-week test run.

Test 4
group Jan. 24 Feb. 21 Feb. 22 Mar. 6

A Wt (g) -3 19 13 20
Density (kg m ) 16 11 16

Wt (g) A 69 - 25
Density (kgm ~) 58 21

Wt (g) o 112 38
Density (kg m ~) 46 37

Wt (g) -3
Density (kg m 7)

Harvested

4 After one month the large fish were harvested and a new group of

small fish added to the system.
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Combination of a solar collector with water recirculation
units in a fish culture operation

Figure 1. Monthly mean temperatures and hours of bright sunlight per day for
Winnipeg, Canada (Hare and Thomas 1974).

Figure 2. Plan of fish rearing facility showing location of solar panels,
blending tank, storage tank and fish rearing tanks.

Figure 3. Schematic of solar collector and fish rearing systems.

Figure 4. Schematic of solar panel array showing glycol flow and cutaway of

collector cores.
Figure 5. Plan of individual solar panel.

Figure 6. Some physical (6A, 68), biological (6C), and water quality (6D)
parameters (mean values for all rearing units) monitored during

test run.

Figure 7. Relationship between daily solar insolation and coefficient
performance and operating collector efficiency.

Figure 8. Diurnal DO measurements in selected rearing units. A was low
density, B and C high density fish tanks.
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ORGANIZING THE DIVERSITY OF THE ARCTIC CHARR COMPLEX
Robert J. Behnke
Department of Fishery and Wildlife Biology

Colorado State University
Fort Collins, Colorado

ABSTRACT

The subgenus Salvelinus is divided into the Dolly Varden: complex
and the Arctic charr complex. S. leucomaenis, S. confluentis, and S.
albus are assigned to the Dolly Varden complex. The Arctic charr, S.
alpinus, is viewed to be composed of three major groups with origins
associated with Europe, Siberia, and the Arctic Ocean in the Chukoskt
Sea-Bering Sea region. Except for sympatry between S. malma and S. alpinus,
examples of sympatric charr populations almost always involve populations

derived from within the geographical area of occurrence and they are very

closely related to each other. The origins of most sympatric charr are

attributed to divergences during and since the last glacier époch.

Recommendations are given on the preservation and utilization of the

diversity present in charrs.
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INTRODUCTION

Questions might be asked concerning the rationale of why I should
write another paper on Salvelinus systematics in view of the fact that
I so recently gave opinions in a systematic review of the genus (Behnke
1980) published in a large volume of works devoted to charr (Balon 1980).
An examination of the works of the various authors in this volume on charrs
reveals a range of opinions quite divergent from my position on the
evolutionary relationships and classification of the genus. Immediately
following my paper, Savvaitova (1980a) discusses how her opinions on
charr systematics differ from mine.

Paging through the charr volume, a paper by Leggett (1980) discusses

the reproductive behavior of the Dolly Varden charr, S. ma]ma,of Kootenay

Lake, British Columbia; but, according to the work of Cavender (1980)
in the same volume, the Kootenay Lake charr is the "bull trout," S.
confluentus. Cavender (op. cit.) recognized S. imbrius and S. pluvius
of Japan as valid species whereas in my paper I considered imbrius as a
synonym or subspecies of S. leucomaenis and pluvius as a subspecies of
S. malma. Savvaitova (1980b) repeated her stout belief that the Dolly
Varden charr, S. malma, should be treated as a synonym of Arctic charr,
S. alpinus, but she discussed "alpinoid," "high arctic," and "malmoid"
types of charr. Most authors in the charr volume followed the classification
given in McPhail and Lindsey (1970) which regarded the common charr in
North American waters westward from the Mackenzie River (tributaries to
the Beaufort Sea), as S. alpinus, whereas Morrow (1980) and I (Behnke
1980) pointed out that this group of charr is identical to S. malma of

the type locality (Kamchatka). Johnson (1980) presented an excellent




and comprehensive review on S. alpinus but had to admit that he could
only arbitrarily draw taxonomic boundaries for the species because of the
problems in separating S. alpinus from S. malma. There is also considerable
controversy regarding the spelling; char vs. charr. There is something
about the beautiful fish known as char or charr that excites the
imagination and emotions.
Thus, on the basis of the divergent opinions found in the most recent

and comprehensive compendium on the genus, it is now appropriate that I
again try to organize the diversity into a taxonomic scheme and attempt to
better define the limits of the subgenus Salvelinus, the Arctic charr
species complex, and the Arctic charr, S. alpinus. Recent Titerature,
color slides, and specimens of the Kamchatkan "stone charr," all kindly
sent to me by I. A. Chereshnev, have contributed to my latest "revision."
I also borrow heavily from my studies on a group of salmonid fishes,
the Pacific basin trouts of the subgenus Parasalmo, which are similar

in respect to the degree of evolutionary divergence within a comparable

era of geological time,re]atedness between species, evolution of

diverse behavioral and ecological forms, great morphological diversity,

and taxonomic problems.

THE SUBGENUS Salvelinus
The first step toward a more precise definition of "Arctic charr"
is to divide the genus into smaller phylogenetic units. In my last two
papers on charr, I recognizec three subgenera; one for the North American
lake charr, S. namaycush, one for the North American brook charr, S.

fontinalis, and one for all other members of the genus, but pointed out




that the correct position of the Far Eastern "kundscha" charr, S.
leucomaenis, is in doubt (Behnke 1972, 1980). S. leucomaenis has some
similarities to S. namaycush, but these may be the result of convergent
evolution as a predaceous species. Until convincing evidence is
forthcoming regarding the phylogenetic branching sequence in the genus
leading to S. leucomaenis, I will provisionally include the kundscha

charr in the subgenus Salvelinus.

Thus, based on zoogeographic evidence correlated with degrees of

divergence, it appears that an early (Pliocene?) branch of the genus
becaue established in North America, eventually giving rise to the two,
widely distributed 1iving species, S. namaycush, and S. fontinalis. The
former species specialized as a large lacustrine predator whereas the
latter species, in the general absence of other salmonine fishes, evolved
a more generalized way of life, utilizing a wide range of environments,
more typical of the trouts in the genus Salmo. Conveniently ignoring
S. Teucomaenis, the evolutionary divergence in the rest of the genus
resulted in two major groups or species complexes--the Arctic charr group
and the Dolly Varden group. This split may have occurred during an early
Pleistocene glacier period when the common ancestral charr was divided
into northern (precursor of the Arctic charr) and southern (precursor
of the Dolly Varden group) groups in the Pacific and Arctic ocean drainages.
In view of the contentious nature of my recognition of Arctic charr
and Dolly Varden charr not only as separate species but as separate
species groups or complexes, the evidence supporting my position must be

presented.




Reality of Arctic Charr and Dolly Varden Species Groups
DeLacy and Morton (1943) presented the first conclusive evidence that
Dolly Varden charr and Arctic charr are valid species by finding
representative populations of the two species occurring sympatrically
in Karluk Lake, Alaska where they exhibited sharp differences in life
history and taxonomic characters. McPhail (1961) found other Alaskan
lakes where the two species were sympatric with no evidence of hybridization

and he further strengthened the case for full species recognition

between Dolly Varden and Arctic charr. The problem was that aT] of these

examples involved the southern form of North American Dolly Varden which
formerly was generally assumed to characterize the taxon S. malma.
Consideration of the taxonomic data on Dolly Varden throughout its
range reveals a major divergence occurs between northern and southern
Dolly Varden that 1likely was initiated by isolation during a glacier period
subsequent to the separation of Dolly Varden and Arctic charr. A relative
homogeneous northern Dolly Varden occurs in both Asia and North America,
In the Far East, in the northern Okhotsk Sea drainages, Kamchatka, and
northward around the Chukotsk Peninsula, the Dolly Varden is typically
characterized by 21 to 23 gill rakers, 66 to 68 vertebrae, and 25 to 30
pyloric caeca. This same form of Dolly Varden (which should be recognized
as S. malma malma., because Kamchatka is the type locality for the name
malma) occurs in North America, from the Alaska Peninsula (north side)
to the Mackenzie River. McPhail (1961) and McPhail and Lindsey (1970)
were not aware of the similarities between the Alaskan and Far Eastern
northern forms of Dolly Varden and they considered the northern North

American form of Dolly Varden as the western Arctic form of S. alpinus.




South of the Alaska Peninsula to Oregon, the southern form of North
American Dolly Varden occurs and it is differentiated from the northern
form by fewer gill rakers and vertebrae (typically 17-18 and 62-64,
respectively). In the Far East, the most differentiated southern form of
Dolly Varden is found in Honshu Island, Japan and in the Kuril Islands.
This extreme form has only 58 to 60 vertebrae, 20 to 25 pyloric caeca,
and 16 to 18 gill rakers. This form is commonly recognized as S. pluvius
in Japan, but I have pointed out that if the Kuril Islands Dolly Varden

is the same taxon then the name should be S. malma curilus. The taxonomic

characters of Dolly Varden in Hokkaido and Sakhalin (19-23 gill rakers
and 61-63 vertebrae) indicates introgression has occurred between the
northern and southern forms in the Far East. There is no evidence of
intermediacy between the northern and southern forms of Dolly Varden in
North America. Al11 of the above forms that I have identified as Dolly

Varden are differentiated from all North Pacific forms of Arctic charr

by their general phenotypic appearance (smaller size spots on the body,

a more blunt snout) and fewer gill rakers and fewer pyloric caeca. There
is no evidence of sympatric occurrence between northern and southern forms
of Dolly Varden. The diversity within the species can be arranged into
three broadly distributed subspecies--S. malma malma, the northern form

in both Asia and North America, S. m. curilus, the southern Asiatic form
of Honshu and the Kuril Islands, with probable intergradation between

the two subspecies in Hokkaido, Sakhalin and Korea, and the southern North
American form, which I have tentatively recognized as S. malma lordi
(Behnke 1980).

The validity of full species recognition of S. malma depends on its




degree of reproductive isolation where it has come into contact with members
of the Arctic charr complex. If Dolly Varden occur sympatrically with
Arctic charr over a broad area in Asia and North America, with sympatric
populations maintaining their integrity with reproductive isolation,
then biologists with a reasonable understanding of evolution and systematics
should agree with me that S. malma is indeed a "real" species of relatively
long (perhaps early Pleistocene) separation from any member of the Arctic
charr complex. That is, they are not, as Savvaitova (1980) believed,
simply Tlocal populations of Arctic charr that happen to be so similar
because of convergent evolution since the last glacier period.

In my recent paper (Behnke 1980) I reviewed the records of
sympatric occurrence of both the southern and northern forms of North
American Dolly Varden with Arctic charr in several lakes in Alaska.
Typically, in Alaska, the Dolly Varden is anadromous, overwintering in
the lakes and spawning in tributaries (or resident in tributaries) to the
lake whereas the Arctic charr is strictly lacustrine (and the more
piscivorous species). The most common coexistence is with the form of
Arctic charr called the Bristol Bay-Gulf of Alaska form of S. alpinus

by McPhail (1961), but sympatry also occurs between the northern Dolly

Varden and the "eastern Arctic" form of S. alpinus in some lakes east

of the Mackenzie River mouth. Thus, in North America, there is sympatric
occurrence over a broad geographical area between populations of Dolly
Varden and Arctic charr and two subspecies of Dolly Varden (northern and
southern) and two subspecies of Arctic charr (Bristol Bay-Gulf of Alaska

and eastern Arctic) are involved. There is no real evidence of intermediacy

or hybridization between Dolly Varden and Arctic charr.




In Asia, there is widespread sympatry between the northern Dolly
Varden and Arctic charr. The Asiatic Arctic charr of the Chukotsk Peninsula
and Kamchatka is identical to the Gulf of Alaska-Bristol Bay form of Arctic
charr of Alaska. It is characterized by large spots, typically 23-26

gill rakers, 40-55 pyloric caeca, and 66-68 vertebrae. Two: names have

been given for this charr from the Chukotsk area--S. andraishevi and S.

taranetzi.

In Kamchatka, the Arctic charr occurs as lacustrine relict populations
in Lake Dalnye and Lake Nachinskoye where it is sympatric with populations
of Dolly Varden. In lakes and rivers draining the Chukotsk Peninsula,
Arctic charr and Dolly Varden are sympatric, often with both species being
anadromous (Chereshnev 1978a, 1978b, 1979). A paper by Volobuyev, et al.
(1979) attempted to cast doubt on Chereshnev's conclusions that the Arctic
charr and Dolly Varden are two distinct species. The authors examined
a series of charr specimens from the Kukekkuyum River, in southern Chukoskt
(previously studied by Chereshnev), and attempted to emphasize that
intermediate (hybrid) specimens between the large-spotted Arctic charr
and small-spotted Dolly Varden occurred in their sample. They did this
by emphasizing the overlap in the ranges of numbers of gill rakers and
pyloric ceaca that occur between the two species and attributing the
overlap to hybridization. If given proper editorial review such a paper
should not have been published. Overlap in taxonomic characters between
two closely related species is certainly not evidence for hybridization.
The appropriate method for the treatment of data from the Kukekkuyum River
charr specimens to test the assumption for or against reproductive isolation

would be to use a form of multivariate analysis such as a principal




components analysis of taxonomic characters from specimens identified as
large-spotted specimens and small-spotted specimens. If this were done,

I believe 100% separation (or very close to it) would have been obtained
between the Arctic charr and Dolly Varden specimens--and complete (or
virtually complete) reproductive isolation between them would be the

only logical conclusion. Thus, the conclusions drawn by the authors

that the two types of Chukoskt charr may be only seasonal races of a single
species and should not be recognized as different species (Volobuyev,

et al. 1979) borders on the ridiculous, especially in view of the evidence
of such widespread sympatric occurrence of Dolly Varden and Arctic

charr in Asia and North America.

A problem I must point out, however, concerns the relationships of

the north Pacific form of Arctic charr (S. anadraishevi or S. taranetzi).

Is it a subspecies of S. alpinus? Where would its branching point be
positioned in the phylogeny of Salvelinus? 1Its large spots are somewhat
similar to S. leucomaenis. Is this type of spotting an example of convergent
evolution? This form of charr needs much more information on its genetic
relationships. Until demonstrated otherwise, however, the large-spotted
charr, "S. andriashevi," of the north Pacific drainages of Asia and North
America can be considered as part of the S. alpinus "complex."

In relation to phylogenetic affinities to the Dolly Varden or to
the Arctic charr complexes, two other Pacific drainage species must be
considered--the stone charr, S. albus, of Kamchatka, and the bull trout,
S. confluentus, of North America. I discussed the stone charr in my 1980

paper but I did not realize that the description of Salvelinus albus by

Glubokovsky (1977) for a charr from the Kamchatkan River basin actually




was a description of the stone charr. There is some confusion surrounding
the stone charr as I discussed in my 1980 paper. Viktorovsky (1975)
discussed various forms of charr from Lake Kronotskoye, Kamachatka, using
common names--the white (bely) charr, the longheaded (dlinnogolovy) charr,
and the nose or snout (nosaty) charr. Glubokovsky (1977) in naming the
"white" charr, S. albus, from the Kamchatka River, mentioned it is identical
to the white charr of Lake Kronotskoye. Viktorovsky (1978) revised the
Lake Kronotskoye charr. He decided the white charr is actually the typical
S. malma, the nose charr was described as a new subspecies of malma,

S. m. schmidti, and the longheaded charr was described as a new species,

Salvelinus kronocius. From the descriptions given by Glubokovsky and

Viktorovsky and from previous data on the stone charr supplemented by

two specimens of S. albus sent to me by I. A. Chereshnev, there is no

doubt that S. albus and S. kronocius both represent the stone charr of
Kamchatka. Thus S. kronocius is a synonym of S. albus. Unfortunately,

the confusion with the "white"charr of L. Kronotskoye led to the inappropriate

name S. albus; the stone charr could be called the black charr; the

coloration in freshwater specimens is decidedly dark.

As mentioned in my previous paper, I believe the closest relationship

of the stone charr is with the North American bull trout, S. confluentus.
There are some real differences in meristic characters (about what would
be expected from two branches of a monophyletic origin that has been
separated for more than 100,000 years), but there are basic similarities
in the shape of the head and jaws and overall appearance. I believe the
bull trout and stone charr represent an early divergence in the Dolly

Varden complex.




Associated with the Pacific basin origin of the Dolly Varden complex,
I suggest that the relationships of S. leucomaenis are also with the Dolly
Varden complex. The low values of meristic characters and the karyotype

of S. leucomaenis (2N = 84-86, identical to S. malma curilus) (Viktorovsky

1978) also indicate the closest affinities of leucomaenis are to the

Dolly Varden complex.

The Arctic Charr Complex

By the process of elimination at the subgeneric and 'comp]ex’ levels

of discrimination, all the rest of the diversity in the genus can be
attributed to the Arctic charr complex. That is, the phylogenetic branching
points leading to all of the Tliving forms in the Arctic charr complex
should connect to a common ancestor after the separation between the Dolly
Varden and Arctic charr complexes.

The key to defining the Timits of the species S. alpinus concerns
the charr of the type locality area ("Swedish Lappland" as given by
Linnaeus). Thus, all forms included as S. alpinus or in the Arctic
charr complex should be more closely related (more recent phylogenetic
separation) to Scandinavian S. alpinus than they would be to S. malma
of Kamchatka.

The typical Scandinavian form of S. alpinus has about 63-64 vertebrae,
30-50 pyloric caeca and 21-28 gill rakers. This form is distributed in
the Kola and Karelian region of the USSR, Finland, northern Sweden,
Norway, Great Britain and Ireland. A closely related group, S. a.
salvelinus, occurs in the Alpine lakes of central Europe. Typically, the
central European "normalsaibling"” or "wildfangsaibling" has slightly

more gill rakers (typically 25-30).




There is an interesting group of Arctic charr that is Tikely
monophyletic in origin but now has a broad and disjunct distribution.
These charr have the highest numbers of gillrakers in the genus, from
25 to 35; they are also characterized by about 65 to 70 vertebrae and
about 40 to 50 pyloric caeca. They may obtain a weight of 12 kg
or more and are typically piscivorous. This type of charr is concentrated
in the Taimyr Peninsula region of Siberia and in the Arctic Ocean drainages

of North America east of the Mackenzie River (eastern Arctic form of S.

alpinus). In these regions they occur as anadromous and resident lacustrine

populations (resident Tacustrine stocks are much more common in Siberia
where S. namaycush is absent). They occur as disjunct relict populations
far inland in Siberia in lakes of the Yenesei, Lena, and Kolyma river
basins and in the Baical region (S. erythrinus). Headwater transfer from
the Kolyma drainage has established this form of charr in lakes of the
Okhota River basin, tributary to the Okhotsk Sea (S. neiva). They also
occur as resident Tacustrine populations in lakes west of the Mackenzie
basin where they are sympatric with anadromous S. malma. I also believe
this same form of charr occurs in Lake Coomarsahrn, Ireland (S. fimbriatus).

The distribution of the Arctic cisco, Coregonus autumnalis, exhibits

many similarities with this particular group of charr. The Arctic cisco
also occurs as relict Tacustrine populations in Ireland where it is known
as the pollan (Ferguson et al. 1978).

The Taimyr Peninsula is of special interest in regards to sympatry
between populations of Arctic charr. I have previously discussed a
charr from L. Taimyr (Behnke 1972, 1980) named S. taimyricus that has a
distinctive morphology. Savvaitova et al. (1980) recorded S. taimyricus

from Lake Keta and described four sympatric Salvelinus populations from




Lake Lama. A1l have meristic characters similar to the generalized anadromous
Taimyr charr and most probably all represent minor divergences within

this particular "major" divergence in the Arctic charr complex. The life
history and ecological differences between the various Taimyr charrs

are pronounced. There are anadromous and lacustrine forms and the various
lacustrine forms differ in feeding specialization, depth distribution,

growth rate and maximum life span.

For a classification of S. alpinus best denoting evolutionary relation-

ships among the major divergences making up the species, I could suggest
that all of these charr (Taimyr region, eastern Arctic North America, interior
Siberia lakes, and Lake Coomarsaharn) be considered as one subspecies

(S. alpinus erythrinus). The great ecological diversity encompassed in such

classification (or any taxonomic arrangement of S. alpinus conforming
to the international rules of zoological nomenclature), readily reveals
the severe limitations of our binomial or trinomial system of nomenclature
to accurately describe and classify the enormous diversity manifested
in the Arctic charr complex. For proper management of this diversity,
the various ecological forms, particularly in sympatry, should be regarded
as if they were different species.

One other form of S. alpinus that probably deserves. subspecific
recognition is the group of disjunct lacustrine relicts of northern
New England and southern Quebec known as Sunapee, blueback, and red "trout,"

S. alpinus oquassa. This group of charr appear to be an early derivative

of the evolutionary 1ine leading to the northern European S. a. alpinus.
They differ mainly in having fewer gillrakers (18 to 24 vs. 21 to 28).

Their distribution appears to be largely the result of exclusion or




extermination by S. namaycush. Native populations occurred only where
namaycush was absent and they soon disappeared in those Takes where
namaycush was introduced.

From a preliminary synthesis of all information, I provisionally
recognize three major centers of evolution in the Arctic charr complex (or
S. alpinus in the broad sense). A European origin of the north European S.

alpinus alpinus. The central European S. a. salvelinus and the eastern North

American S. a. oquassa, are probably most closely associated with this group.
A Siberian origin for the vast and diverse group that, for purely practical
taxonomic purposes, can be recognized as S. a. erythrinus with a multitude

of derivative forms such as taimyricus, neiva, drjagini, etc.

The peculiar form of charr with very large spots occurring in Asiatic

and North American drainages to the Chukotsk and Bering seas where it is
widely synpatric with S. malma, probably evolved in that area. The
extremely large spots of this form of Arctic charr may be an example

of character displacement that reinforces reproductive isolation with

S. malma. This form can provisionally be recognized as S. a. andriashevi,
but this taxon should be redescribed because both Dolly Varden charr and
Arctic charr occur in Lake Estikhet, the type locality of the taxon.
Berg's (1948) description of andriashevi is probably based on a specimen
of Dolly Varden.

From what I have been able to determine, examples of sympatry in the
Arctic charr complex, are always between members of the same evolutionary
group, and are the result of recent divergences initiated during or since
the last glacier period. That is, the three major divergences that,

for practical purposes of communication, I have classified as S. a. alpinus,




S. a. erythinus, and S. a. andriashevi, do not occur in sympatry with each
other. The sympatric populations in Lake Windemere, England, and in

many Scandinavian and Karelian lakes are more closely related to other
members of the broad and inclusive S. a. alpinus than they are to any
member of the S. a. erythrinus or S. a. andriashevi evolutionary lines.

This also appears to be true for the numerous sympatric populations in

lakes of Taimyr--they are all probably derived from within the S. a.

erythrinus evolutionary lineage after divergence from the S. a. alpinus
branch. From a practical point of view and in relation to principles
of animal taxonomy, it seems absurd to classify all four of the sympatric
populations in Lake Lama as a single subspecies. The most useful taxonomic
arrangement of the subgenus Salvelinus (for other than evolutionary or
systematic purposes) most likely will considerably stray from a strictly
cladistic interpretation.

The tiefseesaibling, S. profundus, is a'striking exception to the

rule that sympatric populations (except for malma and alpinus) have their

origins in relatively recent geological time. The degree of
differentiation of the tiefseesaibling is extreme in the genus. The
uniform, dull coloration, the broad and overhanging snout, the peculiar
structure of the gillrakers, the low numbers of gill rakers, vertebrae
and pyloric caeca (20-25, 61-63, and about 25-35, respectively) sets off
S. profundus from any other known form in the genus. I have examined
specimens of tiefseesaibling only from the Bodensee but it has been
reported from the following Alpine lakes of Central Europe: Neuchatel,

Walchensee, Ammersee, Tegernsee, Achensee, Plansee, Attersee, and Traunsee

(Berg 1932, Nerseheimer 1937). Brenner (1980) described the tiefssesaibling




from the Attersee. Brenner concluded that tiefseesaibling are not a
distinct taxon but are only "local forms created in response to different
environmental and feeding conditions.” Such a statement is pure nonsense
to anyone familiar with the range of variability in charr specimens
throughout the distribution of the genus. If it were true that sympatric

populations of tiefseesaibling evolved independently in each lake

inhabited by Salvelinus where suitable conditions were present, then there

would be tiefseesaibling throughout the Holarctic region and not only

in central European lakes. The rich whitefish (subgenus Coregonus)
fauna of the European Alpine lakes, has probably severely restricted the
distribution and abundance of tiefseesaibling by competitive exclusion.
This would suggest to me that the evolution of the tiefseesaibling
occurred before Coregonus invaded the Alpine lakes or it occurred in a

contiguous area where Coregonus was absent. In any event, the

tiefseesaibling is morphologically very different from any other form of
charr. I include it in the Arctic charr complex only on zoogeographical

grounds.

DISCUSSION
I believe the charrs in the subgenus Salvelinus Tike the trouts of
the subgenus Parasalmo have undergone rapid morphological and ecological
divergence. That is, the morphological or regulatory part of the genome
has speciated much more rapidly than the structural or metabolic part of
the genome. If this is true then it can be expected that information
obtained from the structural genes, typically from electrophoretic studies

of proteins, will not be in full accord with the evidence of morphological




divergence. As far as is known, all forms in the genus are interfertile

when hybridized. This would indicate rather recent origins of all living
forms from a common ancestor in relatively recent geological times

(perhaps upper Pliocene). To date, comprehensive comparative electrophoretic
studies have not been made on diverse forms of charr. A comprehensive

study should include data from 25 to 35 gene loci to arrive at comparable
genetic relatedness indices such as genetic identity scores. When such

research has been done, I suspect that genetic identity scores between

the most divergent forms in the genus will be high--on the order of 90

or higher. Unless electrophoretic studies can establish substantial
evidence for a discussion of primitive (?1esiomorph1c) and derived
(apmorphic) proteing and not merely allelic frequency differences,
then their contributions to Salvelinus systematics will be more-or-less
limited to some generalizations on degrees of relatedness but Tacking in
authoritative cladistic information.

Comprehensive electrophoretic studies should be useful, however,
to test my hypothesis concerning the evolutionary reality of the Dolly
Varden and Arctic charr complexes and their respective components and to
examine the relative affinities of S. leucomaenis and S. profundus.

In the western North American trouts of the subgenus Parasalmo,

electrophoretic taxonomic studies on the cutthroat trout (Salmo clarki)

and rainbow trout (Salmo gairdneri) have probably been more intensive

than that of any other fish species. However, there is a lack of evidence
on primitive and derived genes in these species and no real cladistic
interpretation is possible. An overall summation of the electrophoretic

data indicates four equally related groups--rainbow trout and three




subspecies of cutthroat trout, but the genetic identities are Tighlly
clustered, suggesting all could be considered as subspecies of a single
species. The genetic basis governing the striking morphologidal distinctions
of the California golden trout (S. aguabonita), can not be detected by
electrophoresis. Two subspecies of cutthroat trout that have pronounced
differences in spotting pattern and ecologies, and are in part sympatric

in the upper Snake River drainage, Wyoming, exhibit no electrophoretic
differences in the products of 26 gene loci (Loudenslager and Kitchin
1979). Electrophoretic studies of western North American trouts
demonstrate close genetic identities, and a distinct lack of concordance

in the evolutionary rates of change between the regulatory genome governing
morphology and ecological specialization and the structural genome

sampled by electrophoresis. I expect the same situation will be found in
Salvelinus.

The data on Salvelinus karyotypes indicate the general trend of

Robertsonian fusion--going from higher chromosome numbers in primitive
form to Tlower numbers in derived forms. The karyotype of S. leucomaenis
is given as 2N=84-86 with 100 arms. This same karyotype is found 1in

S. malma curilus. S. malma malma is listed as 78-80 with 96 arms,

and the Far Eastern form intermediate in morphological characters (S. m.

krascheninnikovi) also has an intermediate karyotype with a diploid

number of 82-84 and 98 arms according to Viktorovsky (1978). S. fontinalis

and S. namaycush have diploid numbers of 84 with 100 arms. S. alpinus
(Sweden) has 80 chromosomes with 100 arms. The stone charr of Kamchatka
and the bull trout of North American evidently posses a common karyotype of
2N=78 with 100 arms (Viktorovsky op. cit. and T. Cavender personal

communication).




I would not necessarily interpret a smooth proféssion in karyotype
speciation from this data. That is, I don't believe the list of karyotypes
can be used as strong evidence that S. leucomaenis and all subspecies of
S. malma were already evolved before S. malma malma gave rise to the Arctic
charr complex.

In the closely related species and subspecies of western North American

trouts, diploid chromosome numbers range from 56 (106 arms) in S. gilae

and S. apache to 68-70 (104 arms) in S. clarkii clarkii, but there has
been considerable rearrangement of karyotypes in several evolutionary lines.
The three major subspecies groups of cutthroat trout follow a Robertsonian
fusion pattern of decreasing numbers: 2N=68-70 in S. c. clarki, 2N=66

in S. c. lewisi, and 2N=64 in S. c. bouvieri. In the rainbow trout
evolutionary line, the diploid number associated with the most primitive
morphological characters and the most primitive distribution pattern is
58. In various populations of the more advanced coastal rainbow trout,
modal diploid numbers are 58, 60, 62, and 64. Evidently the evolutionary
trend has been that of converting metacentric chromosomes into acrocentric
chromosomes with an increase in the diploid number. The most divergent

species of Parasalmo is the Mexican golden trout, S. chrysogaster which

has a diploid number of 60. Thus, within a closely related group of trouts

of probable relatively recent (perhaps late P]éﬁ%ene - early Pleistocene)

origin from a common ancestor, there is great variation in the karyotypes
and the chromosome numbers of 60 and 64 must have been arrived at
independently in different evolutionary lines.

Extrapolating the karyotype information from Parasalmo to Salvelinus

suggests. that after all of the diverse geographical forms of charr have
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been karyotyped, the comparative data may not be a decisive factor for
determining the position of phylogenetic branching points in Salvelinus.

Mednikov, et al. (1980) published an interesting attempt to resolve
taxonomic problems in Salvelinus by the use of DNA hybridization. I
pointed out (Behnke 1980) that DNA hybridization data cannot be trusted
because of the noise of experimental error when dealing with groups
such as the Arctic charr complex and the Dolly Varden complex. Their
evolutionary separation has not had sufficient time to accumulate the
amount of genetic differentiation needed to overcome the noise of
experimental error.

Thus, despite modern methodology, I doubt that a taxonomic arrangement
of charrs will ever be constructed that will be universally accepted and
endorsed. This is particularly true because of the conflict between the
goals of a phylogenetic (in the strict cladistic sense) classification
and the goals of a practical classification useful for fisheries management
in relation to degrees of morphological and ecological divergence and
sympatric occurrence.

A final point of emphasis concerns the management, preservation,
and utilization of the great range of diversity found in diverse groups of
charrs. In comparison to other salmonid fishes, most of the distribution
of charrs occurs in areas of the world with Tow human population density
and, as yet, relatively lightly impacted by man. In contrast, I estimate

that the cutthroat trout species in western North America has lost about

98% of its original distribution (with concommitant loss of genetic

diversity) in interior waters during the past 100 years. There can be
great ecological and life history differences between local populations

of the same subspecies that may be of major significance for management




purposes (Hickman and Behnke 1979, Behnke 1981). A long range goal
should be to maintain the geographical and ecological diversity still
present in Salvelinus, in order that the base of the natural resource
(its genetic diversity) be available for utilization.

The natural distribution of the Arctic charr complex, with the

exceptions of the European Alpine lakes and some lakes in the interior

of Siberia, is largely restricted to within about 100 km of the Arctic

coast and associated islands. The Arctic charr is an effective agent to
channel the food resources in waters of very low primary productivity into
a highly desirable product. There is a great potential to introduce
various forms of Arctic charr into suitable new waters and greatly

increase the fishery values of these waters. In 1978, I examined specimens
of an unknown charr, sent to me from a lake in the Rocky Mountains of

Idaho. I identified the specimens as S. alpinus oquassa. Later, it was

discovered that charr from Sunapee Lake, New Hampshire, were stocked
into a few Idaho Takes in 1925 (the native charr in Sunapee Lake later
becaue extinct after S. namaycush was introduced). The Sunapee charr is
now known to persist in two lakes in Idaho. These lakes are ultra
oligotrophic but the Sunapee charr attain weights of 2 and 3 kg whereas
S. fontinalis in these same lakes seldom exceed 100 g. In numerous such
lakes in the Rocky Mountains of North America, without suitable

spawning inlets to maintain trouts of the genus Salmo, S. fontinalis is

often the only fish species but they typically are represented by stunted
populations of little fishery value. There must be thousands of
similar lacustrine situations in the world where the introduction of

members of the Arctic charr complex would greatly improve the fisheries by




maximizing $almonid biomass production with their specializations to make

efficient use of the pelagic and benthi% zones, and produce large size
specimens because of their range of food utilization and long 1ife span.
Innovative ways to maximize growth and production could be tried such as
hybrid combinations and attempts to create sympatric stocks with
introductions from diverse parental sources. Consideration of the
diversity of the potential niches of the diverse forms of Arctic charr and
how the potential niches would be contracted into realized niches in
interaction with other species (or other sympatric populations of Arctic
charr) offers a wealth of opportunities for theoretical and practical
application of fisheries management concepts. I believe the Arctic charr
is a fish that will become more widely appreciated, despite its confused

taxonomy.
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Dr. Robert Behnke

Department of Fishery and Wildlife Biology
Colorado State University

Fort Collins, CO 80523

Dear Bob:

Thanks very much for your recent letter and your earlier one to
Bi11l Valleau regarding tenure. I greatly value your perspective on
systematics and evolution.

The Lanao trip is on; I'11 leave Maine around December 15. I will
also be collecting material from Thailand and Northern Malaysia for .
suitable outgroup comparisons. A critical morphological evaluation of
the specimens I collect is absolutely essential for meaningful
interpretation of any inferential genetic data. From my very limited
exposure, I fully appreciate the expertise and insights of classical
systematists. Time and again, what a good ichthyologist intuitively
perceives very rapidly in terms of phylogeny is the conclusion that is
arrived at by so-called "critical" electrophoretic analysis. The
morphological systematist appreciates the gestalt of a taxon and from
experience knows which types of characters are critical and which are of
lesser value. I do not pretend to possess such experience. However, I
still believe that certain types of characters are more environmentally
plastic than others. I find your comments about meristics of sunapee
char from Sawtooth Lake particularly enlightening; exactly such
demonstrations should be prominently displayed in the Titerature to
counterbalance experimental studies on unrelated taxa which purport
opposite findings. It is clear that few systematically general
statements can be made regarding relative heritability or environmental
plasticity for specific morphological characters.

I agree completely with your (re-) interpretation of S. alpinus
genetic similarities. When faced with values of 0.9 or greater,
cladistical accuracy is lacking. However, with lower similarities,
information content is much higher, and accuracy increases. I
completely agree that biochemical systematics is loci dependent.

It is clear that some certain classes of enzymes are more informative
than others. A recent paper in Genetical Research convincingly
demonstrates a significant positive correlation between individual locus
heterozygosity and genetic distance. Thus, demonstrable differences at
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loci with generally low levels of intraspecific variability are more
informative cladistically. Esterases are of limited value when used in
isolation, particularly if the formal genetics has not been examined. I
would hope that Nyman would expand his enzyme arsenal to include
additional loci.

Again, thanks for your continued correspondence. I'l1 keep you
posted on the Philippine problem.

Bgst regards,

Irv Kornfield
Assistant Professor of Zoology
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Fort Collins, CO 80573
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Abstract i

Twelve recirculation unitgyémeriSingéfigﬁJgéﬁﬁé and individual gravel

filters were coupled to 2 solar collector in @ﬁg'dpx.demonstration of the use
of low-grade heat for fish culture in nor@hern;gljmates.

The solar system consists of a liquid-type flat-plate solar collector
with 125 m2 of collection area, a 19 130 liter storage tank, & 10 520 liter
blending tank, heat exchanger and associated piping, pumps and supporting
structure:  The system supplants the electrical heat previously used to warm
the water from 6 Cito:12-C for the rearing units. By manually switching the
recirculation systems to J00% from 92 some nights and for up to 2 consecutive
days during cloudy periods: it was possible to ppgrate-withoutfusing the
electric @eqt,;hrqughout the early wintér'oi,;SBO;whedfexternal temperatures
fell betow -30 Cfﬁ”ﬁf M gl phtia s

“ ijhéﬁ;béich]atibmsuﬂiisikbigh;ﬁre eséehfia]fbéih*té'minimize heat

requiremen;swind*%oibenni& operation during periods without sunlight, consist

of 1500 1iter fish ‘tanks mounted vver ¥.0 m deep X 1.8 m diameter filters
containing 0.75'm3 of grayel.x~ﬂdnitorfng of chemical parameters showed a high
efficiency of metabb1ite>rgmq%g?,ﬁﬁe]]-baTaneed oxygen_conditions and high
nitrification rates, even at loading rates:as high as 45-50 g per liter.
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Obituary of Vadim Dimitrovitch Viadykov, 1898-1986

Don E. McAllister

Ichthyology Section, National Musewmn of Natural Sciences, Ottawa, Ontario KIA OMS, Canada

Vadim Dimitrovitch Vladykov died in his retirement apartment
on the night of 14 January 1986. after a full and productive life.
He was 87 vears old. Surviving are his two talented daughters.
Nadya Clowes and Kyra' Fisher. and four grandchildren. His
beloved wife. Nina Formagie. who he married in 1938, pre-
deccased him on the 19th of December 1976.

Dr. Vladykov was born near Kharkov, Ukraine, March 18.
1898 (Gregorian). son of Dimitriy Iv. Vladykov (1863-1955). an
archpriest. theologian and missionary of the Russian Orthodox
Church. Vadim graduated from the Lycée of AKhtyrka in 1917.
He was a student at the University of Kharkov from 1917 to 1918
under Prof. P. Sushkin. He fought in the White Army under
gencrals Vrangel and Deniken, became il and while con-
valescing in Crimea. studiced the fishes of Kertch Channel (be-

tween the Azovsk and Black scas). Following the evacuation of

the White Army he surveyed the fishes and herptiles of the
Bosporus in Turkey. The collections he made were deposited in
the French College of Saint-Georges of Constantinople and in
the Natural History Museum of Prague.

In 1921 he became a biology student at the Charles University
in Prague. Czechoslovakia and graduated with a RNDr degree
(Rerum Naturalium Doctor) in 1925, with a major in zoology
and a minor in anthropology. It was there that he began his
studies on the fishes of Subcarpathian Russia (then in Czecho-
slovakia. now part of Ukrainian SSR). This led to his appoint-
ment as director of the Ethnographic Muscum of Subcarpathian
Russia in Uzghorod. These studies were published in Ukrainian
in 1926 and in French in 1931 and included several new taxa.

In 1928 he moved to Paris and read agricultural bacteriology
and scrology at the Institut Pasteur and from 1929 to 1930
studied ichthyology at the Muséum national d Histoire naturcelle
under professors L. Roule and J. Pellegrin. He was elected a
‘Correspondant of the Muscum’ and received the gold medal of
the Socié¢té Centrale d'Agriculture et du Péche for his work on
Subcarpathian fishes.

In September 1930 he arrived in Canada and began to work as
an assistant scientist in biology under Dr. A.G. Huntsman for
the Biological Board of Canada (which later became the Fish-

Photograph of Vadim D. Vladykov taken in December 1985 by the
author.
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eries Rescarch Board of Canada). He worked at the biological
stations at St. Andrews. N.B., Halifax, N.S. and Toronto,
Ontario (where he was reported to cut a dashing figure with his
long opera cloak and intriguing accent) up to 1936. Amongst
other studies during this period he published a major work on
the marine fishes of Hudson Bay and a booklet on the marine
fishes of Nova Scotia. In 1936 he became a Canadian citizen.

In 1936 after joining the Maryland Conservation Department
he undertook studies of shad and striped bass. He was also a
professor of Ichthyology at the University of Maryland at Col-
ege Park and the Biological Station at Solomons. In 1938 he
returned to Canada and joined the Laboratoire de Zoologie at
the Université de Montréal as professor of ichthyology. During
this period he founded and directed biological stations in the
Parc des Laurentides and on Lac St-Louis. Amongst more pro-
fessional duties he took the Governor General and Her Royal
Highness Princess Alice fishing at Grand Lac Jacques Cartier in
September 1941, Those knowing Vadim will wonder if he invei-
gled the Princess into preserving some of her catch for him.

In 1943 Dr. Vladykov organized the *Service de Biologie™ in
the Départment de Pécheries du Québec and was its director
from 1943 to 1958. During this period he gave courses in ich-
thyology every two or three years to students in the Ecole
Supérieure des Pécheries at Ste-Anne-de-la-Pocaticre. He un-
dertook studies of the fauna of the estuary of the St. Lawrence
River and published an important baseline study on the beluga
that is of considerable value today.

In 1958 he left the Département de Pécheries du Québec and
joined the staff of the University of Ottawa as a professor. He
remained in this post until his retirement in 1973, He took onc
year and three month’s absence in Iran starting in August 1961,
and went on cruises to the Caribbean Sea in 1965, 1966 and 1968
to locate the spawning grounds and study the larvae of the
American cel. In Iran he served as a fisheries expert in the
Caspian Sca region for FAO. Vadim worked on the sturgeon
fisheries important for caviar. but also made significant collec-
tions of fishes, many now at the National Museum of Natural
Sciences. Ottawa. In Ottawa he taught ichthyology. herpetol-
ogy. zoogeography. cte. and supervised a number of graduate
students.

Prof. Vladykov felt that high quality illustrations were very
important in science. He spent considerable time and effort
ensuring that the illustrations showed fine detail. George Ben-
Tchavtchavadze. a fellow Ukrainian emigrée, worked with
Vadim to produce superb photos of larval lampreys. cod tuber-
cles and cod goriads. and P.1. Voevodine made exquisite sepia
drawings of skull bones of Pacific salmon (Oncorhynchus).

In later years Prof. Viadykov received a number of honours.
In 1963 he was clected a Fellow of the Royal Society of Canada.

In 1968 a special issue of the *Véstnik Ceskoslovenské spoleé-

nosti zoologické™ was published in honor of his 70th birthday.
Following his retirement in 1973 he was appointed professor
emeritus at the University of Ottawa and Research Associate at
the National Museum of Natural Sciences. National Muscums
of Canada. In 1975 he was elected an honorary member of the

Canadian Society of Zoologists. in November 1976 he received a
Doctor of Law, honoris causa degree at Sir Wilfrid Laurier
University, Waterloo and in 1978 he received a D.Sc. honoris
causa degree from the University of Ottawa.

As a man Vladykov was stocky (about 165 cm) and vigorous.
He talked with enthusiasm about his current research or he
would look at you piercingly with light blue eyes through his
thick glasses (for which he was noted) and strongly criticize your
work or that of some noted colleague and then crack a joke. He
scarched for truth and would not excuse the least error. He
marshalled those around him, students, colleagues and family,
to help him in his projects, sometimes with scant regard to their
prioritics and sometimes with diplomacy. His students became
fearful of extra work when he approached saying *You, hand-
some, strong young man . ..!" But many learned how to carry
out research under his tutelage. His views were strongly held
and he would disagree with noted figures of his day such as Carl
L. Hubbs on lamprey classification and Johannes Schmidt on
the location of the spawning grounds for the American eel. His
presentations at scientific meetings were salted with humorous
comments. He spoke several languages fluently (but all with the
famous Vladykov accent). While a dedicated student of taxon-
omy, he doubted evolution and was a devout member of the
Russian Orthodox Church — he was a founding member of the
Church of St. Nicholas, a generous contributor to its memorial
fund and to the Russian Orthodox seminary in New York.

Despite disputes with colleagues it is accepted that he made
major contributions to taxonomy. He was the first one to dis-
cover characters enabling identification of larval lampreys. a
discovery of great practical importance when sea lampreys in-
vaded the upper Great Lakes and decimated sport and commer-
cial fisheries. Despite imperfect eyesight, he was a keen ob-
server. He was the first to report tubercles on spawning lake
charr, a species which had been very well studied. He found
differences in velar tentacles which were useful in lamprey
taxonomy and was investigating the value of length of the geni-
tal papilla in spawning male lampreys up until a short time
before his death. As author or co-author (with Prof. E. Kott or
students) he described more than one quarter of the world’s
specics of lampreys (10 out of 38), more than any other scientist.
While his generic assignments have not been accepted by some
of his colleagues, neither have they published refuting evidence.
During a carcer spanning about 63 years he published more than
200 scientific papers.

By the force of his personality, his capacity to question
dogma. the keenness of his observation, and his numerous
publications Professor Viadykov considerably influenced the
development of fish biology in Canada and made his mark in
ichthyology worldwide. A dedicated issue of this journal and an
anthology in honor of his memory will be published later.

The author is grateful to E.K. Balon, E.W. Burridge. B.W.
Coad. C.G. Gruchy. E. Kott, J. McNeill and C. Renaud for
information or comments on this obituary.
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Studies on the Variability of the Land-locked Miyabe Char,
Salvelinus malma miyabei

III. Geographical Variations of the Dolly Varden,
Salvelinus malma, and Morphological
Characters of the Miyabe Char

Koji Maekawa
(Received December 22, 1976)

Geographical variations of some meristic characters of the Dolly Varden, Salvelinus
malma, which were collected in some districts (Nome, Anchorage, Juneau and Seattle) of
North America, Bering Sea, Okhotsk Sea and in some rivers of Hokkaido, were investi-
gated with special reference to the systematics of the Miyabe char, S. malma miyabei, in
Lake Shikaribetsu in Hokkaido. An obvious “geocline” associated with an increase in the
number of vertebrae, gill-rakers, dorsal rays and pored scales of the north American popu-
lations was found. Toward the east and toward the uplands, slight increases in the num-
ber of vertebrae and pored scale were observed in the land-locked populations of Hokkaido.
No significant differences were recognized in the number of anal rays among populations
of the Dolly Varden, however, pyloric caeca were slightly fewer in Hokkaido populations
than in the others. Meristic characters of the Miyabe char, excepting gill-rakers, were
similar to those of Dolly Varden living in Hokkaido. A striking characteristic of the Miyabe
char was found in the number of gill-rakers, as well as accessory gill-rakers in the medial
surface of the gill arch. Gill-rakers of the Miyabe char were the most numerous among
all Dolly Varden investigated. It was discussed that, in relationship to food habitats
of the anadromous Dolly Varden, the changes in morphology might be an adaptation to
plankton feeding.

(Department of Oral Anatomy, Faculty of Dental Medicine, Hokkaido University, North
13, West 7, Kita-ku, Sapporo 060, Japan)
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Fig. 1. Areas of capture of the Dolly Varden
in Sea of Okhotsk, Bering, and North
America (upper), and distribution of the
land-locked Dolly Varden and Miyabe
char in Hokkaido (lower).

Table 1. Name of rivers and number of specimens of the Dolly Varden and Miyabe char
examined in the present study. Figures and tables used in this paper are abbrevi-
ated by the number and initial of localities shown in this table.

Name of rivers I;Isgg})rﬁgnosf Name of rivers I\slsg;})rgre nosf Name of rivers I\slgég})rﬁre nosf
1. Obukaruishi 11 14. Satsunai 53 A. Anchorage
2. Notto 6 (by Mr. Komiyama) Cambell 50
33 ATTIvVer of Rishiri 1 =29 15. Tottabetsu 62 J. Juneau
4. Tokoro 155 (by Mr. Komiyama) J(1) Eagle )
5. Nishitappu 84 16. Shikaribetsu 54 J(2) Switzer 104
6. Lake Bankei 89 17. Shoji 12 J(3) Sheep 13
7. Lake Shikaribetsu 18. Kennebetsu 8 J(4) Gold 13
Yambetsu river 1437 19. Rusa 10 J(5) Sea run form 33
Lake 204 O. Sea of Okhotsk 23 S. Seattle
Kohan river 2 B. Sea of Bering 18 Skagit 29
8. Nuppun-Tomuraushi 141 N. Nome
9. Shii-Tokachi 26 N(1) Sun set 58
10. Tonokarishubetsu 178 N(2) Dry 36
11. Pon-Tomuraushi 3 N(3) Solomon Iy
12. Nukabira 59 N(4) Penny 12 Total 3121
13. Otofuke 13 N(5) Anvil 6
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Fig. 2. Geographic variation in number of

vertebrae of the Dolly Varden and Miyabe
char.
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BT\ (p<0.05 ©HE) (Fig. 2b).
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Fig. 3. Geographic variation in number of
pored scales of the Dolly Varden and
Miyabe char. N, A, and J include samples
from all rivers of the district, respectively.
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Table 2. Geographic variation in number
of dorsal rays of the Dolly Varden

Salvelinus malma and the Miyabe char,
Salvelinus malma miyabei.
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Fig. 4. Geographic variation in number of gill-
rakers of the Dolly Varden and Miyabe
char.
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— F&d%h 5722, Nome EDOFNLDE— FTl~
2 Kool RS BRI,

—75, RINHEA 7 F OEHOBEROMER L O~
FaZn b, Thih 23~29, 26 L&\ MEEGREDD
Hic, ZOERDIFE L O E— FixdbgEn o) o
FJINEA > 3 v a2 <OEFEHR L D Zh £ TFRT 4~7
&, ERT 4~8 K, £— FTIX 4~5 K&\ 2 L %R
LTuw%. Nome fEC~— 1) v 7B EDBHEILFHF
NE—F 22~23 THBEMD, Zhihd 3~4 K&\
& @ N

WA BN AR R BE & SRAIBIEE A 7 F1I2 DT,
CDH 1~ 5 S D O A G 7% Table 31
AL, BEPIRRMER—KRCBT52 L, 2D
N DEEAR D HEFEBA A CHEE A HD b D DFIHET - &
LobiitiIhic, CoRERS L, {5 OEREEIT
FOTRL D RPIBIEA 7 HE ST S MEERTRL,

Table 3. Comparison of number of gill-rakers on each gill arch in the Dolly Varden and

Miyabe char in Hokkaido.

Number of gill-rakers

Locality
(Species) Gill arch Ist 2nd 3rd 4th Sth Total
Range 24~28 24~28 20~23 16~20 10~13 95~108
Shikaribetsu Lake
(Miyabe char) Mean 2557 D53 2287 18.1 11.4 1032
Range 19~22 18~22 16~19 14~16 80~10 80~90
Nukabira River
(Dolly Varden) Mean 19.9 2035 17.9 152, 9.4 82.9
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Table 4. Comparison of number of accessory gill-rakers on each gill arch in the Dolly

Varden and Miyabe char.

Number of accessory gill-rakers

Locality

(Species) Gill arch 2nd 3rd 4th
Range 11~19 14~20 10~13
Shikaribetsu Lake
(Miyabe char) Mean 14.8 16.6 11.4
Range 6~13 11~16 8~11
Nukariba River
(Dolly Varden) Mean 11.0 13.6 5

FHEEFRITT 5 E 20 KL EDOENTD BRI

RICHS ONRIT, 02 EIT A4 5 accessory
gill-raker ¥ % F-~T Table 4 [z7xL7z. =D ac-
cessory gill-raker & ARBIMIEEH T X b b &85
THLNTE D 5 T,

—77, ZOHFRORMAEL SHURNCHE L T4 &,
RBNBAEEA 7 LRI Fe N T < BB 23 8
I Nie, BECERE O D dEkEE T (McPhail,
1961) oRE#ER! (Juneau ) OEFEITETAE S 72 T

L 7e,

z 2

NEEA > 2 v a~OBED 5L, FHEE, EEL
i, Wit HEOBCIII LI —EDLERDMHEA
RRHLII, ThbbILFTE L, BHTIE ik
ZEEABbI . —7, EENCETL, TS
B, WAL T, dtrhbiE~, iLEnb
K~ & B 27 geocline 2ERD SN B & 3tie, Jti
BEE T Fh— Y 7 @ES S— ) v I REL LET S
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Lal, EHIRFELLZNE, Bk TixBE i
77 ANEEREEE LA LEH o ML UTH,
bh b DR L, REALSECEEE b0
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bhaiDTH 1.
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L L, deB R A > 2 » 2 < OEFHS geo-
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FIED A 7 7 D MIIHEHOBE DL E L 7e iz £ %
<, accessory gill-raker ¥k X VEX LRI ZEDNH
B CLbETHELTWS. KB (1938, 1961) 7%, 4
BHITED BN DA v DEHEE TN, Fhp 21~
26 LEEL T 5725 KE R X OMlo B ADBgEE (FH,
1957; Fgks « bk, 1962; E#ub, 1972) & Z o Hic>
WTEELch -7, Bt/ -T, Aft (1976) kX
OEih b (1976) MBI EH LADH . X b
Behnke (1972) %1 v > JBOMBR x5 iz, KB
D Z DPEEDAA 7 5%, SEEE 30 bl L b5
T 5t A v+ S. alpinus VY o 7 THH 5 LHER
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Behnke (1972) B4 BT 2 1 v+ 0 Rz i
BB EFEE LT\ 5, Xbic Taranets (1937) 23
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INTERNATIONAL
SYMPOSIUM ON

ARCTIC CHARR

Winnipeg, Manitoba
May 4-7, 1981
February 3, 1981

Dr. R. Behnke

Dept. of Fishery and Wildlife Biology

Colorado State Univeristy

Fort Collings, Colorado Convenor:

DiSup - 80523 L. Johnson

Secretary:
R. Moshenko

We were very pleased to receive the abstract of your paper Program Chairman:
entitled "Organizing the diversity of the Arctic charr complex" whichwill R. McV. Clarke
lead off the session on Taxonomy. Your paper has been scheduled
provisionally for Tuesday, May 5 at 0900-0930.

Dear Dr. Behnke:

Local Organization:
A. Kristofferson

Please note that 30 minutes is available for your presentation Information:
and for any specific questions relating to it. There will be an F.uFrittaion

opportunity for general discussion of yours and related papers later. T e

We would be most grateful if you would send us the final typed T. Dick

version of your paper by March 31 so that we would be able to discuss E' Eyselmag
any editorial changes with you during the Symposium. We are still leaal
investigating the most suitable forum for publishing the proceedings Corresponding Member
of the Symposium. (Newfoundland):

B. Dempson
We will Tet you know by the end of February whether we can offer

you any assistance with travel and accommodation expenses.

The preliminary program and registration forms will be sent out
in mid February.

We are looking forward to your participation in the Symposium.

Yours sincerely,

A&
sty &

R. McV. Clarke, Chairman

Program Committee

International Symposium on Arctic Charr
Department of Fisheries and Oceans
Freshwater Institute

501 Univeristy Crescent, Winnipeg
Manitoba  CANADA R2T 2N6




INTERNATIONAL
SYMPOSIUM ON

ARCTIC CHARR

Winnipeg, Manitoba
March 4, 1981 My ferde
Robert Behnke
Department of Fish. & Wildlife Biol.
GusHE EonEHEolins . 1Co .
HEST A 80523
Colorado,

Dear Colleague:

With respect to your request for financial assistance
towards the cost of attending the International Symposium on
Arctic Charr the Awards Committee is pleased to provide:

$ 450.00

Cheques will be available when you register in person at the
time of your arrival for the Symposium.

Yours sincerely,

3

’

C. Austen
Chairman, Finance Committee

Convenor:
L. Johnson

Secretary:
R. Moshenko

Program Chairman:
R. McV. Clarke

Local Organization:
A. Kristofferson

Information:
E. % Frittaion

Local Committee:
k. D1c
E. Gyselman
S. Leonhard

Corresponding Member
(Newfoundland) :
B. Dempson
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