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Fertility and Fertilization of Streams

By A. G. HuNTsMAN
Fisheries Research Board of Canada
(Recetved for publication January 22, 19/8)

ABSTRACT

Streams in a rather rocky and barren region in Nova Scotia were found to have almost no
algae and fish except in relation to farm operations. Placing of bags of chemical fertilizer along the
shore was followed in a year or two by increased quantities of algae and fish downstream, the max-
imum effect only 150 yards away. It is concluded that fertilizing materials are held locally in
flowing water in relation to finely divided bottom material, as with soils.

Certain streams draining into Grand (Shubenacadie) lake, Nova Scotia, at
the head of the bay of Fundy, were observed in 1944 to show striking differences
in numbers of marked yearling salmon in September after having been planted
rather uniformly with these in June. Factors found elsewhere to be correlated
with survival of young salmon did not seem to explain the differences observed.
There were similar differences in numbers of native young salmon and of other
kinds of fishes.

The two streams showing the greatest contrast were the lower part of the
Beaver river with rather many fish and the lower part of the Upper Rawdon river
with no fish at all found in September. The lower part of the Beaver river runs
through a farm, and abundance of fish seemed to be related to the farm operations.
It is crossed at two points by fords, the lower of which is for traffic directly down-
hill from the barn. While some fish were found related to the upper ford and to a
watering place for pastured cattle somewhat farther up, the greatest concentration
of fish was just below the lower ford with scarcely any fish just above. For ex-
perimental purposes, an attempt was made on August 25, 1947, to seine out all
the fish in this part of the river. The numbers of fish of various kinds and sizes
obtained within 125 yards (1 yd.= 0.91 m.) downstream and 100 yards upstream
from the lower ford were as given in the table below.

TaBLE I. Numbers of fishes of different sizes obtained on August 25, 1947, in the Beaver river,
N.S., within 110 yards above and 125 yards below ford from a barn.

Length in centimetres
Kind 2.5-4 4-6 6-10 10-14 14-22 22-33
Above ford
Salmo e 3 1 il
Anguilla. . 3
Below ford
Salnoi B 33 7 4 3
Anguilla. . .. 3 4
Catostomus . 11 72 24
Fundulus. . . 8 2 8
Cyprinidae .| 155 29 3
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The number of fish taken below the ford was 366 while only 8 were taken
above, which was a very striking contrast.

The difference in growth of algae was equally striking. Masses of green
filamentous algae were generally present on the bottom and coating the stones
below the ford, but none were found above. There was, therefore, a considerable
production of both plants and animals below the ford, but no evidence of any
particular production above, since the few salmon and eels found there may well
have moved into that section of the stream.

Beaver river discharges into Beaverbank lake, as do also several smaller
streams that drain the land for about four miles (1 mi.= 1.6 km.) along the
Beaverbank road that has a number of dwellings and partial farms. The water
from Beaverbank lake flows down the Upper Rawdon river, which is half-a-mile
long. Although the lower half of this river was barren of fish, there were some
in its upper half, but they decreased in number from the lake outlet down as if
they were related to food carried out of the lake. There are neither dwellings nor
cultivated land along this river and human traffic is confined to a wood road along
one side. With any fertilizing effect from above held by Beaverbank lake, the
Upper Rawdon river seems not to have been fertilized by man until now.

Anadromous fishes have been considered to carry up from the sea fertilizing
materials that are set free when spawning fish die. Cascades halfway up the
Upper Rawdon river are said to be the upper limit for ascent of gaspereaux
(Pomolobus) and bass (Roccus). It would seem that neither these nor any other
migrating fish, such as eels (Anguilla), suckers (Catostomus), white perch (M orone),
salmon (Salmo), trout (Salvelinus) and lampreys (Petromyzon), all of which are
to be found in these waters, have served to fertilize the river.

The surrounding country is of Cambrian or Precambrian age. It is very rocky
and the rocks are gold-bearing and of quartzite and slate (Goldenville and Halifax
formations). The nearness of the city of Halifax (15 to 20 miles) is mainly respon-
sible for such little cultivation of the land as is done by those who live along the
roads that lead from the city to richer districts.

There is little spring water, but a great many lakes. The Upper Rawdon river
drains an area of 37 square miles (1 sq. mi.= 2.59 sq. km.), of which 214 square
miles are made up of lakes. The hills, in which the area abounds, rise to from 300
feet to 700 feet above sea level (1 ft.= 0.3 m.), with lakes nearly 500 feet up.
Beaver river drops 30 feet in about a mile and Upper Rawdon river 46 feet in
half-a-mile. These are fairly swift streams with successions of pools and rapids.
However, the volume of flow varies greatly with rainfall. In a 17-year period (1921
to 1938), the mean flow of the Upper Rawdon river was 104 cu. ft. per sec. (1 cu.
ft.= 0.028 cu. m.), the range being from 0.1 to 1,450 cu. ft. per sec. (Chisholm
1942). The monthly mean has been as high as 356 and as low as 0.5 cu. ft. per sec.
In 1946 the means for July and August were 0.9 and 0.7, yet the July mean has
been as high as 137 and the August mean as high as 145 cu. ft. per sec.

In 1945, it was decided to test the effectiveness of fertilizing the lower part
of the Upper Rawdon river. Dr. M. W. Smith and Dr. S. A. Beatty, who had had
experience in fertilizing lakes and ponds, were consulted. Inquiry failed to reveal
that any attempt had ever been made to fertilize a stream. It was feared that




the fertilizing materials might merely be carried down into the lake below. There-

fore, gradual introduction of the fertilizer seemed desirable. Circumstances were
against taking any more than the simplest measures. Two methods were used.
On July 24, 375 Ib. (1 1b.= 0.45 kg.) of “C. I. L. 4-12-6"" were scattered over a
small area of the river bank below the cascades and a 125-1b. bag was placed
upright in a pool against the bank a short distance down. On September 20,
bottom samples were taken and given to Dr. F. P. Ide for assessment of the insect
larvae. The results indicated that the fertilization, no matter of which sort, had
been effective, particularly at the lower end of the stream, in producing a rather
large population of small insect larvae of kinds that live upon locally grown plants.
Circumstances did not permit very accurate assessment. The discharge during
this period had varied from 2.3 to 14.8 cu. ft. per sec. On September 5, 1946, a
brief attempt was made to discover any effect in occurrence of fish. No fish were
found except at the head of the pool in which the bag of fertilizer had been placed,
and there a dozen small cyprinids, a yearling sucker and a 9-in. (22.9 cm.) eel were
taken. This seemed at the time too local an effect to be properly referable to the
fertilization.

In 1946, on July 3, a second fertilization was carried out by placing three
125-1b. bags of ““C. I. L. 4-12-6"’ on one side of the pool at the foot of the cascades,
one under water, one at the water’s edge and one on the bank to be covered by
high water. On August 12, 1947, no trace was found of the lowest bag, there were
slight remains of fertilizer from the middle bag and the fertilizer of the highest
bag was largely still in place and covered with a heavy growth of algae. Cursory
seining gave the first native salmon to be found in this part as well as other fish
(eels and Cyprinids), and at all places tried. On August 22, 203 seine hauls were
made over the quarter-mile stretch from the cascades to the river mouth. Salmon,
eels, suckers, Fundulus and Cyprinids were taken. The number of fish per 10 hauls
was graded, being greatest within 150 yards downstream from the points of fertil-
ization in 1946 (3.75; 7.5; unseined; 4.14; unseined; 2.9; 2.5).

A possibly better measure of abundance is the number of fish taken per 100
yd. on the basis of 6 hauls per 10 yd. This gives a similarly graded distribution,
the numbers for successive sections being: 23; 45; unseined; 25; unseined; 17;15.
This result is illustrated graphically in figure 1. Masses of filamentous green algae
were conspicuous at this time, and most were found where there were most fish.
There was a definite relation of algae to relatively quiet water with silt bottom.
In the extreme case, a solid bank of algae from bottom to surface stretched across

“the 11-yd. mouth of, but not inside, a side water with mud bottom and growth of
pickerel weed and other aquatic plants. The algae were to be found all the way
to the mouth of the river and for some distance along the adjacent lake shore.

Since farm operations seemed to have fertilized Beaver river effectively, a
farm fertilizer was used. It is stated that “C. I. L. 4-12-6"" contains 4 lb. total
nitrogen, 12 1b. available phosphoric acid and 6 1b. water soluble potash per 100
Ib. The nitrogen is obtained from ammonium nitrate, ammonium sulphate and
cyanamide. The available phosphoric acid is obtained from superphosphate

(209, PyOs). The potash is obtained from potassium chloride. The conditioner
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FiGURE 1. Lower part of Upper Rawdon river, N.S., on right, showing where fertilizer was placed

in 1945 and 1946 and what parts were seined in 1947. Diagram on left shows relative abun-
dance of fish as represented by numbers per 100 yds. with 6 hauls per 10 yds.
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is dolomitic limestone—approx. 40 to 45%, magnesium carbonate and 45 to 509,
calcium carbonate.

The flow of the river subsequent to fertilization in 1946 was very slight for
three months (less than 7 cu. ft. per sec. for 82 days) and ranged from as low as
0.1 cu. ft. per sec. in August to a fall high of 255 in September, a winter high of
1,100 in December, a spring high of 1,190 in May and down to 1.2 by Aug. 22.

DISCUSSION

That the fertilization would have some effect was to be expected, but that
the chief effect would be such a short distance downstream was not expected.
The experiment and the conditions with farm operations agree in showing a pro-
nounced effect just below the point of application.

There is a welter of possibilities as to how the effect was produced. Experi-
mental analysis, for which no opportunity presents, is much to be desired in order
to reveal what substances were responsible, in what state they were transported
and in what state they were held locally. Were they in solution or not? Were
they in solid form, adsorbed on bottom material, chemically combined with other
substances, or taken up by organisms? It can merely be stated that significant
plant nutrients were fixed by bottom material, but not so firmly as to prevent
their being absorbed by plants.

An outstanding point is the demonstration of remarkably local fertility in
shallow streams. This means that fertility is not dependent upon substances. in
the flowing water, but upon the bottom material. It is a soil problem in spite of
the steady leaching to which that soil is subjected. As with soils, the chief effect
was where there was most very finely divided bottom material presenting an
immense solid-liquid surface for action. The striking illustration of this was the
bank of filamentous green algae, nearly a foot high, extending from bottom to
surface and for 11 yds. across the mouth of a short, triangular side-water only
150 yds. below the fertilizing point. The bank of algae was so firm that a frog
was sitting on the top. It was neither in the flowing water of the stream nor inside
the sidewater, but where they joined and where silt brought down by the stream
would settle. That these algae merely rested on the bottom is worth noting, since
the rooted aquatics growing in the mud inside the sidewater were in a different
category. The way in which plant nutrients may be held very locally by soils has
been shown by long agricultural experiments. ‘“Even when heavy dressings of
dung are annually applied at Rothamstead there is, after fifty years, no appre-
ciable enrichment of the subsoil in nitrogen (Table 40)” (Russell 1937, p. 223).
This was found also for application of ammonium salts. The purification of sewage
by land treatment and the filtration of water show similar effects.

It may be presumed that this picture would not have developed, or at least
would not have been so clear, if the region had not been so barren of nutrient
materials for plants. This barrenness seemed to provide a favourable background
for experiment.

Attention may be called to the favourable conditions that streams present
for experiments in fertilization. On the one hand, the effects will be only down-
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stream from the point of application, leaving upstream water to serve as a control.
On the other hand, there is the ready possibility of separating the action of the
water and of varied bottom materials.
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A TEST OF THE SOLUNAR TAELES

Harold J. Elser
Maryland Bepartment of Research and Education
u Sclomons, Maryland

Abstract

A study was made to determine whether the anglers fishing during solunar periods &
were more successful than those fishing between soiunar periods. The raw data con-
sisted of hoat-rental ticket stubs on which the anglers of Lech x{aven, Baltimore Coun-
ty, Maryland, were requested to enter their catches and on which were stamped the
hours during which they used the boat. Stubs showing 2 and 1/2 through 4 and 1/2 hours
fishing time were used for the study, but these only when the tirres stamped totally en-
compassed a solunar period or were eatirely between two periods. The data, represen-

Wik

ting 1538 :” shing trips were divided intc classes according to anglers fishing during:
(1) a "major' solunar period, lasting about two hours;
(2} a Mminop! cl unar period, lasting about one and & half hours; and
(3) the interval between solunar periods. '

The anglers of the first gre m spent 51 percent of their time during
the second group spent 40 percent during a ''minor" pe 1ud, and the
cent during a sclunar period. It was reasoncd that, if {ishing were significantly better
during solunar periods than during the intervals betwvcn periods, the average solunar
period angler would catch an appreciably greater number of fish per unit of effort than
the average inter-solunar period angler. :

a ''major" period,
third group 0 per-

The test showed that fishing in general was not demonstrably better during solunar
periods. Crappies and bass seem ed to be taken less readily and sunfish, yeliow perch,
and carp more readily during solunar periods. Apparently the catchability of catfish
was not affected one way or the cther.

Introduction

The Solunar Theory, which says that the activity of fish and game ig ':Lffected by the
position of the sun and moon, was first propounded in 1925 by Jobn Alden Kuight, an
(,umoor writer (see Kunight, 1935a). Disclaiming credit for the orzgmal obae rvations
which gave rise to the theory, he stated only that he had improved upon and formulated
a theory that had long been held by market hunters and some tribes of American Indians
(Knight, 1650). He told of being introduced to the crude hypothesis by a fishing guide
at Lake Helenblazes, Florida, about 1926, but found that, in its original form it would
not hold outside Florida, and he was forced to make modifications to fit his new obser-
vations. Once having arrived at the "correct" explanation, he spent four years testing
before publishing his theory. Unfortunately, Knight (1935a) did not present the data

upon which he based his conclusions.

The theory evoked widespread interest, according to its author, and 1000 hooklets-
giving the best fishing times (the “olunar Tables) were printed to saiisfy the demand of
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curious sportsmen (Knight, 1952), The demand increased until, to quote Knight (1950),
"Today, instead of there being only a few thousand readers of the SOLUNAR TABLES,
the schedules of Solunar Periods are read literally by the millions. Foreign editions
ave published in Canada, France, Germany, England, Denmark and South Africa. The
novelty of 1835 is now a fixture." The Jolunar T:bles also, as of Cctober 1, 1852, ap-
peared as a syndicated feature in 91 American and Canadian newspapers.

There have been other attempts to commercialise the prognostication of fishing con-
ditions. Most notable of these is the '""Coble's IMisherman's Talendar! (Coble, 1952),
which shows, by means of fish symbols, whether fishing will be good, bad, or indiffer-
ent on any day of the year. In addition, it indicates the time of day, to the nearest min-
ute, when that day's fishing will be the best. Its prophesies are based on the phases of
the moon (Lincoln, 1951) and would seem to be similar, fundamentally, to Knight's the-
ory. A careful comparison, however, shows that they do not agree exactly on the best
pericds for fishing, Coble's best times occurring irom 1:15 to 2 hours after the begin~
ning of one of Knight's major periods. Coble's calendar is widely used for advertising
purposes {Galleghar & Burton 1852), but there are at legst two other systems used on
advertising calendars (Distributors Advertising Promotions, 1953} {Cortiand Line Co, ,
1¢53) which do not agree with each other or with Coble. Unfortunately, no informatior
is available on the theories behind these latter systems, but probably they do not ¢
radically from that of the former, One other indicator of fishing conditions is worth
mentioning. A fishing tackle company, as an advertisement, and it is hoped, with
tongue in cheek, presents a small blotter on which is printed a fish with an eye that
changes color with changes in humidity (Enterprise Mfg. Co., 1952). "hen the eye is
blue, fishing is supposed to be good; when it is red, fishing is poor.
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Apparently there has been no critical examination of any of these prediction sys-
tems, but in recent years there has been some testing of certain widely held beliefs a-
bout {ishing and the movements and feeding of fish. One of these studies was carried
on in lilinois by Dr. David H. Thompson, about 1946 (correspondence from Dr. George
V/. Bennett, Urbana, Iil.). Thompson, using the records of a private fishing club and
the records of nearby weather stations for a twelve-year pericd, could find no correla-
tion between the quality of fishing and the behavior of the barometer. Apparently, he
did not publish the results of his study.

Parsons and Sieh (1950) working with gill nets in Cedar Lake, Iowa, found that "No
correlation could be detected between the periods of activity of the fish and barometric
changes, wind, sky cover, or solunar periods.", although they did find that walleyes,
Stizostedion v. vitreum, and yellow bass, Morone interrupta, were more active at
dawn and dusk than at other times of the day.

E. L. Cooper (1953) reports that a study of fishing on the Pigeon River in Michiga
showed that trout were as easy to catch when the barometer was falling as when it was
rising. Phases of the moon had no effect on fishing but there was a correlation between
water temperature and the rate at which anglers caught trout.

Courtemanche (1953), using hoop nets, gill nets and wire traps in Lake Lauzon,
Quebec, found that "V'hite Suckers entered nets and traps much more freely when the
moon was full, but showed no effect one way or the other as the barometer changed."

The test reported here was engendered by an excellent opportunity to examine vir-
tually complete anglers-catch records from a Maryland reservoir. These records
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were gathered for the purpose of ascertaining total harvest of fish and the use of them

for testing the Solunar Tables was of a secondary nature.

The Sclunar Theory

The Solunar Theory, as explained by Knight (1935b) is, "Other conditions not being
unfavorable, fresh-water fish tend to feed more readily during 'sclunar periods® than
at other times. The solunar period for any spot is the period, usually lasting about two
hours, when the pull of the sun and the moon, as exerted at that point, would create ei-
ther high or low tide, if that point were, in fact, on a seacoast.' In other words, fish
bite best on the turn of the tide, even where no tide is discernible.

Fish are allegedly able to determine solunar periods by perceiving slight variations
in buoyancy. Again quoting Knight (1935b), "A short time ago a mining engineer teld
me that the bulk of the cave-ins of mine shafts and tunnels have been coincidental with
solupar pericds. It is not unreasonable therefore to assume that a fish, suspended as
he is in the water in perfect balance between the pull of gravity and the push of buoy-
ancy or water displacement, shouid be able to feel this pull without any difficulty. It is
his constant job, if he wishes to maintain this state of balance, to inflate or deflate the
air sac which lies along his backbone in crder to compensate for the continual varia-
tions in atmospheric pressure. It must require a certain amount of correction also to
meet the altering intensity of tidal or sclunar conditions four times each day. Thus he
is able to determine the solunar periods which are also his feeding pericds,

Solungr periods are of two kinds, labeled "major' and ""minor", corresponding to
low tide and high tide. respectively. The major pericds last abouf two hours while min-

or periods '"last from an hour and a half fo forty-five minutes' (¥night, 1853), Be-~
cause of rotation, these periods sweep arvound the earth in an east-west direction at the
rate of one circuit in twenty four hours and fifty minutes. Thus at any one place the
solunar periods appear shout fifty minutes later each day. Figure 1 shows the progres-
sion of solunar periods for the area under test for the first ten days of June 1852, toge-
ther with the interval of time between any two periods.

Method of testing

Insofar as can be determined, no test of this theory directly on angling has been ra-
vorted in fishery biology literature. This is perhaps because of the difficulty of setting
up a bias-free experiment. The most obvious method of testing is to keep records of
one's own fishing success, listing the exact time at which each {ish was taien, but such
a test would be subject to the criticism that one's fishing ability might vary according
to his convictions concerning the Solunar Theory. 3uch cbicctions would be valid in
any case wheve the data taker was aware of the reason for keeping records. A further
difficulty of such method would be the gathering of sufficient data to cancel fluctuations
due to randommness and to such factors as weather and diurnal {ish activity.

A valid test then, would have to obey the following rules: (1) The angler must be un-
aware of the reason for reporting his catch; (2) there must be enough fishing hours re-
corded to give statistically significant results; and (3) the test must run over a period
long enough to cancel out effects of weather, diurnal activity, temperature changes and
all the other factors which conceivably might have some influence on the rate at which
fish take the hook.
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The raw data for the present test consisted of the catch records of 1538 fishing trips
on Loch Raven, Baltimore County, Maryland (see Table 1), during the 184-day fishing
season of 1952. This amount of data is felt to be adequate and the period covered long
enough for a fair test. Bias was forestalled by the simple expedient of not informing
anyone of the experiment until all the data had been collected. In fact, it did not occur
to the author to conduct the test until about half way through the fishing season and much
of the daia had already been turned in. After that time no one connected with the gather-
ing of the records was informed of the decision to test the theory. If there is any weak-
ness in the data it is the fact that errors in the original records were not completely
controlled, but as any error had an equal chance of falling in favor of or against the the-
ory, it would not mar the statistical significance of the resulis.

Table I
Descriptive data of Loch Raven, Baltimore County,

Tiecats on st .about 10 miles north of downtown
Maximum depth & . . A R e
Average depth .o 5 . e .
Dot lice i nal by IS Sl AR B RS

pfi @ e el el e e e e e e elnil g e g g gt e i el e e N

.
Thermaeldmeaiisi, Bilc s, e s ol s pOOriyidevcloped, a6 e beub
Oxygen below thermocline. « « o « .4 ppm %0 O ppm at bottom
Water level . .fluctuates irregularly according to rainfall
Average draw-down . . . . . less than
Maximum draw-down recorded . . 1i 980
Pirme of ilialee s Sl S e e Ve i 7 reservoir
Reeiisy o sisiinaicir il St il s ban 1og
Fish reported taken on 10,136 fishing trips in 1852
765 Smallmouth Bass*
189 Largemouth Bass
36,421 Crappies (both white and Black)
3,009 Sunfish (Bluegill, Fumkinseed, Yellowbelly
413 Yellow Perch
1 Walleye
1,129 Catfish (Brown Bullhead and White Catfish)
6 White Suckers
564 Carp
33 Eels
Number of fish harvested per acre . .
Pounds of fish harvested per acre . :
Tobal ihouns sfached ol gl Sa il .
Average hours fished per angler . . .
Number cf fish harvested per man-hour of angling .
Number ot di ol harvested iners 61 shameirdio e sl 0ol
Fortion of unsuccessful Ffishine tripg o Wi oy & .
Pertinent angling regulaticas:
Bichinalisoason il 962 isaiUily May 3 to Hov. 2
Besslises soniiiicit ii il iic ey » opened June 1
Legal lengths, black bass . « 1@ uinches
Creel limits, black bass . . 0 per day
* lomenclature follows American Fisheri Society recommendations

Since fishing was first allowed on Loch Raven it has been under the control of the
League of Maryland Sportsmen, a federation of rod-and-gun clubs. The League main-
o} p 3 oo ; ped
tains one boat livery with a supply of 75 boats; in addition, provision is made for the
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beaching of privately-owned boats. As fishing is not permitted from banks or bridges
and there are no cottages on the lake, all fishermen must pass through the boat livery
area. It is estimated that 95 percent of the total fishing is done by people who rent
boats, and it is from this group that the data for this study has been drawn,

All boat renters were given a ticket stub, as a receipt for their boat deposit, to
which was attached a form for recording their catch. The front of the form contained
blanks on which to enter the number and kind of fish taken and the number and kind of
tish taken but returned to the water. The boat renters were also expected to record the
number of anglers in the boat, their place of residence and the lengihs of all bass
caught. Stamped on the back of the form was the time at wkich they checked out the
boat and the time at which they returned it; the stamping being done by the boat livery
operators, using a hand-set circular time stamp. The form, with a typical entry, is
reproduced in Figure 2. Very few of the anglers (about 0. 15%) failed to return their
forms. The portion of anglers failing to fill them out, or doing it incorrectly was much
larger, but the livery attendants checked each form as it was turned in and were able
to rectify most errors and omissions.

The ticket stubs were divided into three groups, designated "major period!, "min-
or period" and "blank period': the first of these was composed of those forms on which
the stamping indicated that their boats had been checked out for a time which entirely
encompassed a major solunar period; the second group which covered a minor period;
and a third which was entirely within the interval between two periods. The name
"blank period" was adopted because it is less cumbersome than the more appropriate
term "interval between solunar periods". Because the greaiest length of time that a
boat containing blank period fishermen could be rented (under the conditions imposed)
was 4 hours and 55 minutes (figure 1), and allowing ten minutes for checking out and
getting to its fishing site and another ten minutes for returning, the maximum angling
time for a blank period fisherman was considered to be 4 hours and 35 minutes. There-
fore, in order to make valid comparisons, all records from boats regarded as fishing
more than this time were discarded. At the lower end of the scale, all records from
boats rented less than 2 and 1/2 hours were discarded because that was the minimum
time for which an angler could check out a boat and fish entirely over a major period
(again allowing ten minutes for coming and going). All assumed fishing times were
then rounded-off to the nearest half hour. This selection reduced the data to records
from 2 and 1/2 through 4 and 1/2 hour anglers, about 15 percent of its original volume,

To illustrate the method of data selection, figures 2, 3 and 4 are presented. The
form shown in figure 2, which is a photograph of an actual ticket-stub form, was inter-
preted in this manner; the boat was checked out about 8:20 a.m. and fishing was con-
sidered to have begun about §:30 a.m. It was checlked in again at 11:45 a.m. so fishing
stopped at about 11:35 a.m. The first solunar period that day began at 6:35 a.m. and
lasted until 8:05 a.m. (2 minor period) while the next period did not start until 12:55
p.m. Therefore the boat contained blank period fishermen. Tigure 3 is a reproduc-
tion (slightly modified) of the forms used in the primary study for the determination of
fishing pressure patterns, and on which the fishing period of each party of anglers is
represented by a horizontal line. The solunar periods for the daylight hours have been
shaded in for illustrative purposes. The records represented by lines number 1015
15, 20, 21 and 22, while of the appropriate length, had to he discarded because they
start or stop within a solunar period. Figure 4 shows the relation of the solunar-test
sample to the Loch Raven data as a whole.
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The selected data was analysed by period-groups, by length-of-time groups and by
months in the same manner as was the data from the primary study. It was tested in
every way available to locate possible bias for or against the Solunar The ry. The op-
portunity for such testing was very limited, but there was little to indicate relevant
bias in the solunar sample. For instance, the portion of total fishing effort expended
in each month of the season for the solunar-test sample was quite similar to that of all
the Loch Raven data, thus:

Solunar sample All Loch Raven anglers
weeks in May 20.4% 18.8%
weeks in June 28.0 o)
weeks in July SDe PAE )
weeks in August 20 E 1256
weeks in September 10. 13.4
weeks in Cctober S 4.9

> O O b

The solunar sample percentages were a little larger early in the season and a little
smaller after August, because of the greater proportion of short time fishermen early
in the season.

To ascertain whether there was a reasonable distribution of anglers over the var-
ious subdivisions of the solunar sample, the expected number of anglers in ecach cate-
gory was calculated. This was accomplished with the following procedure:

(a) The number of possible intervals (by half-hour steps) in a 24-
hour day in which a fisherman of each hour-period category could
fish was counted, and their ratios within each hour-grouping were
established. Example - On June 1, there were two possible times
at which a 2z-hour major-period angler could start his rishing
trip; 6:00 a.m. and 6:00 p.m. (see figure 1l). wminor-period ang
lers fishing for 24 hours had 4 possible starting times, 11:00 and
11:30 the night before, 11:30 a.m. and 12 noon. Blank-period 25—
hour anglers had 16 possible positions, Sitartinceah WE0 2 00
2: 30, 3:00, 3:30, 8:30, 9:00, and 9:30 a.m. and 2ROy ZuEel, Bnlo),

3:30, 8:30, 9:00, 9:30 and 10:00 p.m. The ratios of possible po-

sitions in the 2%—hour—group, then, was 2:4:16 (major 2; minor 4:

blank 16).

On the basis of 1538 fishermen (the solunar sample) the expected.
number of anglers in each hour-group was calculated, using tne
ratios of hour-groups within the Lcocn Raven angling population
(as indicated by figure 4). dxample - For Loch Raven, the 25~
hour group contained 19.4 percent of the fishermen in the 25
through 44=-hour groups. This percent (19.4) of 1538 anglers is
266, the expected size of the 2s-hour group.

The expected number of anglers in each hour-group was divided ac-
cording to the ratios found by step (a). fizample - The 265 ex-
pected anglers of the Z2j-hour group, when portioned by the ratio
2:4:16 becomes 24:48:194, after rounding off,

'The expected number of fishermen in each hour-period category together with the obser-
ved number is as follows:




i A
Hour Major period minor period Blank period Totals
Group Zxpected Ubserved Expected Observed Zxpected Observed fxpected Observed
a2z 24 26 48 41 194 180 266 247
68 50 102 101 204 202 374 353
72 53 96 il g6 LG, 254 284
113 ML 141 116 56 7 310 298
135 178 162 =27 3 32 356

Totals 412 416 549 5e5 877 597 1558

o £y

ception of the 4 and Eour mz;o*«‘ period caisgory, ths differences between
d observad are not statis significant (€% level), v\fhath "ndlc

wags no marked preference on the pax f o the Loch Raven tishermen to figh accord-

 the Colunar Tables., The qulh:"a‘q’c discrepancy in the one category is ;1381‘}3.3,}}6

sampling variations and nropably is not important.

i nen, as iar as the data allows comnarison, shows,
axception, no ess difference between solunar groups and the Loch T

men as 2 whole,

saJjor lhinor Blank Loch
Reriod reriod Period Raven
Men 764 7% 8. 2% 73.4% 78.0%
Women 10.3 9.7 g8 1106
Children B0 12.0 167
(under 15)

nce between the perceni of children § y during the bl riods and the
hai: would be exnected if the br'a" neriod sample were chos;‘;n af‘ random from
Raven fishermen is explained in ‘m"- nairties with children re;r‘ to
f*m'”'"e:«" verage time than those without, 'm" as the solunar sample was chosen
shorter-time fishermen, a high proportion of children is to be expected. A-
mong 1 z three solunar-period grouns, the blank m-md contains the most anglers in
the lower hour-grouns (see preceding table).

C

unar-sample fishermen cams from the same nlaces as did the Loch Raven
and in roughly the same nronorticas:

Major minor lank Loch

Period Feriod reriod Raven
Baltimore Cit 6775 6795 584 25 62.2%
Baltiaore ”ouh 29.4 2% ) 5546 e
Other maryland e 1. : Bed
Fennsylvania Hea 0.4 )o € Tgd
Gther out-of-state 0.5 -

The residence proportions of the blank period fishermen are signiticantly different

&>

irom the others, but this fact does not seem relevant to the test.
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The 1538 fishermen of the solunar-test sample fiched for a total of 5464 hours; an
rage of 2.56 hours. Brolzen down by period groups:

5

4

7781
418 major period anglers f
528 rmainor period anglers
£
L

597 blank peried anglers

hed 163G hours, £0.9% (832 hours) during a solunar neriod.
hed 1980 hours, 40.4% (788 hours) during a solunar period.
ed 1878 hours, 0.0% ( 0 hours) during a solunar period.

i
i

S
o
a
S

The number of fish iaken (all species), as reported by the anglers of zach hour-
period category was:
Hour major Minor Blank Hour-group
Period Leriod teriod totals

1l 14 442
190 168 =278
155 193 185
308 494 131
287 264 al

totals 959 1133 1107

There was a widely variable number of fishermen from one hour-group to another
and from one pericd-group to another, and in order to make the catch figures validly
compareblz, thzy must be reduced to 2 common denominator. The obvicus denomina-
tor is, of course, fish talien per man-hour of angling. This is the ey of the test --
the key which determines whether the Solunar Tablec were able to indicate the hest
fishing times on Loch Raven in 1952,

The following table lists the number of fish harvested per man-hour of angling, by
hour-grouns and by solunar-period groups, from Loch Raven during the fishing season

f 1952:

Hour- Major kinor Blank dour-group
sroup reriod Feriod reriod averages
2 0.02 0.14 0.98 0.74

T2 0¢85 0.46 0.60
032 0628 0.48 G 55
0.69 1L6H 0,46 078
45 0436 0,40 0.48 0,39

o

Feeied
averages @07 0. 58 4 0. 58

ConZidence limits for the various entries in the preceding table wers not calculated
of the peculiar nature of the curve formed by the frequency distribution of
lers in fish-per-man-hovr classes. The curve resembles a hyperbola in which a
few extreme values may materially afiact the mean. Mesans of small samples from
such a curve would normally show 2 much wider variation than comparahie samples
“rom normal or Toisson digtributions.

Another measure of the "'goodness' of fishing is the ratio of succeasiul fishermen
to the whole, defining a successiul fisherman as one who caitches at least one fish. In
general, this is not as good a reflection of {ishing conditions as is fish~per~-man-hour,
because a catch of one fish carries the same weight as a catch of a hundred. Never-




theless, it is a

crablz 7alue in
were, on the average move successful than the blank neriod ;1&1%7;1@11.
h? - follows, the percent of
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1 1t of a hundred that the d rence beiwsen the ma-
"1od dT‘ﬁ & nino d averagss is a chancs d_ rence cue to samyling
i _ pilities is given in Arkin and Coll
robak i'.iV ma‘c tm‘s '. ifere ween the major apd the rainor period avers

chanece ‘/Qi‘?""tl on is ¢ 147, or, 14.7 chances out of a hundred, and b

. ¥ G

nd blank pericds it is

* I
’5. 0 chances,

Althouzh it ig not n u_‘y to the tost, the hreakdown of fish-caught by spscies is
come intcrent. Thare was no way of determining the nuraber o." fishermen vho we:
shing for bass, or for crant les etc., but assuming that the various tynes o fishi

vere proportionately very much aiike in the three pariods, some s:r;:hg;can: di:

2

are shown in the c:;tch bf- tween periods, The following table shows the br
catch of each period, by snee

Minor
rericd

(L)

1lmoutn

e "geuum 1oh
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(e e)
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¢g¢1ow Perch
catfish

Carp

- O K
R Oh O

shly L,Imumant diis 1ces (P07 level) are shown betvrsen the peo
ies, smufish and “G‘m«" perch for either solinar »neriod and

’

tween the carp for the minor peric i the other tw

(o)L

The ascumption that

ro wAommn of
”J,Moﬁnhu”
!",.’1?;‘;&‘.")' on this naw
and catfish with the crappies in 2 panfish groupi and 'L’{K;'; two

ﬂ i therm i ln a game-fish group, the figurss of the preceding




minor Blank

Period Period

240 S
Panfish °k 9642 Ols &
Carp 1.8 e

The new corabination of figures shovs that the blank-vericd and the minor-neriod
groups caug‘ut significantly mo"ﬁ game-7igh but less panfish than the major-period

ANty

group. I the figures are combined info two clacses, solunar-periods and bilank neriod,

rame~Iish
Caniish
l"}_)
which shows a significant diffarence in the catch of game~iich and carp between the
two divisions but not in the nantish "at ch.

In the light of the abeve facts, it is difficult to acce: »t the propogition that a higher
proportion of children means a higher proportion of mjz" ish in the catch. The facto

"fould argue, vather, that either children are better fishermen than adulic (which seeun
8]

, S L Pecon] 1\:\ ;::
unlilzely) or bass are easier to catch during blan’z periods

Anothe £5id

nortions in the olm‘f-womoﬂ catzh has been ofF c
mon for bait fishermen, to compluin that The Colenar Tah :3:1 are
more ;,1sh are caught batween so‘wnar '1'**1‘040 “mn during the sci

*\-f"”nilﬂ these criticisms are no Jdouh , the exnlanation is
narticularly gams fish, find most food in the shallows., Wha

LAl

r linc of reasoning which may '*"plg,;a why szmae~fish 2
1
4]

: 4L\.1\! L‘"r B

arvives, game fish leave the deeper 1.*1:1'2:3? and raove into the :aﬁétxg ::'*oundq
ermen, who almost al*va*m male it a point to anchor their boats in fairly decp water,
\ .shing in practically barren water during the solunar perieds. Cnly after
‘1’“"’ to a "10 ¢ and the 7731 leave the shallows to return again to their

ions, do the bait fishermen find a markel for their wares in dec :p water., !

re was no data available o indicate the ratio of baii to hass “ishermen on Loch
Raven in 1857, but obsarvations at the 12'e indicated that o subhstantis &1 hart of the fish-

o

ing population was made up of bass ficherioen, nerhans as rauc

N IOk ¢

Sorre evidence pertinent to Znight's exnlanation may he »

‘Ll

1 as 20 or 40 percent,

ot an auals j of the
ticket-gtub forms turned in bj ‘ighermen who reportzd catching orﬂ,j bess iy
that these people were bass fisherraen and di- riding the group by peviods w

man-nour
man-hour
basg 0.19 per man-hour

11 me jor-period anglers, fishing 45% hours,
12 minor-period znglers, s 45100 U
12 blank-period anglers, fishing 47 hours,

10UI'S, porved Jd oass

This is not enough data to show cigni:

~

ficance, it toze into account the hours
spent fishing by bass | 1"hﬁ'* nen who went home empiy handed. As bags fishermen ai
Loch Raven aabl‘cu:ul‘ figh ''the u‘.lll\)"/“" this apalysic tends to show sha Znisht's ex-

LCLA Y i (SN
planation ig not valid { b'zw. It zoay be valid for erappiss, but it Jid not hold for sun-

fish, perch or carp as ?10‘ m by the breakdown of species caught.

LJ (,
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To test the effect of *»‘;he sclunar periods on the
analysed for average length of has La zen during

with the following rasult {the figures in narenthes

lengths were reported):

Major period

Aversge length, all bass hooked 8.9 in. (24)
Smallmouth BRigI (=0
Largemouth @B

dnd ()
£ 6]
(1)

Average length, legal size only 11.6
Smallmouth Bl ST
Largemouth aietstl

Conclusions

The hypothasis test
during solunar nariods than at other times.
of fishing success,

solunar periods and blank pericds, w

ed in this study may be stated formally: 7
in visw of the fact tha
sential c‘.*yf?emnce betwee

s tenable.

fish caught per man-hour, shows no est
we can not conclude that our hynothesis i

O bfluu Lﬁ!,nll
olanar neriods and the blan’:
is refer to the number

linor period
9.6 in. (61
s
106 Witag)
1.2 ing Gi2)
12.0 N icne)
1

Q. 2t
v e X

Blaunk period
AL e (A40))
10y9 kel )
Laed Ml gl

in. (ed)
W (io)
v (5)

ish are easier fo cs

the records were
periods
of bass "rhosc

ich

1
2
[A31

1t

he best measure

Cn the other h::nJa
it would be en
statistical ervor

irely possible for
in the data.

The re

This does not mean that fishing v

sulis of the analysis lor ratios of successful ¢
of fish was spread over more zu.uxwr during major periods than during bl
as better during the major periods, because it does

« o

‘ishermen

shows

we have not provad the soiunar periods to have no ¢ f ct at all, as

a very small but real eifect to exist but be masked by

that the catch
blank periods.

not take into account either the n!_unhe*; of fish taken by the successful fishermen or the

time it took to caich them.

The test sce
ious species o”
yellow perch an
or the other.

sh Crapples

p respond positively.

VI
Catfi

Mo indication was found fo support an hypothesis by
re found in shallow water during sofunar periods and are more easily

game Fish,
caught there at thoce timegs

Aclmowledoments

A study of this Izind requires 3.1(11ng and abeiting
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INTRODUCTION

The present paper is concerned only
incidentally with speciation. Its purpose
is to point out some striking but neglected
features of lake-fish evolution that illus-
trate the rapid origin of genera and still
higher categories going on at the present
time. I have selected the Lanao fishes
as an example for several reasons. First,
I have examined the fishes myself.
Second, the Lanao fishes are in a recog-
nizable stage of what has been called
“explosive” evolution. Third, the age
of the lake can be determined geologically,
and its relative youth cannot be in serious
dispute. Fourth, the remarkable zoo-

geographical situation of Lanao and of
Mindanao Island excludes any reasonable
possibility that more than one still exist-
ing species could have given rise to the
18 endemic species and four endemic

genera now inhabiting the lake. The
endemic Lanao fish fauna is without
parallel, so far as known, in demonstrat-
ing explosive specific and generic evolu-
tion from a known and still existing
ancestral species.

I am deeply indebted to my long-time
friend and colleague, Dr. Albert W.
Herre, discoverer and describer of the
Lanao fish fauna, for many discussions
regarding Lake Lanao and its fishes, ex-
tending through a period of 30 years.
The late Professor Bailey Willis of
Stanford, well known for his geological
researches on four continents, did me the
honor of employing his extensive first-
hand knowledge of Philippine geology to
prepare the brief geological account of

1 Abstract published in: Proc. XVth Internat.
Congr. Zool., 151-152, 1959.
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Lake ILanao quoted below. Finally T
must present my best thanks to my
present graduate student, Mr. Angel
Alcala, Instructor in Zoology at Silliman
University, Dumaguete, Oriental Negros,
for making further collections of Lanao
fishes for Stanford. Mr. Alcala was
working under National Science Founda-
tion Grant G4381, made to Dr. Walter C.
Brown for herpetological research in the
Philippines.

THE LAKE

Lake Lanao lies at an altitude of ap-
proximately 2,100 feet in the midst of a
volcanic area in central Mindanao, the
largest island of the southern Philippines.
Its exact area is in dispute, Herre giving
it 375 square kilometers and others as
many as 900. The late Professor Bailey
Willis, who had given much attention to
Philippine geology, as well as to that of
the African Rift Valley and its lakes,
investigated what was known of the
geological history of Lake Lanao and pre-
pared the following statement for me:

“The island of Mindanao has risen
from the ocean gradually and unequally
since the Miocene. It now consists of
plateaus, hill country, swamps, and vol-
canoes. The streams were initially small
and isolated from each other. The head-
waters were, and are, generally swift and
the lower courses estuarine.

“A north-central region was built up
by basalt flows to a plateau, on which a
small system of rivers developed. Some
of them flowed southwesterly to Illana
Bay, others northwesterly to Iligan Bay.
The divide between them ranged from
southwest to northeast.

323
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“Volcanoes were built up across the
southwesterly flowing streams and they
were dammed. Their headwaters gath-
ered in the basin thus formed until they
overflowed a low pass in the divide at
Camp Keithly and discharged into Iligan
Bay on the north coast.

“The impounded waters constitute
Lake ILanao. The basin is probably
shallow, 200 to 300 feet, perhaps, where
deepest. The outlet at Camp Keithly
plunges over a fall into a short canyon,
indicating an age of 10,000 years, more
or less. The principal tributaries to the
lake enter from the southeast, from young
but dormant volcanoes, and may at times
have brought in quantities of ash.”

While I have no specific reason to
doubt Dr. Willis’s estimate of the age of
Lake Lanao, 10,000 years seems to be a
very short time for the evolution of the
Lanao fish fauna. When I brought up
this question, Dr. Willis replied that the
length of the canyon worn by the Agus
River indicated a very brief erosional
period. The possibility remains that

more than one volcanic damming has been
involved in the history of Lake ILanao,
but the relative youth of the lake cannot
be seriously doubted. The geology of the

Lanao Plateau obviously needs more
geological investigation.

Tuae FisHEs

Dr. A. W. Herre collected fourteen
species of the Lanao fishes and described
them formally in 1924, without mention-
ing the peculiar evolutionary features
concerned. Before the publication of his
1924 paper, he had prepared an account
of the zoogeography of Philippine fresh-
water fishes, in which he implicitly recog-
nized the autochthonous nature of the
Lanao fish fauna. However, this dis-
tributional paper was not published until
considerably later (Herre, 1928). Dr.
Herre visited the lake upon later oc-
casions, adding two more species in 1926
and two in 1932.

After Dr. Herre joined the Stanford

GEORGE SPRAGUE MYERS

Museum staff in 1928, T urged upon him
the value of preparing an account of the
evolutionary features of the Lanao fauna.
This resulted in the proposal of a new
genus for one remarkable Lanao species
(Herre and Myers, 1931) and, finally, in
Herre’s well-known paper of 1933. Since
that time, nothing of importance has been
published on these fishes save for Dr.
Brooks’ review of 1950.

This history is important because of
the destruction of Herre’s earlier material
when the Bureau of Science was dyna-
mited and its collections totally destroyed
by Japanese troops in February, 1945,
during the battle of Manila. The only
sizable collection of Lanao fishes presently
available is that in the Natural History
Museum of Stanford University. This
consists of a few specimens obtained by
exchange from the Bureau of Science
before World War II; the excellent col-
lection made by Dr. Herre in 1931, in-
cluding the types of two of his species;
and a small collection made at my request
in 1959 by Mr. Alcala. Two of the
endemic genera (Mandibularca and
Spratellicypris) and the majority of the
species are represented. The only other
collection of Lanao fishes known to exist
in any museum is a small one obtained in
1908 by Dr. Hugh M. Smith and Dr.
Paul Bartsch, and now in the U. S. Na-
tional Museum. This collection was not
reported upon in extenso until long after
Herre’s work was completed (Fowler,
1941). I am unable to accept some of
Fowler’s identifications and have not con-
sidered them in the present paper. Two
of Herre's endemic genera (Cephala-
kompsus and Ospatulus) are known only
from the destroyed types.

I have examined the Stanford collection
and have had much unpublished informa-
tion from Dr. Herre. Despite the un-
availability of several of the described
species, I am convinced that most if not
all of the species described by Herre are
distinct, some of them remarkably so.
Unfortunately, little ecological information
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is on record. Most of the collections ob-
tained from the lake have been purchased
from the native fishermen. The lake is
extensively fished, and some of the
endemic forms are highly prized as
foodfishes by the local Moros.

The endemic forms are all members of
the Cyprinidae, the largest family of
primary fresh-water fishes. The large
species flock consists of 13 known species
of the genus Dr. Herre called Barbodes,
better called Puntius (see Weber and de
Beaufort, 1916) but in my opinion not
easily distinguished from the widespread
genus Barbus (Myers, 1960). Five
more species are placed in four genera,
Spratellicypris (1), Mandibularca (1),
Ospatulus (2), and Cephalakompsus (1),
all of them obviously immediately derived
from stocks of Barbus within the lake.
Other still undescribed species are proba-
bly present in the lake. Two non-
endemic predators are present, Channa
striata, perhaps introduced by man, and
one diadromus eel (Anguilla cele-
Eels of this group are known

besensis).
to be able to ascend rapids and waterfalls

impassable to other fishes. The North
American  black bass  (Micropterus
salmoides), a voracious predator, is said
to have been introduced in recent years.?

DEr1vATION OF THE MINDANAO
CYPRINIDAE

Herre (1928 and 1933) has outlined
some of the distributional history of the
Philippine Cyprinidae, and I have pub-
lished a general study of the zoogeography
of the fresh-water fishes of the region
(Myers, 1951). The essential facts are
as follows:

Central and southern Borneo teems
with Cyprinidae, but the cyprinid fauna
of North Borneo is relatively depauper-

21t is difficult to see why such an introduction
should have been considered. Ecologically, and
as a measure for increasing food production,
it is clearly unsound. Scientifically, in view of
the unique nature of the endemic Lanao fish
fauna, it becomes a crime!
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ate. Cyprinids have entered the Philip-
pines from North Borneo in two widely
different directions, through the Palawan-
Calamianes chain to Mindoro, and
through the Sulu chain to Mindanao.
Cyprinids got no farther. The family is
absent in the rest of the Philippines,
and in Celebes. The Palawan-Mindoro
cyprinids do not concern us here.

That Cyprinidae reached Mindanao via
a sweepstakes route, across a series of
salt-water gaps, is unlikely. My own
studies (Myers, 1938, 1949, 1951) indi-
cate that fresh-water fishes are less likely
to cross such gaps, especially a series of
them, than any terrestrial animals, al-
though they must have done so (probably
only once, across a very narrow barrier)
at Lombok Strait (Myers, 1951). The
Lombok crossing, if not by the hand of
man, was almost certainly by means of a
local cyclone (Darlington, 1938; Myers,
1951), for the salt-water gap at L.ombok
Strait, although probably broader now
than in the Pleistocene, cannot have been
bridged very recently (see Bruun and
Kiilerich, 1957). Nor is it likely that
hurricane (typhoon) winds could have
aided the fishes invading Mindanao. The
typhoon tracks shown by Dickerson
(1928: 40) are all westerly in direction.
Finally, fresh-water fishes are not well
adapted to raft-dispersal across seas!

The obvious conclusion is that fresh-
water fishes entered Mandanao across a
dry-land filter bridge, through the Sulu
chain. Just what lowering of sea-level
occurred there during the Pleistocene, or
what elevations or depressions of the Sulu
chain may have occurred, is not known.
The region is a volcanic, unstable one.

That few or no remains of the cyprinid
migration are to be found today on the
islands of the Sulu Archipelago is not too
surprising. Dr. Herre fished the largest
island, Jolo. He found the streams small
and without Cyprinidae, but believes that
relatively recent volcanic activity has
wiped out the fresh-water fishes of the
island (Herre, 1928).
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Quite clearly, then, North Borneo itself,
together with the Sulu Archipelago, acted
as a filter bridge to limit the access of

fresh-water fishes to Mindanao. Only
three genera of Cyprinidae reached
Mindanao  (Barbus, Rasbora, and

Nematabramis) and these three are still
the dominant cyprinid genera in the
streams of North Borneo. Probably only
one species of each genus reached
Mindanao.

The cyprinid fauna of Mindanao Island
outside the Lanao Plateau is very small.
There is a single endemic Rasbora (R.
philippina) confined to the western part
of the island and closely related to a
North Borneo species (Brittan, 1954:
127-131). There are two species of
Nematabramis (N. alestes and N. wvere-
cundus), very closely allied to each other
and to the species of North Borneo
(Herre, 1953). Finally, there are four
nominal species of Barbus (or Puntius).
Barbus  binotatus is widespread in
Mindanao, and, according to Herre
(1953: 123), has been erroneously re-
ported from Lake Lanao by Fowler.
Barbus montanoi is a doubtful form
known only from the type from the
Agusan River drainage, eastern Minda-
nao. Barbus quinquemaculatus from the
Zamboanga Peninsula is probably ‘a
geographical subspecies of B. binotatus.
Barbus cataractae (see Fowler, 1941:
797), also from the Zamboanga Penin-
sula, is probably a localized variant of
B. binotatus. After examining the evi-
dence, I suspect that there are really only
three well-established cyprinid species in
Mindanao outside the Lanao Plateau,
one Rasbora, one Nematabramis, and one
Barbus, each possibly represented on the
island by several subspecies.

NATURE oF THE LaANao Fism Fauna

Barbus binotatus is the commonest,
most widespread, and probably the most
variable cyprinid of Sundaland (see
Weber and de Beaufort, 1916). It ranges
from Siam to Singapore, and throughout
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Sumatra, Java, and Borneo. It is one
of the three cyprinids that have been able
to cross Wallace’s Line at Lombok Strait ;
the others are forms of Rasbora (Brittan,
1954). Barbus binotatus exists in most
or all of the lowland streams of Minda-
nao. It exhibits innumerable local races
throughout its range.

With no other large endemic lake fish
fauna is it possible with such certainty
to identify the ancestral species. Lake
Lanao was clearly formed rather rapidly,
by volcanic action. The ill defined races
of Barbus binotatus surrounding the
Lanao Plateau form the only local source
of invasions. Multiple invasions by dis-
similar species of DBarbus or other
cyprinid genera are ruled out, unless one
wishes to postulate a series of aerial
invasions from Borneo, which dropped
fishes only on the Lanao Plateau without
colonizing the remainder of Mindanao!

Nor are any cyprinids known from
Borneo or elsewhere which parallel or are
similar to the strange Lanao genera
Mandibularca and Spratellicypris. The
same may be true of the genera Cephala-
kompsus and Ospatulus, but the types and
only known specimens of these two
genera were destroyed in Manila.

We are thus forced to the conclusion
that Barbus binotatus alone gave rise to
at least 18 species on the Lanao Plateau,
including four new genera. All of the
species that I have examined give evi-
dence of derivation from Barbus binotatus
or at least a close relative. Two or three
of the species are only slightly differen-
tiated from binotatus and occur both in
the lake and its tributary streams. The
most distinctive species are known only
from the lake itself. Mandibularca occurs
only in highly turbulent water at the
outlet. One or two of the species are
said by local fishermen to inhabit only
the deeper waters of the lake, while
others are found only in the shallow
Potamogeton beds. Barbus binotatus is
not known to occur on the plateau, nor
are any of the lake species known from
below Maria Cristina Falls, 65 meters in
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height, in the Agus River which drains
the lake.

THE SUPRALIMITAL SPECIALIZATIONS

In 1936, in connection with a report on
fishes from Lake Tanganyika, I briefly
pointed out (perhaps for the first time)
some of the general features of fish
evolution in large lakes throughout the
world—the  African lakes, Titicaca,
Baikal, and Lanao. Brooks (1950) has
reviewed the subject of speciation in
ancient lakes, including Lanao, but Lanao
is not an ancient lake, geologically
speaking, and the particular features I
wish again to stress are neither limited
to ancient lakes nor recognized by Brooks.

In Lake Lanao, the peculiar but quite
different lower jaw modifications evolved
in the genera Mandibularca and Spratelli-
cypris (and probably in Ospatulus as
well) are approached nowhere else in the
very large family Cyprinidae, which is
generally distributed throughout Eurasia,
Africa, and North America, and exhibits
many remarkable specializations. In other
words, the jaw modifications of some
Lanao cyprinids transcend the familial
limits of all the 1,500 to 2,000 non-Lanao
cyprinid species in the world. For want
of a better term I am calling these supra-
limital specializations.

That peculiar supralimital specializa-
tions are not confined to Lanao, but are a
common and general feature of the evolu-
tion of endemic fish faunas in large lakes,
is easily demonstrated. The remarkable
scaleless cyprinid Sewbwa of the Inlé
Lake in Burma (Annandale, 1918), the
highly modified species of Orestias in
Titicaca, the extraordinarily modified
cichlid genera of Nyasa and Tanganyika,
and many of the cottoids of Lake Baikal,
all transcend, in one way or another
(often strongly and in many character-
istics) the limits of specialization of the
large, widespread, and varied families to
which they belong.

One illustration will suffice.  The
Percomorphi form the largest order of
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bony fishes, containing nine thousand
species or more. Within the order, many
families are defined by relatively few
characteristics, of which dentition is
often of considerable importance. The
fresh-water percomorphs of the family
Cichlidae form a large family of perhaps
700  species, distributed throughout
Africa, Syria, Madagascar, southern
India, and tropical America. Their dental
characteristics are generally rather uni-
form, the modifications usually of small
degree. Yet in some of the endemic
cichlid genera of Lake Tanganyika, the
dental modifications (especially the great,
double pointed, heavy-based teeth of
Perissodus and the utterly strange leaf-
like teeth of Plecodus) far transcend the
limits of dental modification not only of
the family Cichlidae, but also of the order
Percomorphi and of the entire class of
bony fishes. Nothing remotely like them
exists. Nor are dental characters the
only ones involved. Specializations of
the pelvic fins for bottom living (genera
Asprotilapia, Enantiopus), which else-
where are considered to be taxonomically
of great importance, occur. Indeed, some
of the Nyasa and especially the
Tanganyika cichlids have come to re-
semble closely such diverse percomorph
families as the Blenniidae (T elmato-
chromis), Girellidae (Tropheus), and
certain European Percidae (Asproti-
lapia), representing a radiative diver-
gence, and convergence towards different
families, entirely unknown elsewhere in
the entire gigantic order Percomorphi.

Both Perissodus and Plecodus, as well
as certain other African lake cichlids,
might easily be held to represent mono-
typic families, as has indeed been done
with the Comephoridae and (by some)
the Cottocomephoridae of Lake Baikal.
The late Dr. David Starr Jordan, when
shown the jaw of the Lanao -genus
Mandibularca, remarked that a family
might well be set up for this genus alone.
While I cannot quite agree with this
opinion, Jordan’s remark is indicative of
the situation.




It may be noted that supralimital spe-
cializations in fishes are not confined to
lake faunas. Any specialization peculiar
to one species or genus is, in a sense, a
supralimital specialization. However, the
general or perhaps the invariable occur-
rence of extreme and unique specializa-
tions in the fishes of lakes that have
existed long enough to have produced
considerable endemic fish faunas, is
notable. Still more notable is the fact
that species possessing striking supra-
limital specializations form a much higher
percentage of older lake faunas than they
do of stream faunas in general.

The reason for this seems obvious.
Most fresh-water fishes inhabit streams
and are adapted to life in running water.
When lakes are formed, only species al-
ready adapted to the slow moving, quiet
backwaters are able to take immediate
and full advantage of an extensive still-
water environment. This extensive new
environment usually provides many bio-
types not represented in streams, and, in
addition, geographical barriers (especially
in larger lakes) which may either be
present originally or develop with the
evolution of the lake itself. The inability
of biologists, who are terrestrial animals,
to envision these subaquatic facts has
greatly hindered studies of fish evolution
in lakes.

StaGges oF LAkRE Fisg EvoLuTioN

It is possible to point out sequential
steps in the evolution of lake fish faunas,
using different existing large lakes as
examples; it seems worthwhile to do so.
I have specifically refrained from any at-
tempt to evaluate the probably numerous
instances in which a relatively small or
recent lake has obviously permitted the
evolution of one or a few species, some-
times of diverse groups. One such lake
is Lake Waccamaw in North Carolina
(Hubbs and Raney, 1946). Another is
Bear Lake, on the Utah-Idaho boundary,
in which three distinct coregonids have
evolved (Snyder, 1919). The coregonids
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have been especially prone to apparent
endemism in northern glacial and alpine
lakes, but doubt as to the real distinctive-
ness of many such forms in Postglacial
lakes has often been expressed.

In the North American Great Lakes,
which have become generally available to
fishes only since the geologically recent
retreat of glaciation, the coregonids of the
“lake herring” (Leucichthys) type have
experienced a burst of evolution, but
many of the endemic species and races
are still difficult to separate (Koelz,
1929), if indeed they are really distinct.
The fauna is still too young to show
anything very definite in the way of
supralimital specializations, but the de-
velopment of species flocks of coregonids
is evident. Except for the “lake
herrings,” no other group of fishes so
well preadapted to very cold, still
water was present, and this one gained
ascendancy.

A similar situation, but probably of
greater age because of the greater dis-
tinctiveness of the species, is seen in the
athernids (Chirostoma) of Lake Chapala
and other lakes in Mexico (Regan, 1906—
1908; Jordan and Hubbs, 1919; Alvarez,
1950) and the cichlids (Meek, 1907;
Regan, 1906-1908) of Lakes Nicaragua
and Managua. Supralimital specializa-
tions among the Cyprinodontidae are
clearly foreshadowed in the dwarf, deep-
bodied species of Orestias- in Lake
Titicaca (Tchernavin, 1944), which are
unlike any of the non-Titicaca Orestias.

A clearly more advanced stage is repre-
sented by Lake Lanao, in which a single
ancestral species of cyprinid has given
rise to a species flock, five members of
which have become so distinct as to be
referable to four endemic genera. Their
supralimital specializations have been
mentioned above. The excellent work of
Mr. Greenwood on the Cichlidae of Lake
Victoria shows that the Victoria cichlids
are in a state more or less comparable to
that of the Lanao cyprinids, although
evolution is proceeding on a far grander
scale. The species flocks are much larger
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and there are four distinctive endemic
genera (Greenwood, 1956, 1959), but the
ancestral types are either lost or un-
identifiable. However, as in Lanao,
endemics of families other than the
dominant one are absent.

A much older stage is represented by
the fishes of Lake Nyasa, which Brooks
(1950: 135) estimates to be approxi-
mately 500,000 years old. Fryer (1959:
264) gives evidence pointing to greater
age. As in all other large Central Afri-
can lakes, the cichlids (Trewavas, 1935;
Fryer, 1959) are dominant. They present
the greatest of all known species flocks
among lake fishes—over 100 species of
the widespread genus Haplochromis. In
addition, there are over 70 cichlid species
belonging to 20 endemic genera, several
of which exhibit remarkable supralimital
specializations. However, fishes of other
families have entered the lake and estab-
lished endemic species, but only one
endemic genus (Worthington, 1933;
Jackson, 1959). Most large lakes are
drained by physiographic evolution before
they attain any age such as that of Nyasa,
and it alone remains to represent the
evolutionary stage of its fish fauna. The
same is true of the two still older lake
fish faunas, those of Tanganyika and
Baikal.

Lake Tanganyika is at least 1,500,000
years old and may be even older (Brooks,
1950: 148). Its fish fauna (Poll, 1946;
1953) indicates a much later evolu-
tionary stage than that of Nyasa, this
being especially notable because of the
comparable size and geographical prox-
imity of these two immense Rift Valley
lakes. The cichlids are still dominant;
they are fewer in number of species than
in Nyasa, but the vast majority belong
to endemic Tanganyika genera. The only
group that could be called a “species
flock” is formed by the 19 species of
Lamprologus, a genus also represented in
the Congo.* Several of the endemic

3 The interesting possibility presents itself

that Lamprologus is an autochthonous Tangan-
yika genus which has colonized the Congo basin.

genera, as has already been noted, are
morphologically worthy of familial or
subfamilial groupings, and several have
come to resemble quite different families
of Percomorphi. In non-cichlid fishes,
Tanganyika has had time to develop, in
addition to a number of endemic species
belonging to non-endemic genera, two en-
demic genera of Clupeidae, two of
Bagridae, two of Clariidae, one of
Cyprinodontidae (representing a distinc-
tive subfamily; Myers, 1936) and one
(Luciolates) of Centropomidae (Worth-
ington and Ricardo, 1937; Poll, 1953).
Evolution of some of these must have
been accomplished in the face of strong
competition by the entrenched Cichlidae.

Lake Baikal is the oldest of all, perhaps
as much as 75,000,000 years old; its
southern basin is Paleocene or possibly
even late Cretaceous in age. However,
the present lake basin was enlarged and
deepened as late as the Pleistocene
(Brooks, 1950: 33), and it is doubtful
that even the most distinctive Baikal
fishes arose prior to the Mid-tertiary.
The Cottidae and their derivatives are
dominant in Baikal; species of no other
fish families are endemic to the lake
(Taliev, 1955). The absence of non-
cottoid endemics is notable; it is proba-
bly due to the poverty of the Siberian fish
fauna. The 26 endemic cottoid species
belong to nine endemic genera, eight re-
ferred by Taliev to two endemic sub-
families of the Cottidae and one genus
with two species to the endemic family
Comephoridae.

Other lake fish faunas might be fitted
into the sequence, but this seems un-
necessary.*

In all the larger endemic lake-fish
faunas, from the youngest to the very

4 Some other lakes, with the families to which
the dominant endemics belong, are: Lake Biwa,
Japan (Cyprinidae) ; the Celebes lakes (Ather-
inidae, wusually); various Mexican lakes
(Atherinidae) ; the African lakes George, Al-
bert, etc. (Cichlidae) ; various Central Asiatic
lakes, such as Lop Nor, Koko Nor, etc. (Cypri-
nidae or Cobitidae) ; Utah Lake (Catostom-
idae).
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oldest, a single family group, preadapted
over other stream fishes for lake life, has
gained dominance over all others and has
retained it. This accounts for my former
belief (Myers, 1936) that access to lakes
dominated by a single fish family must
have been restricted. Access was re-
stricted in Lake Lanao, but probably this
has only rarely been true in other lakes.
Moreover, in all except the youngest lake
fish faunas, supralimitally specialized
forms are evident and continue to become
more striking until some of them, in the
older lakes, could be or are accepted by
taxonomists as distinct families.

One other important point should be
made. The greater richness in genera and
species of the older lake fish faunas, inso-
far as the dominant family is concerned,
compared to the fluviatile fauna of the
same family in the same region, is always
striking. The Lanao cyprinid fauna
dwarfs the cyprinid fauna of Mindanao
outside the lake. More than half the
African species and far more than half
the African genera of the large family
Cichlidae are endemics in the lakes of
East Central Africa. The greater part of
the North American forms of Leucichthys
are lake endemics. Probably the same is
true of Mexican atherinids of the genus
Chirostoma. The forms of Orestias in
Lake Titicaca are more numerous than
those in the rest of the Andean Altiplano.
The cottoid genera of Baikal comprise
over three-fourths of the known genera
of fresh-water cottoids in the world.

IsorLATED ENDEMICS

Whether the strange little mastacem-
belid-like Chaudhuria caudata (Annan-
dale, 1918) of the Inlé Lake, sole repre-
sentative of the family Chaudhuriidae,
and the possibly even stranger
Indostomus paradoxus (Prashad and

Mukerji, 1929) of the Indawygi Lake,
sole representative of the family Indosto-
midae, are to be considered as vastly
modified relicts of autochthonous lake-
fish families, is unknown.

If so, they
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would be the ultimate examples of lake
fish specialization, but neither species has
any known close relatives, and both may
be mere survivors of once widely distrib-
uted families. The two genera and three
known species of the strange family
Adrianichthyidae, from Lake Posso and
Lake Lindu in Celebes (see Weber and
de Beaufort, 1922), which are undoubt-
edly derivatives of the family Cyprino-
dontidae, likewise have no known close
relatives by which to judge their exact
origin. I would suspect them to be deriva-
tives of the subfamily Oryziatinae, mem-
bers of which are still widely distributed
in fresh waters from India and Japan to
Timor, and which have given rise, in
India, to the remarkable fish Horaichthys.
Isolated lake-fish endemics are not too
rare, often in lakes in which fishes of
another family have become dominant,
but the endemic nature of the genus or
higher category represented by them is

sometimes in doubt. The—eottid—Frrg-

example. Perhaps some of these isolated
endemics are relicts of previous cycles
of lake-fish evolution in the same basins,
cycles which were terminated by great
changes in the basin itself.

NeEw Areas, NEw Groups

What has happened, in the normal
course of evolution, when one or more
representative of an animal group not
hitherto represented in the fauna has
suddenly gained access to a large area
replete with numerous available and un-
occupied biotopes, seems to be clear. If
the invaders are unable to withstand the
competition of the older fauna, they dis-
appear. If they can overcome competi-
tion, or especially if there is little or none,
rapid or tachytelic evolution occurs,
evolution that was impossible in their
old home, where better balanced ecological
conditions and a balanced fauna held
evolutionary divergence more tightly in
check. New genera, often utterly un-
like their ancestors in one or more strik-
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ing characteristics, appear with great
rapidity. The rapid proliferation of pro-
boscideans, and their development of
supralimital specializations after their in-
vasion of America, is a case in point,

The same sort of evolution has hap-
pened time and again when island groups
were colonized. The supralimital bill
specializations of the Galapagos finches,
and (whatever their ancestors may have
been) especially those of the drepanidid
birds in Hawaii, are well known instances.
Island evolution of this kind, like lake-
fish evolution, is often striking, because
the original colonizers found abundant
biotopes totally unoccupied when they
arrived.

However, the situation differs some-
what in lakes. The colonizers and
founders of evolutionary dynasties in
lakes must contend not only with the
same types of problems that confront
island or continent colonizers. In ad-
dition, they must face the change from
a flowing to a still-water environment,
and, in many instances, problems of
depth, pressure, and salinity, perhaps
newionsinimicalisto them ST fa et
seems possible that gradually increasing
salinity in a closed lake basin might
eventually check the evolution of some
fresh-water fish groups very severely
(Myers, 1938; 1949).

The tachytelic evolution of lake fishes,
in part at least representing quantum
evolution in Simpson’s sense, seems to
point out in a really striking way how
genera, families, or even higher cate-
gories of different animal groups have
evolved. If they could get out of their
lakes and use their supralimital special-
izations in other lakes or in streams, as
some undoubtedly have done in the past,
many existing lake fishes could easily
become the founders of large and flourish-
ing new groups at new adaptive levels.
Terrestrial groups are not usually as
limited in their ability to escape their
ranges as are lake animals. As Simpson
has so ably pointed out, the tachytelic
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evolution of new superior groups has
seldom left a fossil record because of the
speed with which events progressed, and,
we may add, because of the probable
localization of those events.

It seems probable that events of the
sort I have been discussing account for
the almost unbelievably rich fauna of
characid fishes of the greatest of all rivers,
the Amazon. In its present form the
Amazon is not an old river. In its
lower course it is probably a reversed
river; its old structural basin plunges
westward. Its Peruvian reaches formed
a great lake in relatively recent geological
times, and the immense but fluctuating
lakes that now line its lower course com-
prise one of the largest areas of ponded
fresh water now existing on earth.

Finally, we cannot forbear to mention
the largest of all bodies of still, quiet
water, the deep seas. The supralimital
specializations exhibited by the highly
modified deep-sea descendants of invaders
from more turbulent shallow waters have
long been the wonder of all zoologists.

It follows that opportunity—the ab-
sence of well-adapted competing groups
—is extremely important as a factor in
the evolution of higher categories. The
importance of such a conclusion in re-
lation to the early, rapid evolution of the
main animal phyla is obvious.

SUMMARY

1. The endemic fish fauna of Lake
Lanao, all belonging to the family Cy-
prinidae, consisting of a species flock of
13 species and five species referred to
four endemic genera, has evolved in a
relatively short time, possibly as little
as 10,000 years.

2. The distributional facts permit the
identification, beyond reasonable doubt,
of the single, still-existing, ancestral
species that gave rise to the entire
endemic fish fauna.

3. Certain specializations of the en-
demic Lanao genera are paralleled or
approached by no others in the large,




widespread family Cyprinidae; because
they transcend the morphological limits
of all non-Lanao cyprinids, these are
termed supralimital specializations.

4. Supralimital  specializations  are
shown to be very characteristic if not
invariable features of all large, older,
endemic lake-fish faunas; some are so
distinctive as to provide characters worthy
of family rank.

5. The stages of endemic lake-fish
evolution are illustrated by examples,
the youngest being the American Great
Lakes, the oldest Lake Baikal.

6. A single preadapted fish family
represented in the surrounding fluviatile
fish fauna assumes dominance in the
evolution of large endemic lake fish faunas.

7. The evolution of lake-fish faunas is
compared to that of island faunas, and to
the evolution of any groups newly ad-
mitted to extensive areas where com-
petition is light or absent, and shown to
be essentially similar in the relatively
rapid production of supralimitally spe-
cialized forms.

8. The latter are often capable of be-
coming the founders of new genera,
families, or perhaps even higher cate-
gories, at new adaptive levels. They have
unquestionably already done so in the
older lake-fish faunas, where certain en-
demic Tanganyika and Baikal genera are
worthy of subfamilial or familial rank.

9. It is suggested that the origin of
the excessively rich characid fauna of the
Amazon River, and of the striking forms
and groups of deep-sea fishes, has been
due to similar tachytelic or quantum
evolution.

10. It follows that opportunity for
rapid radiative evolution is of very great
importance in the evolution of higher
categories, and that such opportunity still
may occur from time to time through
geological changes.

LiteraTURE CITED

ALvarez, J. 1950. Claves para la determinacion
de especies en los peces de las aguas con-
tinentales Mexicanas. Secretaria de Marina,

332 GEORGE SPRAGUE MYERS

Dirrecion General de Pesca e Industrias
Conexas, Mexico: 136 pp.

ANNANDALE, N. 1918. Fauna of the Inlé
Lake. Rec. Ind. Mus., 14: 214 pp., 26 pls.

Brirran, M. L. 1954. A revision of the Indo-
Malayan fresh-water fish genus Rasbora.
Inst. Sci. Tech. (Manila), Monograph, 3:
224 pp., 3 maps.

Broors, J. L. 1950. Speciation in ancient
lakes. Quart. Rev. Biol., 25: 30-60, 131-176.

Bruuw, A, anp A. Kiwerice. 1957. Bathy-
metrical features of the Bali-Lombok
Strait. Marine Research in Indonesia, 3:
1-6. ‘

DaruingTon, P. J. 1938. The origin of the
fauna of the Greater Antilles, with discus-
sion of dispersal of animals over water and
through the air. Quart. Rev. Biol, 13:
274-300.

Dickerson, R. E., AND oTHERs. 1928. Dis-
tribution of life in the Philippines. Bureau
Sci. (Manila), Monograph, 21: 322 pp.,
42 pls.

Fowrer, H. W. 1941. Fishes of the groups
Elasmobranchii . . . Ostariophysi obtained
by the . . . Albatross . . . chiefly in the
Philippine Islands. U. S. Nat. Mus. Bull.,
100 (13): 879 pp.

FryER, G. 1959. The trophic interrelationships
and ecology of some littoral communities of
Lake Nyasa with especial reference to the
fishes, and a discussion of the evolution of a
group of rock-frequenting Cichlidae. Proc.
Zool. Soc. London, 132: 153-281, 2 pls.

Greenwoop, P. H. 1956. The monotypic
genera of cichlid fishes in Lake Victoria.
Bull. Brit. Mus. (Nat. Hist.), 3: 295-333.

—— 1959. Evolution and speciation in the
Haplochromis (Pisces, Cichlidae) of Lake
Victoria. Proc. XVth Int. Congr. Zool.
London, pp. 147-150.

Herre, A. W. 1924, The Philippine Cyprinidae.
Philippine J. Sci., 24: 249-307, 2 pls.

——. 1926, Two fishes from Lake Lanao.
Philippine J. Sci., 29: 499-502, 2 pls.

—— 1928, True fresh-water fishes of the
Philippines. In: Dickerson, 1928 (which
see) : 242-247. [This paper was written
previous to the publication of Herre’s 1924
paper, and some of the fish names do not
agree with those of the 1924 paper.]

—— 1932. Five new Philippine fishes.
Copeia, 1932: 139-142.

—— 1933. The fishes of Lake Lanao: a
problem in evolution. Amer. Nat., 68: 154
162.

——. 1953. Check list of Philippine fishes.
U. S. Fish and Wildlife Service, Research
Report, 20: 977 pp.

Herrg, A. W, AnD G. S. Myers. 1931. Fishes
from southeastern China and Hainan.
Lingnan Sci. J., 10: 233-254.

>




PHILIPPINES FISH FAUNA

Husss, C. L, anp E. C. Raney. 1946. The
endemic fish fauna of Lake Waccamaw,
North Carolina. Misc. Publ. Mus. Zool.
Univ. Michigan, 65: 30 pp.

Jackson, P. N. B. 1959. Revision of the
clariid catfishes of Nyasaland, with a de-
scription of a new genus and seven new
species. Proc. Zool. Soc. London, 132:
109-128.

Jornan, D. S., anp C. L. Husss. 1919. Studies
in ichthyology: a monographic review of
the family of Atherinidae or silversides.
Leland Stanford Jr. Univ. Publ,, Univ. Ser.,

87 pp., 12 pls.

Koerz, W. 1929. Coregonid fishes of the
Great Lakes. Bull. U. S. Bur. Fisher., 27
(2) : 297-643.

MeEek, S. E. 1907. Synopsis of the fishes of

the Great Lakes of Nicaragua. Field
Columbian Museum, Zool. Ser., 7 (4):
97-132.

Mvyers, G. S. 1936. Report on the fishes

collected by H. C. Raven in Lake Tan-

ganyika in 1920. Proc. U. S. Nat. Mus,,

84: 1-15, 1 pl.

. 1938. Fresh-water fishes and West Indian

zoogeography. Ann. Rep. Smithsonian Inst.,

1937: 339-364, 3 pls.

1949. Salt-tolerance of fresh-water fish
groups in relation to zoogeographical prob-
lems. Bijdr. Dierk., 28: 315-322.

——.  1951. Fresh-water fishes and East
Indian zoogeography. Stanford Ichth. Bull,
4: 11-21.

1960. Preface to any future classification
of the fishes of the genus Barbus. Stanford
Ichth. Bull,, 7 (4). (In press.)

Porr, M. 1946. Revision de la faune ichthyo-
logique de Lac Tanganika. Ann. Musée du

533

Congo Belge, zool,, (1) 4: 145-364, 3 pls.,
map.
—— 1953. Poissons non Cichlidae. Explor.
Hydrobiol. Lac Tanganika (1946-1947),
Result. Scientif., 3' (5A) : 251 pp., 11 pls.
Prasmap, B, anp D. D. MukEgryr. 1929. The
fish of the Indawygi Lake and the streams
of the Myitkyina District (Upper Burma).
Rec. Ind. Mus., 31: 161-223, pls. 7-10.

Recan, C. T. 1906-1908. Biologia Centrali-
Americana. Pisces. London: xxxiv -+ 203
pp., 26 pls.

SimpsoN, G. G. 1953. The major features of
evolution. New York: xx -+ 434 pp.

SNYDER, J. O. 1919. Three new whitefishes

from Bear Lake, Idaho and Utah.
Bur. Fisher.,, 36: 1-9.

Tariev, D. E. 1955. Bitschki-podkamensch-
tschiki Baikala (Cottoidei). Akademiia
Nauk S.S.S.R., Moskva: 603 pp.

TcuernavIN, V. 1944, A revision of the
subfamily Orestiinae.  Proc. Zool. Soc.
London, 114: 140-233.

Trewavas, E. 1935. A synopsis of the cichlid
fishes of Lake Nyasa. Ann. Mag. Nat.
Hist.,, (10) 16: 65-118.

WEBER, M., aAnp L. F. pE Beaurort. 1916.
The Fishes of the Indo-Australian Archi-
pelago. Vol. 3. Leiden: xvi-+455 pp.

1922. Ibid. Vol. 4. Leiden: xiv + 410

Bull.

pp.

WortHINGTON, E. B. 1933. The fishes of
Lake Nyasa (other than Cichlidae). Proc.
Zool. Soc. London, 1933: 285-316.

WortHINGTON, E. B., anp C. K. Ricarpo.
1937. The fish of Lake Tanganyika (other
than Cichlidae). Proc. Zool. Soc. London,
1936: 1061-1112,







World Distribution of Brown Trout, Salmo trutta’

By HugH R. MAcCrIMMON AND T. L. MARSHALL

Department of Zoology
University of Guelph, Guelph, Ont.

ABSTRACTE

During the past century the Eurasian and North African range of the brown trout, Salmo
trutta L., has been extended to include discontinuous populations on all continents except Antarc-
tica. Primary factors affecting the establishment of naturalized populations are water tempera-
ture, precipitation, and suitable spawning grounds. Any future major expansion in the world
distribution of the brown trout, with the possible exception of Asia, is unlikely.

INTRODUCTION

DURING THE PAST CENTURY the pristine range of the brown trout, Salmo
trutta Linnaeus, in Eurasia and North Africa, has been extended through
introduction to include waters on all continents except Antarctica.

Linnaeus, when naming the trout of Sweden Salmo trutta in 1758, regarded
the sea trout (S. eriox) and the brook trout (S. fario) as distinct species. The
latter species must not be confused with the North American brook trout,
Salvelinus fontinalis (American Fisheries Society, 1960). After that time
various local representatives of the genus were given a variety of common
and specific names (Regan, 1911) which included the common trout (S. fario,
ausonii, gairnardi, cornubiensis), the English salmon trout (S. frutta, eriox,
cambricus, albus, phinoc, brachypoms), the golden estuarian trout (S. estuarius,
orcadensis, gallivensis), the great black lake trout (S. ferox, nigripinnis), the
gillaroo (S. stomachicus), and the silver or Loch Leven trout (S. caecifer,
levenensis). The exchange of brown trout stocks among European countries,
such as the transfer of German brown trout to England in 1884 (Smiley,
1884) and to Italy in 1885 (Pavesi, 1887), further complicated the problem
of speciation.

Modern ichthyologists, however, generally accept the concept of Giinther
(1866), Regan (1911), Jordan (1926), and Hubbs (1930) that there is but one
species, Salmo trutta, and that trout with distinctive features should be
recognized at only the subspecific level, if at all.

Most populations of brown trout now resident in hatcheries and natural
waters throughout the world stem from the following three sources: sea run
specimens of the European trout (Salmo trutta truita), European trout per-
manently resident in fresh water (Salmo trutta fario), and the trout (Salmo
rutta levenensis) from Loch Leven, and other waters of Scotland and northern

1Received for publication May 29, 1968.
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England. Because of interbreeding in fish culture programmes, and the in-
troduction of hybrids or several stocks to many waters, it would seem im-
prudent for practical purposes to identify the brown trout beyond the specific
level (Wiggins, MS, 1950).

The objectives of this paper are: firstly, to present an account of known
attempts to introduce the brown trout (Salmo irutta 1L.) beyond its native
range; and secondly, to document the present world distribution of the species
which has resulted from these introductions.

NATIVE RANGE

The native range of the brown trout (Fig. 1) has been established es-
sentially from published material by Seeley (1886), Bean (1888), Dahl (1918,

\ \ d
\\\ C
o \

-

i |

_

\
.

N \\\\ \\\\ \

N \N \\\X\\\\%\\\

\\\\\\-
.

.

7
Fi1G. 1. Native distribution of Salmo truita.

1919), Berg (1932), Tchernavin (1939), Wiggins (MS, 1950), Nikolskii (1937,
1961), and Vladykov (1931, 1963).

The early distribution of the species is believed to have extended from
Iceland and the northern coasts of Europe southward to the countries fronting
on the Mediterranean Sea, the islands of Corsica and Sardinia, and Algeria
in northern Africa. The range extended eastward from the Atlantic drainage
towards the northern slopes of the Himalayas. Migratory brown trout in-
habited the Black, Caspian, and Aral seas and their tributaries.
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RECORDS OF YELLOW AND SPOTTED SNAKE-EELS
(GENUS OPHICHTHUS) FROM SAN FRANCISCO
BAY, CALIFORNIA'

JOHN D. HOPKIRK
Department of Zoology
University of California, Berkeley

A northern range extension of approximately 400 miles, description,
and illusiration of the yellow snake-eel, Ophichthus zophochir (Jordan
and Gilbert), is presented from o specimen 647 mm TL collected in April,
1964, from San Francisco Bay. Recent records indicate the yellow snake-
eel is rather common in southern California waters. The spotted snake-eel,
Ophichihus triserialis (Kaup), is recorded from San Francisco Bay on the
basis of three specimens collected on three separate occasions.

A yellow snake-eel, brought to the University of California for iden-
tification by Joseph Tiner of Oakland, was caught by an unidentified
fisherman with hook and line from Berkeley Pier, Alameda County,
California, on April 16, 1964. It extends the northern geographicai
limits of the species by approximately 400 miles. Previous records for
California have all been based upon specimens from southern California
(Hubbs, 1916: 154; Fowler, 1923: 287, 296 ; Radovich, 1961: 22; Out-
door California, 1962: 14). The species is known as far south as Panama

(Jordan and Gilbert, 1883: 632; Gilbert and Starks, 1904: 37).

The occurrence of the yellow snake-eel in southern California in 1957,
along with many other tropical species of fishes, indicated to Radovich
(1961) a warm period for the northeast Pacific Ocean. Recent records
from southern California now indicate this species is not as rare as pre-
viously believed. Since 1953, the California State Fisheries Laboratory
on Terminal Island has received seven yellow snake-eels:

1) 4 March 1953, Long Beach Harbor, seaward side of Pier A, caught
in a suction dredge in 30 feet of water, Frank Luciene coll. (822
mm TL; size record for the species, see Outdoor California, 1962) ;

2) 11 December 1957, Santa Monica Bay in a lampara net by boat
Josie Lena (645 mm TL) ;

3) 28 May 1961, Alamitos Bay, hook and line, Edward Ramsey coll.
(720 mm 7L, 405 grams) ;

4) 21 June 1961, Pierpoint Landing, Long Beach, hook and line by
a small boy, saved by J. E. McClintock (580 mm Tr, 245 grams) ;
29 June 1961, San Clemente Pier, hook and line, William Martens
coll. (510 mm TL, 155 grams) ;

13 January 1962, Alamitos Bay, hook and line using squid for
bait, piece of clam in stomach, James Ryan coll. (585 mm 71, 260
grams) ;
30 June 1962, Belmont Shore Pier, hook and line using cut sar-
dine, saved by Leo Pinkas (625 mm TL).
I Submitted for publication January 1965.
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Some of these eels were mentioned and one illustrated in Outdoor
California (1962). Specimens were deposited in the collections of either
the University of California at Tios Angeles or the Los Angeles County
Museum. During June 1962, as many as three to five yellow snake-eels
per week were caught from Belmont Shore Pier, Liong Beach. This
“minor fishery,’’ reported by Biologist Leo Pinkas while conducting a
pier fishery survey, lasted for perhaps 5 or 6 weeks (John H. Fitch,
pers. commun.). Jordan and Gilbert (1882: 385) claimed the yellow
snake-eel to be ‘‘rather common in the rocks about Mazatlan’’ on the
western coast of Mexico.

The spotted snake-eel, Ophichthus triserialis (Kaup), is the only
other member of the genus known from California. This species can be
distinguished from the yellow snake-eel by the large, black spots on its
body and its uniserial vomerine teeth. The yellow snake-eel completely
lacks spots on the body and possesses biserial vomerine teeth. Both
species possess biserial jaw teeth (mote error in the description of O.
triserialis on p. 384 of Jordan and Evermann, 1896). The range of the
spotted snake-eel is from the Galapagos Islands (Jordan and Ever-
mann, 1896) north to Tomales Bay (Hubbs, 1916: 153). A spotted
snake-eel in the collections of the California Academy of Sciences (CAS
12649), ca. 1060 mm L and 667 grams after preservation, is labelled
“‘coast of Northern California’ and was collected by C. Kofoid in
September 1930.

Records of the spotted snake-eel from San Francisco Bay are as
follows: CAS 11062 (presently in the collections of the University of
California at Los Angeles) : 1 skeleton, Tiburon near Richardson’s Bay,
Marin County, no date of collection, Thomas Foley; CAS 19770: 1, ca.
1040 mm 1L and 1191 grams after preservation, Black Point, Marin
County, September 14, 1931, gift of J. M. Harrity ; CAS 23715: 1, 886
mm TL and 744 grams after preservation, Point San Quentin, Marin
County, May 15, 1948, caught by Robert W. Johnston with hook and
line (sardine bait).

The preceding records for yellow and spotted snake-cels indicate that
all three species of snake-eeis known for the state of California occur
in San Francisco Bay. Harry (1948:145) recorded the tiger snake-eel,
Myrichthys tigrinus Girard, from San Francisco Bay.

The present specimen of yellow snake-eel is deposited at the Cali-
fornia Academy of Sciences (CAS 23683). Color before preserva-
tion in formalin was maroon above and yellowish-brown to yellow
below. Dorsal and anal fin margins were edged with black. After pres-
ervation, dorsum appeared brown and venter brownish-white. Lat-
eral line pores were rimmed with black, slightly darker than the
background color. Snout, lower jaw, gular, and cheek regions also
were tinged with black. Throat region was white, much lighter than
remainder of body.

Total length was 647 mm (644.5 mm sr) and weight 265 grams after
preservation. Body measurements, expressed in thousandths of total
length, are as follows: head length (to upper edge of gill opening)
089 ; head depth (in throat region) 038; snout length 014; orbit length
008 ; least interorbital distance 012; upper jaw length (from snout
to rictal commissure) 030; snout tip to tip of lower jaw 004; dorsal
fin base 861; dorsal origin to snout 132; dorsal origin to pectoral
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FIGURE 1. Distribution of sensory pores on the head of Ophichthus zophochir in (A) lateral,
(B) dorsal, and (C) ventral view. Symbols: an, anterior nostril; pn, posterior nostril;
st, supratemporal pore; I, first lateral line pore; i*, first infraorbital pore; e,
first ethmoidal pore; e’s’, compound pore formed from second ethmoidal and first
supraorbital pores; pm’, first preoperculomandibular pore. Terminology after Allis,
1903, and Kanazawa, 1963. Drawings by the author.

origin 046; dorsal origin to anal origin 251; post-dorsal distance
009; greatest body depth (region between pectoral origin and anal
origin) 043; pectoral origin to snout 093; and fin base 615; anal

origin to snout 376; post-anal distance 009; height of gill opening
013.
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Laterial line pores 148 (149 on right side): 51(51) before anal
origin and 97(98) behind anal origin; supratemporal pore 1; pre-
operculo-mandibular pores 10(11); 3(3) preopercular and 7(8) man-
dibular ; supraorbital pores (including ethmoidal) 4(4); infraorbital
pores 6(6) (Figure 1).

Vertebrae 153; 46 precaudal and 107 caudal; pectoral fin rays
16(16).
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A LAHONTAN REDSIDE, RICHARDSONIUS EGREGIUS (GIRARD),
LACKING PELVIC FINS

A Lahontan redside which lacked pelvie fins was collected from In-
dependence Lake, Sierra and Nevada Counties, California, on 1 July
1964. Independence Lake is at the headwaters of a tributary of the
[ittle Truckee River, which is part of the Lahontan drainage system.
The specimen measured 72.9 mm st and weighed 7.6 g. It appeared
normal in all respects except for the missing pelvic fins. An X-ray
revealed that the basipterygia were absent. Scales completely covered
the body where the pelvic fins normally occur, and no scars or aber-
rations were observed in this region. The specimen, X-rays, photo-
graphs, and field data are deposited in the Ichthyological collection of
the California Academy of Sciences, catalog number CAS 23 TR

—Robert N. Lea, Department of Zoology-Fisheries, University of Cali-
fornia, Berkeley, California.
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COMPARATIVE DNA VALUES AND CHROMOSOME
COMPLEMENTS OF EIGHT SPECIES OF FISHES*
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Abstract. The present study appears to indicate that a series of polyploidization
of the original vertebrate genome took place while vertebrates were still aquatic
forms. The polyphyletic evolution of terrestrial vertebrates is suggested. The lung
fish revealed close kinship to present-day members of the order Caudata of the class
Amphibia. The DNA value was 3,540 per cent that of mammals. The trout had the
DNA value similar to that of mammals and also to that of members of the orders
Crocodylia and Chelonia of the class Reptilia. The DNA value of the gold fish, on
the other hand, was very similar to that of birds and of snakes and lizards as well.
It was 50 per cent that of mammals. Flat fishes and the swordtail had the undistin-
guished diploid complement made of 48 acrocentrics and the lowest DNA value
merely 20 per cent that of mammals. They were regarded as the retainers of the
original vertebrate genome.

Introduetion

Placental mammals as a whole constitute one uniform group with
regard to DNA content (considered in this study as 100 per cent), and
various avian species constitute another uniform group with the compara-
tive DNA value 44 to 59 per cent that of placental mammals (OuNoO,
Brgak and BEgak, 1964 ; OuNo, STENTUS, CHRISTIAN, BE¢AK and BE(AK,
1964; Begak, BEgak, NazareETH and, OHNO 1964; ATKIN, MATTINSON,
Begak and Ouno, 1965). These findings were interpreted to mean that
extensive speciation from a common ancestor of each of the two classes
of warm-blooded vertebrates was carried out without substantial change
in total genetic content.

In the class Reptilia, two fairly discrete groups were discerned. The
order Crocodylia and Chelonia had a DNA value only slightly below that
of mammals, while the order Squamata demonstrated a DNA value only
slightly above that of the class 4ves. We then postulated that among
ancient reptiles of the Mesozoic era, two different lineages with regard

* In Northwood, this work was supported by the British Empire Cancer
Campaign. In Duarte, this work was supported in part by grant CA-05138 from the

National Cancer Institute, U.S. Public Health Service. Contribution No. 56—65,
Department of Biology.
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to total genetic content already existed, one eventually giving rise to
placental mammals, the other the avian species. Thus, present-day
reptiles also belonged to one or the other of these two lineages.

On the other hand, an extensive survey of comparative DNA values
of amphibians (carried out by Josepr GarL of Yale University and
quoted here with his kind permission) revealed that they possess much
higher DNA values than reptiles, birds, and mammals. The lowest DNA
value of this class, possessed by the family Bufonidae of the order
Salientia, was 140 per cent that of mammals. Extraordinarily high values
were obtained on members of the order Caudata, ranging from 705 per cent
for Plethodon cinereus to 2,789 per cent for Necturus maculosus. The very
fact that these members of the order Caudata have only 24 to 28 chromo-
somes in their complements makes doubtful any propinquity of descent
between present-day amphibians and members of higher classes. It
seems more reasonable to assume that the evolution of terrestrial verte-
brates from aquatic vertebrates was polyphyletic.

It this assumption is correct, diverse DNA values might be found
among present-day members of the class Pisces, some corresponding
to those possessed by various terrestrial vertebrates of today. Our pre-
liminary survey on chromosome complements of diverse species of fishes
indicated that this might indeed be the case. Accordingly, eight species
of the class Pisces representing two subclasses, six orders, and eight

families were chosen for study. The comparative DNA value and the
diploid complement of each species will be presented.

Materials and Methods

The eight species belonging to the class Pisces chosen for the present study
are listed in Table 1.

Table 1. Species of the Class Pisces Included in Present Study

Subclass Order Family Species, diploid number

Crossopterygic ~ Dipnoi Lepidosirenidae Lepidosiren paradoxa, 2n — 38

Neopterygii Isospondyli Salmonidae Salmo irideus, 2n = 60 -+

Ostariophysi  Cyprinidae Carassius auratus, 2n = 102 -

Percomorpht  Cichlidae Symphysodon aequifasciata
2n =60

Centrarchidae Lepomis cyanellus, 2n = 46—48

Microcyprini  Poeciliidae Xiphophorus helleri, 2n = 48

Heterosomata — Plewronectidae  Plewronichthys verticalis,
2n =48

Bathidae Xystreurys liolepis, 2n = 48
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Diploid-Tetraploid Relationship among Old-World
Members of the Fish Family Cyprinidae*
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Abstract. Evidence suggesting that the goldfish and the carp of the family
Cyprinidae are tetraploid species in relation to other members of the same family
were presented. The two barb species, Barbus tetrazona and Barbus fasciatus, were
chosen as representatives of diploid members of the family C'yprinidae. These barbs
had the diploid chromosome number of 50 and 52 and the DNA value 20—22%
that of placental mammals, while the goldfish (Carassius auratus) and the carp
(Cyprinus carpio) had the diploid chromosome number of about 104 and the DNA
value 50-—52% that of placental mammals.

Introduction

Speciation from an immediate ancestor has no doubt been accom-
plished by allelic mutations at already existing gene loci. When evolution
from one vertebrate class to another is considered, however, allelic
mutations are no longer sufficient to account for all the changes that have
taken place. Gene duplication now emerges as a prime factor in evolution.

Our previous studies on chromosome complements and DNA values
of members of different vertebrate classes indicated that various degrees
of gene duplication both by regional duplication of chromosomal seg-
ments and by polyploidization took place while vertebrates were still
aquatic nearly 300 million years ago. Subsequent development of the
chromosomal sex-determining mechanism tended to stabilize various
genome lineages at characteristic degrees of gene duplication. Hence,
evolution of terrestrial vertebrates from aquatic forms was polyphyletic.

Among ray-finned fishes (Neopterygit) of today, many were found to
have a diploid chromosome complement of 48 acrocentrics. However,
diverse DNA values were found. Flatfish of the order Heterosomata and
members of the order Microcyprini had the DNA value only 20% that

* Supported in part by a grant (CA-05138) from the National Cancer Institute,
U.S.Public Health Service, and in part by a research fund established in honor of
General James H. Doolittle at Duarte, and by the British Empire Cancer Campaign
for Research at Northwood. Contribution No. 11-—67, Department of Biology. City

of Hope Medical Center. Dr. Junicur Muramoro is a fellow of the Institute for
Advanced Learning of the City of Hope Medical Center.
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of placental mammals, while certain members of the order Percomorphi
had the value 31% that of mammals and members of the suborder
Clupeoidea the value 42% that of mammals (OHNo and ATKIN, 1966,
unpublished data). This increase in DNA value without a noticeable
change in the diploid chromosome complement can be taken as evidence
of gene duplication accomplished exclusively by repeated regional dupli-
cation of chromosomal segments. RoTHFELS and his colleagues (1966)
have shown the similar situation in species of Anemone and related genera.

Suggestive evidence of polyploid evolution was furnished by certain
teleost fishes which possessed approximately double the DNA value and
twice the chromosome number of their close relatives. For instance, sal-
monoid fish had the DNA value 80% that of mammals and diploid com-
plements made of 100 to 104 chromosome arms (OuNO and ATKIN, 1966),
while the DNA value of clupeoid fish was approximately 40% that of
mammals and their diploid complements as a rule contained 48 acrocen-
trics (unpublished data).

Within the family Cyprinidae of the order Ostariophysi, the goldfish
(Carassius auratus) has been shown to contain about 100 chromosomes
in its diploid complement (OJiMA et al., 1966; Ouno and ATkiN, 1966),
and its DNA value was 52% that of placental mammals (OHNO and
ATKIN, 1966). While the goldfish’s closest relative, the carp (Cyprinus
carpio) has been reported to have a similarly high diploid chromosome
number of 104 (MaxiNo, 1939), the diploid chromosome number reported
on other members of the family Cyprinidae was approximately 50
(Noausa, 1960; Post, 1965; CHEN, 1966). It was felt that the carp and
the goldfish might represent the tetraploid state in relation to other mem-
bers of the family Cyprinidae. Accordingly, the chromosome comple-
ments and DNA values of the goldfish and the carp were compared with
those of the two species of barbs, Barbus tetrazona and Barbus fasciatus.

Materials and Methods

Five specimens each of the tetrazona barb, the fasciata barb, the goldfish and
the carp of colored variety were used for the present experiment. Both sexes were
represented in each species.

For chromosome analysis, each specimen received an intramuscular injection
of 0.1 to 0.5 cc of 0.5% colchicine solution depending upon its body size 50 minutes
prior to the time of sacrifice. For recovery of mitotic metaphase figures, gills and
spleen of each fish were cut into small cubes of about 3 mm? in size. These cubes
underwent hypotonic pretreatment in pH 7.0 distilled water for 15 minutes at room
temperature. They were then transferred to a 50 % acetic acid fixative. After 30 min-
utes of fixation, a squash preparation was made from each cube. Each prepara-
tion underwent 15 minutes of hydrolysis in 1N HCI at 50° C. Giemsa solution was
employed for staining the preparations. Meiotic figures of the male were recovered
from sexually mature testes in the same manner.

Comparative DNA values of the four species were obtained by measuring the
Feulgen stain content of erythrocyte nuclei using the Deeley integrating microden-




Chromosoma (Berl.) 24, 59—66 (1968)

On the Diploid State
of the Fish Order Ostariophysi*

** and Susumu OHNO

Department of Biology, City of Hope Medical Center, Duarte, California, U.S.A.

JUuN-1cHI MURAMOTO

NieLs B. ATRIN

Department of Cancer Research, Mount Vernon Hospital, Northwood, Middlesex,
England

Received December 29, 1967

Abstract. Our previous study on the order Ostariophysi was limited to members
of the family Cyprinidae, suborder Cyprinidea. 1t was shown that the carp and the
goldfish with 104 chromosomes and a DNA value of 50% that of mammals are
tetraploid, as the diploid species of this family has 50—52 chromosomes and a
25% DNA value. In order to obtain some idea as to how many changes in DNA
values and chromosome complements have occurred among diploid members of
Ostariophysi, the study was expanded to cover members of the families Cobitidae
and Characinidae of the suborder Cyprinidea as well as members of the families
Ictarulidae and Loricaridae of the suborder Siluroidea. Diploid chromosome
numbers varied from 50 to 98 and DNA values from 27—51% that of mammals.
Apparently, diploid members of Ostariophysi underwent extensive chromosomal
rearrangements as well as steady increases in DNA contents by regional duplication
of chromosomal segments.

Introduction

On the basis of our comparative studies on DNA contents of various
vertebrate classes and primitive chordates (ATKIN, MATTINSON, BEGAK,
and OHNO, 1965; OuNo and ATKIN, 1966; and ATkIN and OuNO, 1967),
it was proposed that an ancestral vertebrate of the Ordovician period
nearly 400 million years ago had a DNA content which was only 20 %
of the value (7.0 x 10~ mg) possessed by placental mammals of today,
and that its diploid complement was made up of 48 acrocentric chromo-
somes (OHNO, ATKIN and WoLF, in press). This original karyotype and
the 20% value which represents the lowest value of all vertebrates are
still maintained by many specialized species of teleosts such as the
flatfish of the order Heterosomata as well as the swordtail of the order

* In Duarte, this work was supported by a grant CA-05138 from the Nationa
Cancer Institute, U.S. Public Health Service, and in part by a research fund
established in honor of General James H. Doolittle. Contribution No.21—67,
Department of Biology. In Northwood, this project was supported by the British
Empire Cancer Campaign.

** Fellow of the Institute for Advanced Learning of the City of Hope Medical
Center.
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Microcyprini (OENO and ATKIN, 1966). Diversification from this original
state appears to have begun at the jawless state of vertebrate evolution,
for lampreys and hagfish of the order Cyclostomata have DNA values
considerably higher than the 20% value (ATkiN and Ou~o, 1967).

The following three mechanisms have contributed to the diversifica-
tion in DNA contents and karyotypes. 1) Increase in DNA by regional
duplication of chromosomal segments without changing the original
karyotype. The original diploid complement of 48 acrocentrics was also
found in the sunfish of the order Percomorphi, the anchovy of the
suborder Clupeoidea and the hagfish of the order Cyclostomata. Yet,
their DNA values were 30%, 40% and 80% that of mammals, respec-
tively (OuNO and ATKIN, 1966; Ouxo, MUrRaAMOTO, KLEIN, and ATKIN,
in press; TavyLor, 1967: and ArkiN and Ouxo, 1967). 2) karyotypic
changes with or without an increase in DNA content by regional
duplication of chromosomal segments. The discus fish of the order
Percomorphi has 60 chromosomes, 44 of which are metacentrics, yet it
has the same DNA value as the sunfish with 48 acrocentrics. 3) Poly-
ploidization. Tetraploid species were found among generalized teleosts
of the orders Isospondyli and Ostariophysi. Within the order Isospondyli,
herrings and anchovies of the suborder Clupeoidea and smelts of the
tamily Osmeridae, suborder Salmonoidea, represented the diploid state,
while trouts, salmons and whitefish of the families Salmonidae and
Coregonidae having DNA values of 80—90% that of mammals were
tetraploids (Omxo, Worr, and ATKIN, in press). Within the family
Cyprinidae of the order Ostariophysi, the carp and the goldfish had
104 chromosomes and a DNA value 50% that of mammals, while other
members had 50—52 chromosomes and a 25% DNA value. For this
reason, the carp and the goldfish are considered to be tetraploid (Omxo,
Muramoro, CHRISTIAN and ATKIN, 1967).

Our study on the order Isospondyli has made it evident that the
diploid state of this order is represented by different DNA values and
karyotypes. The herring and smelt have 52 chromosomes, 8 of which
are metacentrics, and DNA values of merely 21 to 28%. Only the
anchovy with 48 acrocentrics and a 40% DNA value represented a
particular diploid state from which trouts, salmons and whitefish could
have evolved by tetraploidization.

The present study on the order Ostariophysi was undertaken to
determine the range of variability to be found among diploid species
of this order.

Materials and Methods

The seven species presently studied are listed in Table 1. These represent five
families and two suborders of Ostariophys:.
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I. INTRODUCTION

HILE speciation from an immediate common ancestor can be

explained by allelic mutations at already existing gene loci, when
evolution of the sub-phylum Vertebrata is considered in toto, allelic
mutations are no longer sufficient to account for all the changes that
have taken place during the past 300 million years. Gene duplication
now emerges as the prime factor of evolution. It is becoming increas-
ingly clear that in higher organisms such as mammals, one particular

function is more often assigned to a group of several gene loci rather
than to a single gene locus. Products of these several genes which arose
by duplication from an ancestral gene perform the same function but
in slightly different ways. These slight differences are exploited during
ontogeny. Each somatic cell type at a given stage of development pre-
ferentially activates a few from the group of duplicated genes which
fit the particular need of that cell type.

Pyruvate kinase is an essential enzyme for it is involved in glycolysis.
If mammals are endowed with only a single gene locus which codes
for a polypeptide of this enzyme, a deficient homozygous condition
would surely be lethal. Yet, such a human homozygote merely suffers

# Ipstitut fiir Humangenetik und Anthropologie der Universitit Freiburg, Germany.
## Department of Cancer Research, Mount Vernon Hospital, Northwood, Middlesex,
England.
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from nonspherocytic hemolytic anemia (TANAKA et al., 1962). A homo-
zygote escapes more catastrophic consequence, simply because man
apparently possesses two separate gene loci for pyruvate kinase. Among
many cell types of the human body, only erythropoietic cells exclusively
utilize one gene locus with an amorphic mutant allele, while other cell
types make use of either the other gene locus or both gene loci (KOLER
et al., 1964).

Aside from the above mentioned benefaction conferred by gene
duplication, the most important role gene duplication played in verte-
brate evolution was in the creation of new genes. The ability to produce
immunoglobulin molecules is a unique property of vertebrates. Each
immunoglobulin molecule is made of two subunits, the light-chain with
the molecular weight of 20,000 and the heavy-chain with the molecular
weight of either 50,000 or 70,000. The gene loci coding for these light-
and heavy-chains must have arisen anew at the beginning of vertebrate
evolution. For among jawless fish of today, the hagfish is totally in-
capable of gamma-globulin production, while the lamprey can produce
19S gamma-globulin molecules (PAPERMASTER et al., 1962). Recent
analysis of the amino acid sequence of light- and heavy-chains indicated
that the heavy-chain is actually the duplicate and triplicate of a light-
chain, and that the light-chain itself has an internal homology (LENNOX

and COHN, 1967). An ancestral gene was probably coding for a poly-
peptide with the molecular weight of 10,000.

Gene duplication can be accomplished by the following four means:
1) by unequal exchange between the two sister chromatids of one chro-
mosome, 2) by unequal crossing-over between the two homologous
chromosomes during meiosis, 3) by regional redundant duplication of
DNA molecules, and 4) by polyploidization. When gene duplication is
accomplished by the first three means, the two duplicated gene loci
should be arranged in tandem on the same chromosome. The gene loci
for beta- and delta-chains of human hemoglobin are very closely linked
(CEPPELLINI, 1959). The delta-chain gene must have been derived by
unequal exchange or unequal crossing-over from the beta-chain gene.

If tetraploidization was responsible for gene duplication, on the other
hand, the two duplicated genes should be located on two different chro-
mosomes which were initially homologous to each other. The fact that
the gene locus for alpha-chain of human hemoglobin is not linked to
those for beta- and delta-chains and that in both man and the rabbit,
the gene loci for light-chains of immunoglobulin are not linked with
those for heavy-chains (KUNKEL, 1963—64; OUDIN, 1966) led us to
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Horse and Human «-Chains

10
Horse Jal-Le r- Ala-Asp-Lys-Thr-Asn-Val-Lys-Ala-Ala-Try-{ SER

Human Val-Leu-Ser-|PRO | -Ala-Asp-Lys-Thr-Asn-Val-Lys-Ala-Ala-Try-| GLY

20 30
Horse Lys-Val- \,,ijl GLY |-His-Ala-Gly Glu—Tyr—Gly—AIn-G]u»AIa—Leu-Glu-
Human - AL His-Ala-Gly-Glu-Tyr-Gly-Ala-Glu-Ala-Leu- Glu-

40
{orse Arg-Met-Phe-Leu -Phe-Pro-Thr-Thr-Lys-Thr-Tyr-Phe-Pro-His-
Human Arg-Met-Phe-Leu-| SER -Phe-Pro-Thr-Thr-Lys-Thr-Tyr-Phe-Pro-His-
50 60
Horse he-Asp-Leu-Ser-His-Gly-Ser-Ala- Gln—Vai-Lys—;’A.LP- His-Gly-Lys-
e

Human Phe-Asp-Leu-Ser-Iiis-Gly-Ser-Ala-Gln-Val-Lys- | GLY | -His- Gly-Lys~

VA

ALA -H1S- ‘ |

-Leu-Ser-Asp-Leu-

T

-Leu-Ser-Asp-Leu-

Lys-Leu-Arg-Val-Asp-Pro-Val-Asn-Phe-
Human « is-Ala-His-Lys-Leu-Arg-Val-Asp-Pro-Val-Asn-T

AL

vy ¥ = 1 - r‘_"_X ST . Sy vl
Horse His-Cys-Leu-Leu-| | -Thr-Leu-Ala-| VAL |-His-Leu-Pro-{ASN |-

Human His-Cys-Leu-Leu-|

Horse |ASP | a-Ser

Pt

Human G -Phe-Thr-Pro-Ala-Val-His-Ala-Ser-

Horse « =S Ser-Thr-Val-Leu-Thr-Ser-Lys-Lys-]
Human LA |-Ser-Val-Ser-Thr-Val-Leu- Thr-Se r-Lys-Lys-Tyr-Arg
F1G. 1. The ami
that of horse «

carboxyl terminal at the bottom ri TV'O chains differ only at 17 of the
positions outlined demonstrate the differences between the two chains.
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Horse and Human 8-Chains

10
[ALA]-Ala-[LEU

v 1 o ~ v
Y -Glu-Glu-Lys-| ¢ 1 |-
SRR TN 1

Horse

i
[ i

’ - e s el
Human al S (i .0 | -Glu-Glu-Lys-|{ SER |-Ala-| VAL |-

20
s-Val-Asp-{ GLU! -[GLU]| -Glu-Val-Gly-

-Ly

'THR|-Ala-Leu-Try- < -Lys~Val—A>p-‘-.”\/—{§F—‘rASIT -Glu-Val-Gly-

ey
40

Horse Leu-Gly-Arg-Leu-Leu-Val-Val-1 yr-Pro-Try-Thr-Glu-Arg-

Ha G 1 1 ly-Arg-Leu-Leu-Val-Val-Tyr-Pro-Try-Thr-Glu-Arg-

iuman

| -Pro-Asp-Ala-Val-Met-
Pro-Asp-Ala-Val-Met-
1is-Gly-Lys-Lys-Val-Leu-
r-Lys-1I.ys-Val-Leu-|
Horse

Human

er-Criu-1.el-1ils=
+<iuman

10U
ceValnd s Pra Glu-L Aroad et Tean-Go) . alol e
s-Val-Asp-Pro-Glu-: Arg-Leu-Leu-Gly-Asp-Val-Le
is-Val-Asp-Pr o A > e tro ] 5 Aan-\S Y e
LaiS-Vai-Asp-rro-UGil-4ai =£ASP= V-8

yr-Glu-Lys-Val-Val-Ala-Gly-Val-Ala-

-Glu-Lys-Val-Val-Ala-Gly-Val-Ala-




[P

1CC U LU OCT

evolution,

1ISTITULIVE neilr

5 B e At AT ~ s
Ui GliiiilU auald

= 3

o u.C(.;u.Ll.C.T.L ITLCL\;Q €n

Because of

LM; réaunde

genc xocus n

Y nyvarqalv
ochz S @on /uauh

that cistron in

gene
O\:&A ~

tural selection
freedom to

put to con

e nas the uflg

from that assig

TWo
ce that oi an ori

CUUJ«,C‘;

nop 1o

on. whose len
‘ i

Ly vvm A AT
FROELIMIR{0 88

e B e
GdhadiaV QUL w‘v»‘k—‘vio\-—vd (JA -

O o e
MLl AAULLA

“S“.uu, gOU

ivate

LVaoie

L.aciate -..u....J o

CRasc s g (eramericmoicCiil, 411 oSt

n “»zz't g incmuug not
gene which

rag eb,iie

ene;

vious

ilc

ca ’;J

LG 2l

more
A40L

catastrop

SC L,.-.._\,

oty

3y 7.--‘\/ JO’\.«nu cells
el o .',a..—“ Y Ay
WAIICH an amorpiiC mutant aliele exists.

gene locus or both gene loci (Koler

verte

tortae




hapter 4—4

E—Volume IV—Chap

ATION IN

GENE DUPL

>d, tWO separat
been round.
IVILLLI'ACJ; i uux-.,
) X:;'.’;Qi‘. 1roim a Cornmon
e e e 1 LS e e
capagit Of recognizin LUICT dnda taemselives wita ‘CQU A

10lecular forms

te conce

the same. In fact each son 0
] ropriat

+la Buva £Aaranc y
WlC 1IVC 1OLLllS
5 1 g stanc g ST 11a

uiar

1T OO CATTAa
aiilsim Cam aerive 1

1Y pi \J‘«;CL'C net Iuly zous a

i L1 5

is believed thatan aueer

pe cies. Itis bel
tions with

aesiravli€ QeLeroz LY 5
=00MmMoz

41T

On . the

1D11Cation,
CIwo s

member
nav

i 10n¢e 1act

homozyg
:

uuw.VLu amo
ge without simultane uuo-\./ als
an offset the advar

e same \ULAI'O“).UJ‘,
— s IR iy
N A’lcu.u

“.u.\_puu.., -«v\_ uires taat «-C

nounts. Were

Unogiooulin enes as Lxam

&ide AUCTIIZ
i Vo

20551040 L0 KIOW IS 4000 J  SUTUICTINONG,




when the complete ami
by a group of

Llupalidicd

these c  of the samess

enable us 1o

A1y
)CC1ES enaopie (R (4]

PR VE ST
&
orate evoliuti siication

Cacil

iollowed each M.MLJMCML @I AL;

> N7 A

cacntotnes ..-;.;J oftixécevoiut

onal

a lesser extent with lig

TOCESS 18 O;;LJ

f' the polypep

: 7
“-mr‘p.s at

L ~Anrre
Lo

\,\/LAC

1th

th various

eavy-chain

I(,ut 1o0n

i !
(1V€ nagnsn

urocnoraare:

<~y A Ny ~1a )
primoraial g 10dliIC 0L DEC

Kin L5

1Otei, 111 VE
ol XSt aupiication or

“hic IAnryie
Chido AU UD

g/ §ES
ng oLl

has ]

44
ad cocled 1

CIiC 340 COUCA 10T

that > = ~ a con
tilat OOtl arose 1rom a commao

the two be

ey

and tne r

10 g@
o

ve occurred aft

hemoglobin pol vp

product of eaci locus ha

“P”

a1

“‘G.

Lat

hat hemo-

bin poly-

7 shorter than
re 141-146 amin
residues.

xmoglo‘oin cistron

W uj verteora

':hc Ia

O NG avral

\.b_-:};uv d L

cn bhu vy to 33
'zﬁ;;, an undeleted
cati ou, for this fish
eless, it is
monomer (Ohn
i

1 hemogobl




L
1 twWo

Lest
celis
N

Vi1 L0 aVE ‘14

réd Wit

dic

AnmAial
e assiUllial
&

\.[.;;lm.a.

Iesp

L

iU

Qim e
w LI

NE

JECLS.

L] Aguﬂ ucs,
15O TCSIGUES 1T (

4150 \‘,‘;;.C‘C/)\.“
WO SCDe -11C
“l TCSICUC 1047

tc OlLIcr cnain o1

Cne Auvub A0U1

> occurr

€ne 1oCus 1or

1;0‘; all

mam
ail Ilallll

A Tov s
Llialll Bl

quez-Monter of Mexico (ji‘y,

Ty AT
S 111 var

ious
crowin
€lectrop

u‘)--v- (IR

€S Or developme

CLiO Ldas

DUPLICAT

xmmalian A;TAC

nt, tae

&

W
ION

o~-chain

[SP TS

AT T
UL

FOVNT
LAUN

Z.i t Iro

irom tae
$ 1)2 I'CS

TC C.M /Al\,a

C g€ne locus ford

‘i"v/ ('.S :C -

exan ;_';1;;? nearly JJ horse
yO":%sL W‘.:_; wAy 90 mr

il 001

DIN




cnams

’/—C.i;;fl.

208S€NncCe o1
y=10CUSs.

€N machiv

Tyt e G
JDrOPriate to cail

NCE 01 \,.-L 3 1cation 1n _u. 1mor

as tile result o1 > gccurre
7 ST AN ey Ay
1neaiCient preqaucer
- heran
1L ICLIIO)
t ave been to.crateq, 1or o J41S Progucead 1n excess
Cr't decieter: LLCCTS, 41., S, @ EW At Lp;iCEEC 1S some-
ause it 18 harmle

- 1l N s 3
that both aC rst andseconda

the occurrence o FAMETIC

NI 1
DeINt to be V-AAJ“»D,.
Ttetr

tarraqieia
{CITCStrial

rara » RECATO
‘-'v. 1 11C SCCOoIIA

LLLO7L Of Lhinilio, lobulin

codain in AUL

1C1ent OStre
als include the r”l‘,'fc

WhRich does

/-\.A.um waich 15 a00UL4dUresiaues lo

(;_“ \ v




oltirae VA ar T A
U_».*...&‘v A ilial Js

119

and cecameric fonrrmmce T
ana decameric rorms ol

L classes are represented

iaenftical i.-cnains and twi

a -
ticqiois 242 2

crher ] - 2 O g e b ]
thclotiier | “M\.) L Ol dCCamcriC moiecuies.

nlare Aaf +ha ArAin Y _~h ~rvr Tt xy
DIACE O1 TN€ Oraiilary ri-cnaim to combine v

Wemlien g
lecules ha

- - - et
100U MOIECLIES & J sCal 1O UL UI0U

ng, starting

rént variaoic

. 5 Pras et lriem
more tnan suiiicient to account ior the “w.‘z_/ u.-.-L;LA;'L Kin

Lt constant r
‘Ar\/\’AAbwA‘AVA—A Tes 1414 u,,v»v A.\J- Lalvow Vadliao

we will exclude this aspect irom the discussion, and Wiii 10
9

=D b

cistrons

\Iub\" e raoboit ¢

O D : the difference in lencth is
220 2mino the difference in ler 1T th 1s
hat a clone of pl: 3 ( [1 procuces a ugnt chain withou
v -

variapie sites

~ ] "
O A= v;-su‘xb
J; Inor C.\ al mamumal.

e 104 QT
to the 106th pv:mm)

tnere ‘.b ro

1 : 1
] s o whila th Ao lre ana ~has -1 = o
10MOoiogy, WIiliC 1€ I i . 1 SDOW u-Ai_/ i
. A o ¢ N Qe o 2 ceanentis 1
\u..,.,.--u.. and COLIL, > \»‘\—‘\,Al> 1a
o Sy
entine
Ulitcd,
P e G 2
alids u\,\.ulJ_,(“-‘. =variapie sites




classes. 1T'wo L-chai

1-Cnain 1s twi

cysteine at the
).Ad
the IgM class has three times 2ilen
¢ i & imte 1 ey .
bridge between
An obvious ¢ sts between the
tandem fusion of two

OIS suggesis thal 1ac L-Cid




MAQOTO AT
BASIS Uil

NTIDT TOATT
DUPLICATT

; :
arboxyl

448 rusion of two du

1 Whiich coae fo
S E C a+A
)drad ”
//

Giadd

DI b L Niva At~ by
=834 C‘..uy 5 genome o1

ass '\.,M- cnalo

7
Liasii J\/. Qiicril

anda is not
I

V1¢h Brodiiced the cene TAraa © +
4ICa proaucea the gEene locus tor u-

o oy REER ]
ana 1ndacper

ain

2=CHaIn

3
fealole el aas
v ACn 1 ostracocerm

A1

111110

1ave been
averbe

1.
1Ty X
i 4--LA,\,VL‘ vEC andio u\.,.V




A R
Le place anda the
: 4 i i 1 i
.uulbu. wWas enaowea IR ¢ 1CCus ior C;‘C el 12111, 1T wou A'Q thus
PRt QR AT lan

1 1 o
that q S lar e s G sh wh .
taat a ;)u»\.pm.‘ul (o) TGSSODICTY gian AA h whict 1 eventua Ay ave

locus for each of the three classes of

AVACLLAAZIISITIS

D€ theo £h3; : ot mechanicmn h o¢ 1ipats ~od
IINEREI O € 11 nani Wy luplication cccu nted
C"“ ug urion, the iirst SULEIn a duplicate 1n the 1»'-vxmeazatc

nity of an original g s tandem arrangement of an original

..;;; a duplicatc gene is essential if 2 new ciu‘ on 18 to be created by fusion

merharion

of the two. :u\, third mechanism 3 is to tandem dunlicaﬁon, but

it involves a s a number of different

ave in common certain st hortcomings,
as instability caused by the close liz kage of c‘.u;;licms, at a time when
there is a tendency to further dup n and d ~"ﬁ*ioz f that segment of a

Hidl

chromosome. Without stabili on, duj n not diverge from each

T a0 A £ AA -': .
OLREr 50 48 10 3 jaire a 1t Tunct Viore I 5 |9 tel
moiecuies are made of two ¢ rent subunits ceaed €parate g ene locl.

For such
e 4
current
_—
4 ALlG

an ori f mal

cleemn A 1
HESUSERTCEeMTIc u;.-;

e Tots »ir

Lalaiial y.

ool
gene lo

s A
unequar excn

Z

A strands

ymaidme 1nto 1its

a chromos ome mQ-Aow

labelled, the correspond

M A = X7n N hoor s s A e
x,;c;u-y, during the synthetic phas he mitotic cycle, fre
between two chromatids of the same chromosome occur.




AL R
EVOLUTION

I, as imdicated Dy
1 tof

S K ea Ty
tO ulc Did t Ol

\One (0Cus 16r

& —Cndain)

Gamn

Gene cuplication

Nne same aliCiiC alternatives.
T OS¢ &-Ciiains as €xarl

~es. A an
0288, LA 8
winlle ea

phenylalanine at the

shile the ci S whichlcad S
wiille te Cistron wilcia CoUcs &

Cistron Codlc¢s I0r

i

that tag cistron Coacs 101

VaTat

Uolu

i Jallalivia,.

position is

4 o

codes

5171011 1§ drawn

Y AT
CLPDLICalivil

tais 10 occur

- o calertiva arvre
(Ca1ate SClECtive aava

~
OO AT Mo
J5VYL0 L0L LD
resut 1

5 {Cation o9 171 & very
SvAse Wb JadlallUial el i a ver




. ey
e A cirmilar
< ’ 1112

oiiUaiiCil Siiniiiarl

a er
108 Aicr

Sihean UIL/OLL VOLL LAAGL LAdi ™

diiCIIC SUUbLIULIULL i 714

(038

el

et v"O'

neero-

CIC iICCUS
Cne Aty
«*=Ccnain., An aiternative

Aanxr rarant]
very recent

Ak D S

Lall AAILIIICU
Se TG

oo (LGUUS

1, sSince it

ada :
I10T8C'S COUs1

tion 24. If du A.VWKOZ- separate

udi 2 € witnin to [ mosome,

avEe EGCCZVS\,.

Al ;
ilial dilud & “‘LJ 1CaiC

ca Ao A tha
same coaon I1or tne Latir

AT ACOT

v UoUdiivo
and g9 Ad FATY O

aiill d LU ,_A\.au&- on o1ne CAromosome

AP o snth O

)S1t1011, Al 00U OI

It A 9n OF
u_..-&.’v alli Uil

1ere wouid

Deery

AT oy ey i

£ nc Przewalsk: horse (H. HUS ewal. ] cChromos
1965), while the b h en o

et (w.) A“/\):)) JTSE (i as 64 ch 0s

nromaosomes. it

-chains.

that eithier au J‘-‘w. L OI t cinatl OC1 rautation which

amoigu

ANTA T AT AT O - - : 4 A
NIMoen ancestor ( { Ca 110 TWO il
41 18 A0ped Thdat tad DACLOmICnon O two Or 1ore @




ame Ciarom

10SON

30111C &

Oy more uneq 1iVOCs

10

Uil bA

( ne
,--“\,uh; Ladicl

188 oCCu

s
irred In o

€ Proovi€m o1 €XCCsSY
i P Y s R
UL LWU Laliibdiin g
CXist 1 1xain

auman

A1

‘-,u] Tuse 111 L”b“C 1

1Ll LAaol

(V‘f 7ONon

|
SIOwWedA

1
cyinatg
uuuUw,....L

101No~
ST
o=

‘1 &Lv;u h:{

this so1 ”1

ATyt R
O airierent »».\.“'.,u ‘u- tne same iocus

~ara
)A ~ J&o; M--ub‘o

y ‘ che e VO
€d a part i1 uic evoiunioi




omosomes
during meiosis 1s schemat
1e locus bec
Initia .A.\’, a solid
(Top). Unequal crc

same chro

{two xlls‘cs on t
germ ¢

(T \ e > ition e ATy antage,

carries this d 1cation ( 1 & aniag

time, every member of 'OZygous

advantage is thus permane

a 10~-10iQ aurerence, wiilc cer tain other

S ~o
ALECECOCEEL

'CIICINES

Tirhh
YWikizil Luldiic.




AS & result ox

L_é {ron were

O

121> LilVOULY

‘.}.\)LV\JM-VJ CI ,wu\;' 411G otner Ciasses

1€ Lu wo

A D I F
e 10C1 10 ri=Cil

D o--;: from ;‘.ucl

iptQ

(8{ Al

~F o p R A -
OL 0 L2.va Cldsd. LAl
& SO

LUTION

A-;i.:;;;co;‘;“:d

A4a00 LCLidlaUAlL,

roplem

p~chain,
PN
y contained

about 100 amino

5\, or V-O\,o“-d

Ay

chain cistron

notbelcreatcaiat

o produce immuno

the L-chain ha

1 to be )"VV‘“C\A...

ti~chain locus ¢

7 ad ¢
H 1S

clidpi0101Z4ation. 114 ti

Sratia e o . L St
LU ALUL AlAdvV e il JAA1NCOUW CALLICL LO

~ . 5

e
mwredieta
i CLdlLe

ould

n-Cnams w

S
-;-LAU‘-u- ,7

ances

b..u\’\/.:. 1S T4t & estral




|

primordiai gene

L-chain gene

tetraploidization

uccess
qual excha

ange

'€COnSIx

loid state is indicated by gous omosom
10SOmeEs ar e octaploid by el s. (@) I
Deciel 7hich S 1on ancestor to al t

primordial i ide chain ab

ates, there wa
about 1 ami id resi

HEST
O proaucea a gene
tetrapioidiz one l.-Chain iocus oecam
1R1s redundant i.-cikain iocus

S1I01lS ana obecame

th of the L-c
bulin of the

rgence
rgence

nplished by on rnatives shown in this rov
Conversely, the ] i

1er to the 1.-chain l6cl Nor

d be linked

1dem duplicate of the
third deletion, thus establishing the locus 1o
Ged 0DIo




ENE DUPLICATIO?} UTION

{ marniy

riraoralal

o nf

o UL
<5

B el B

11 man out ais

not oniy
3

yOouid DE 10Catea 011 0

Ciidils Ol aIlGUCT CLATOIIIOS0ITIC

J“- 10C1 10T

te evolution

/¢ te
.-/U- LLic ©

11 ol licka o Ay

Jeli-estaviisfied caromaesomal
o T / ch

£anisms witil tne A X-sch

that buwe

lal

enc aupiication

\u.i-‘u and
7o 3 omossme! sev-det T -
were Stili aguatic, tac > chromosomal sex-determin
1 A T
i AAAL\,A-\»..,. COIN

et
“11Q
4 L1US,

n, emy

o ~15 e
11C QUPILICAtL10:

ciianisms,

aq WA canter
a LDINA content

(@81 /»\,‘._. CO1x

{x COntene 1n
S AreA oiNa
1Verse speci
A AR A a0 T s
UiliUOULLICo. 4 \.A\.-L"
A e TANT R
S€ 111 DIN£A content

involy ing

eleost, contin




3 1
el rhrAamo

A
rmeda cnromosolres.

the mamimailan vaiue,

cvertebrates winose

-line as the rest

ue and by

TYRT A Aol aiisg e e e
DN content, 1 e ;-Q;- sh

larang

, Wilichh 1S not e Case in lampa

VA..._vkn 4L Lid
s

o \.,-H OINOSOIME NUINoer

~a Qo
141€ SaifC

e
con daipioid ¢

43 QA,.V armed k.:ll'OfﬂO-

DEIIEVEC i1an msn wnichi sougit
S 7 e ,

UCCO1L

on Zy one -\_L;:l W, ncestor of mamma
a similer to that of present-day s: ‘T;GI“;Gii
ery vertebrate passed thr oubh on
ancestral to mammals ir

At o S =
LOLid iUl A4 a LiVAL,

ect can

L+ aaph
LiL Lavis

o

INnU 'i(’\?’
]

mutatior

arc M;v—;r:‘l; latea o e undar

10S0IXi€ auring
N

Sy KA/ wicqual Crossing Cr O een two no ogous chromosomes




( hantpr
TNAla JlCl

(AN
n. anda (4) polv-
i, diG (%) D ,“._/

Crossiz

. iMany oI the

vyl
LoUucC

105 QUPLICALCS

‘\/-A -

10NS occurrine
{10118 occurring
€r¢ carriea out when
rteporates
Stagec was Stiil 111 118 1

38) from the
JU/ aaidl UL

1
researcn
Leoldl

4D s S
nest oeutier and

nf -
vl L/i.;

A A
v omn

d, J. &, Olleiton, j

SN CIOES I
vl 209 i cre
G. (1963). j. Biochem., Japan

S arol o

(GGeraids:

(T. F ) e ol s et
(J. b. Stanbury, | an ) . freaerickson, eds),
i BOOK UO.; INEW X OIK,




ANallf

Stretton, A.
Grpl e Sy
ey A\.\}J “ ey

RIG Davies; DR,
422-477

00, 422-42

» and K. R. Lewi

T e e S oy
Lennox, E. a ochem. 36,
Anmdal Pl KAA

4vadllQc:, 7., [VLCT

1950). C.r. hebd.

Mod

Viek.

F o
unno, S,
~1 Q Yo A

VAorrison, .
S., \v’i“> U. and A ‘\A-., &

o) é witas.
V() ¥, cell. Physiol g i0s
P-

~
ana sood

J. €L,

/10

» A. F.; Muirhead, H., Will, G. and North,

20 ST p % 8 1 ko ly
(1Y0V). Nature, Lc , 416-422
DAty e NgZ N o .
or. T 06¢ s
rorter, .

. physiol. Chem. 344,

1ORON. BT
(1962). Blood 19,
SISO Proc nat

7nwalk




Biochemical Genetics 2:101-107 (1968)

Duplication of the Autosomally Inherited
6-Phosphogluconate Dehydrogenase Gene Locus in
Tetraploid Species of Cyprinid Fish

Klaus Bender!? and Susumu Ohno'

Received 2 March 1968—Final 14 April 1968

Among members of the fish family Cyprinidae, a diploid-tetraploid relationship exists.
The present study on electrophoretic patterns of 6-phosphogluconate dehydrogenase
indicates that such diploid members as Barbus tetrazona maintain allelic polymorphism
at a single gene locus for this enzyme. Tetraploid members such as the carp and goldfish
are endowed with two separate gene loci for 6-PGD. Tetraploid evolution apparently
fixed two former alleles of the same locus as two separate gene loci. Furthermore, it
appears that after becoming tetraploid, the carp and goldfish developed a separate
regulatory mechanism for each locus; thus preferential activation of one or the other
6-PGD locus occurs in different tissues of tetraploid species.

INTRODUCTION

The enzyme 6-phosphogluconate dehydrogenase (6-PGD) catalyzes the second step
of pentose phosphate shunt of carbohydrate metabolism. This enzyme has been found
in many vertebrates to be controlled by a single autosomally inherited gene locus.
The coexistence of two or more alleles at this locus which produce electrophoretically
distinct subunits has been reported in man (Parr, 1966), the rat (Parr, 1966), the deer
mouse (Shaw, 1965), the cat (Thuline, Morrow, and Motulsky, 1967), and the Japanese
quail (Ohno, 1967). In addition, unpublished findings of various colleagues indicate
that allelic polymorphism at this locus is a rule rather than an exception among diver-

This investigation was supported in part by a grant (CA-05138) from the National Cancer Institute,
U.S. Public Health Service, and in part by a research fund established in honor of General James
H. Doolittle. Contribution No. 4-68, Department of Biology, City of Hope Medical Center.

! Department of Biology, City of Hope Medical Center, Duarte, California.
2 Dr. Bender is a recipient of International Postdoctoral Fellowship 3 JF05-TW-01198-0152 from the
U.S. Public Health Service.

© 1968 Plenum Publishing Corporation, New York, N.Y.
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gent species of vertebrates. Such widespread polymorphism conceivably indicates
that heterozygosity at this autosomally inherited locus carries some advantage.

If a substantial number of members in a given population enjoy the heterozygous
advantage at a particular gene locus, natural selection is expected to favor duplication
of that locus, for a duplication permits the genome to incorporate two former alleles
as two separate gene loci. By this mechanism, every member of a species would carry
the heterozygous advantage permanently, and this has been postulated in the evolution
of isozymes (Brewer and Sing, 1969).

We have previously reported that, among members of the fish family Cyprinidae,
the carp (Cyprinus carpio) and the goldfish (Carassius auratus), with 104 chromosomes
and a DNA content of 509, that of mammals, are regarded as tetraploid species
since the barbs (Barbus tetrazona and Barbus fasciatus) have 50-52 chromosomes and
a DNA content of 20229 that of mammals (Ohno et al., 1967). The present report
suggests that the barb (diploid species) maintains allelic polymorphism at a single
6-PGD locus, while the carp and goldfish (tetraploid species) are endowed with two
separate gene loci for this enzyme. Thus, tetraploids appear to enjoy a permanently
heterozygous state.

MATERIALS AND METHODS

Barbus tetrazona was chosen as a representative diploid species. The twenty specimens
studied ranged from 2 to 6 cm in body length. Two hundred goldfish and 18 carps
were studied as representative of tetraploid species. Most of the goldfish were immature
specimens measuring less than 7 cm in body length, while carps measured approxi-
mately 15 cm. Because these fish were purchased at a local pet shop, their breeding
background is unknown.

Small specimens were homogenized in tofo. From larger fish, various organs were
sampled separately: erythrocytes, liver, kidney, gonads, brain, eyes, gills, muscle, and
heart. Slices of tissues were first rinsed in physiological saline and homogenized in an
equal volume of 0.01 M potassium phosphate buffer, pH 7.0. Homogenate was centri-
fuged at 27,000 x g for 30 min at 4 C. The clear supernatant extract was employed
for study.

Vertical starch gel electrophoresis was carried out at pH 8.6 using a continuous
system of borate buffer. Each starch gel plate contained 5 mg NADP. Electrophoresis
was continued for 16 hr at 4 C with a gradient of 10 v/cm. The staining solution
contained 10 mg 6-phosphogluconate disodium salt, 2 mg phenazine methosulfate,
2 mg 3(4,5-dimethyl thiazolyl 1-2)2,5-diphenyltetrazolium bromide, and 2 mg NADP
in 10 ml 0.1 M tris-HCI buffer, pH 8.0.

RESULTS
Coexistence of Three Alleles at a Single Gene Locus in Barbus tetrazona

As shown in Fig. 1, five different 6-PGD phenotypes were encountered among twenty
specimens of Barbus; assuming single-band patterns to represent homozygotes and
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Summary. Within the order Clupeiformes, chromosome analysis and DNA measurements
have indicated a diploid-tetraploid relationship among closely related species. To confirm
the presence of polyploidization at single gene loci we studied the LDH isoenzyme system.
The results obtained are in agreement with the hypothesis of polyploidization. While the diploid
species show two gene loci for LDH, the tetraploid species exhibit four separate gene loci.

Introduction

A major prerequisite for the evolution of organisms during phylogeny is the
increase of genetic material. For this process two different mechanisms may be
considered :

1. The duplication of single genes or small segments of chromosomes as a
result of unequal crossing-over and other mechanisms.

2. The duplication of the complete genome by way of polyploidization.

While the first mechanism remained operative unlimitedly during evolution
the mechanism of polyploidization is thought to have been succesful only on
certain levels of organisation.

As soon as the sex chromosomes become heteromorphic, polyploidization will
lead to intersexuality ; consequently, this mechanism will be excluded as a factor
in evolution (OHNO, 1967).

Among vertebrates, the sex chromosomes are still isomorphic on the level of
fishes. It may hence be expected that polyploidizations still occured among this
class. That polyploidizations have taken place can be considered as probable when
closely related species differ in their ploidy level. Assays of the DNA-content per
cell revealed that closely related species differ from each other by integer multi-
ples. Within the order Clupeiformes, OENO and ATKIN (1966) found that a re-
presentative of the salmonoids, Salmo irideus, has 104 chromosome arms and a
DNA value of 809, that of mammals, while a representative of the clupeoids,
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THE INFLUENCE OF SOME ENVIRONMENTAL FACTORS ON
STANDING CROP AND HARVEST OF FISHES IN U. S.
RESERVOIRS

ROBERT M. JENKINS

Bureau of Sport Fisheries and Wildlife
Fayetteville, Arkansas

Abstract

The effects of nine environmental factors on standing crops of fish, as
measured by recovery following rotenone treatment, and on sport and com-
mercial fish harvests in U. S. reservoirs were explored by multiple regression
analyses. The mean standing crop in 127 reservoirs was 186 pounds per acre;
mean sport fish harvest in 121 reservoirs, 22.6 pounds per acre; mean commercial
harvest in 46 reservoirs, 10.2 pounds per acre.

Environmental factors considered were: reservoir area, mean depth, total
dissolved solids, storage ratio, shore development, age, water level fluctuation, out-
let depth, and growing season. Most of the multiple regressions accounted for less
than 50 per cent of the total variability in standing crop or harvest, but signifi-
cance levels were high.

Environmental factors which appear to exert greatest positive influence are:
dissolved solids on both standing crop and sport fish harvest; age of reservoir on
clupeid standing crop and commercial harvest; storage ratio on sport harvest;
shore development on standing crop and sport harvest. Factors of greatest negative
influence are: age of reservoir on sport harvest; storage ratio on clupeid standing
crop and commercial harvest; area on sport harvest; mean depth and shore devel-
opment on commercial harvest.

Multiple regressions of greatest apparent predictive utility are: a) standing
crop on dissolved solids divided by mean depth; b) standing crop on dissolved
solids, shore development, and storage ratio; ¢) sport harvest on dissolved solids,
growing season, age, area, and shore development; and d) commercial harvest on
growing season, mean depth, storage ratio, age, and fluctuation.

Introduction

ONE of the major duties of science is the prediction and control of
human interventions into nature. This maxim is particularly applicable to
fishery scientists responsible for predicting effects of planned water
development projects on fishery resources and. for the management of
the impoundments created. Estimates of resource-loss mitigation and
needed enhancement measures resulting from reservoir construction
have necessarily rested largely on qualitative judgments. Fortunately, an
increasing backlog of quantitative fishery data has accrued on a great
variety of reservoir projects since World War II, providing river basin
evaluators and planners with better bases for prediction.

298
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A primary aim of the reservoir research program of the Bureau of
Sport Fisheries and Wildlife since its inception four years ago has been
the collection and analysis of all available biological information on large
U. S. impoundments. Emphasis has been placed on obtaining fish harvest
and standing crop data on a wide variety of reservoirs where information
on physical, chemical, and other biological characteristics is available
for possible identification of cause and effect relationships.

Hopefully, much of the variation in standing crop and sport fish
harvest among reservoirs can be explained by differences in a few en-
vironmental factors. Once identified, research and management efforts
can be focused more directly on those factors which appear to be most
vital to the welfare of the fish populations. Recommendations concern-
ing design and operation of reservoirs to enhance fishery resources can
stem from a firmer base.

Readily-measured keys to potential fish production of aquatic en-
vironments have been sought by fishery biologists for over thirty years.
Welch (1935) listed average depth, rooted submerged vegetation, plank-
ton, bottom fauna, turbidity, dissolved salts and gases, and dissolved
organic matter as individual aquatic productivity indices which had been
proposed by other workers. He concluded that no single usable index
had been found and probably does not exist.

Rounsefell (1946) was the first to attempt to predict large reservoir
standing crops and yields. Using data available from ponds and
naturel lakes, he derived a negative logarithmic regression (—0.39) be-
tveen sport and commercial fish harvests and lake area. On this basis,
reservoirs over 10,000 acres were not expected to yield more than 2
pounds per acre of sport fish annually. Commercial yields were calcu-
lated to rarge from 30 pounds per acre in a 10,000-acre lake to 12 in a
100,000-acre lake.

After analyzing fifteen years of Minnesota lake survey data, Moyle
(1954) demonstrated highly positive curvilinear relationships between
standing crop and total alkalinity, salinity, phosphorus, and nitrogen.
He theorized that the positive alkalinity and salinity curves probably
reflected the natural tendency of lesser elements (P, N) necessary
for growth to increase as they increased. Moyle cautioned that the
apparent relationships are complex and probably a combination of
coincidence and cause and effect.

In a nationwide analysis of environmental factor effects on standing
crop in lakes, Carlander (1955) observed that although standing crops
of fish do not necessarily bear a close relationship to fish production,
they are usually the only available estimates of production. Furthermore,
he concluded that “since the annual rate of turnover probably varies less
from one fish population to another than does the standing crop, stand-
ing crop data are probably fairly good estimates of fish production.”
Using cove rotenone sample data from 13 southern reservoirs with a
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mean standing crop of 256 pounds per acre, Carlander obtained a posi-
tive logarithmic regression (0.017) of standing crop on surface area,
but it was not significant at the 0.05 confidence level. Data from 19 small
(< 150 acres) midwestern reservoirs yielded a negative logarithmic
regression (—0.131) of standing crop on maximum depth.

Rawson (1958) listed the following factors as probable indices
to reservoir productivity: area, mean  depth, shoreline develop-
ment, storage ratio, water level fluctuation, highest mean temperature,
average near bottom oxygen at midsummer, average Secchi disc depth
visibility, total dissolved solids, average standing crop of plankton and
bottom fauna per unit area, average catch of fish in a standard gill net
and a list of a few of the dominant plankters, bottom organisms, and fish.
Earlier, Northcote and Larkin (1956) had described a positive relation-
ship between standard net haul catches and total dissolved solids in 100
British Columbia lakes.

A number of pond studies concerning environmental factor effects
on fish standing crop, estimated by rotenone recovery of marked fish,
have been reported in the past decade. Jenkins (1958) found an average
standing crop of 341 pounds per acre in 42 Oklahoma ponds, with posi-
tive logarithmic regressions of standing crop on age of pond (0.616),
number of species (0.830), and MO alkalinity (0.509). Turner (1960)
reported a mean standing crop of 385 pounds per acre in 22 Kentucky
ponds, and described positive correlations between standing crop and
total alkalinity (r = 0.67), and potassium (r = 0.44) and phosphorus
(r = 0.72) present in watershed soils. Isaac and Bond (1963) reported
bass-bluegill mean standing crop in 10 Oregon ponds of 281 pounds
per acre. They found no clearly-defined relation between standing crop
and total dissolved solids, MO alkalinity, or total phosphorus.

Larkin (1964), in summarizing findings on big Canadian lakes, con-
cluded: with increase in area, there will be a relatively smaller contri-
bution of plankton from rich shoreline areas; with increase in area and
depth there will be advantages for limnetic production as a result of
greater depth of circulation; with further increase in area and depth to
“large” (e.g., 6 million acres) lakes, deep circulation will have disad-
vantages and production will decrease.

Expanding on a 1957 attempt to derive a lake “Productivity Index”
(PI), Hayes and Anthony (1964) computed a series of regressions
between PI and surface area, mean depth and MO alkalinity. This mul-
tivariable analysis represents the first reported use of an electronic com-
puter in performing the huge number of computations required to explore
new relationships between fish production and environmental factors.
The most highly significant equation they derived accounted for 67
per cent of the variability in PI, of which 20 per cent was attributed to
lake area, 29 per cent to depth, and 18 per cent to MO alkalinity. The
analysis was based on 41 lakes or lake groups.
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Ryder (1965) recently advanced a tidy, straightforward method
for estimating lake fish production. For 23 north-temperate (Canadian)
lakes, log “morphoedaphic index” — which is total dissolved solids
(ppm) divided by mean depth (feet) — versus log annual sport and
commercial harvests (pounds/acre), yielded a highly correlated (r =
0.856), positive regression (0.446). Ryder did not attempt to relate pro-
duction of species at various trophic levels (short, medium, and long
food chains) as did Hayes and Anthony (1964), reasoning that the re-
moval of fish at one trophic level is usually compensated for by the inter-
action of other species at other levels.

If progressively more complex indices would have higher informa-
tion output in the form of predictive reliability, analysis of available
data on a number of factors recognized as probable influences on
standing crop and harvest of reservoir fishes should prove rewarding.
The goal is to develop manageable mathematical models involving 5-10
variables which would provide better bases for understanding, predicting,
and modifying reservoir fish populations.

Materials and Methods

In 1963, we began to compile and analyze all available pertinent in-
formation on the biological, physical, and chemical characteristics of
U. S. reservoirs. The primary aim is to describe and correlate pro-
nounced fish production differences in terms of standing crop as esti-
mated by cove rotenone samples and by sport and commercial yields
with such variables as: drainage basin geology, soils and vegetation,
climate, reservoir size, age, uses, shore development, depth, water level
fluctuation, water chemistry, storage ratio, outlet depth, turbidity, ther-
mocline position, di<co'ved organic matter, plankton and bottom fauna
crops, and other biological parameters.

Physical data have been collected on 1,065 reservoirs over 500 acres
at average annual level (and where if dam is placed at natural lake outlet,
the water volume is at least doubled by impoundment), totaling 8,950,-
000 acres. To date, usable standing crop and/or harvest data have been
obtained on 210 reservoirs which are included in this study.

Data sources. Physical descriptions of the reservoirs were obtained
primarily from the 1964 revision (advance printout) of “Reservoirs of
the United States,” U. S. Geological Survey; Corps of Engineers District
Office and Bureau of Reclamation publications; evaluation reports of
the Division of River Basin Studies, Bureau of Sport Fisheries and Wild-
life; Federal Aid to Fish Restoration (D-J) completion reports from
forty states; annual “Surface Water Records,” 1961-64, cooperative re-
ports of the Geological Survey and state water resource agencies;
Tennessee Valley Authority Technical Monographs; private power com-
pany publications and correspondence; fishery papers and reports on
individual reservoirs; summary reports prepared by the Reservoir Com-
mittee, Southern Division, American Fisheries Society; and from cor-
respondence with state fishery agencies.
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Chemical descriptions were obtained principally from the follow-
ing sources: Geological Survey “Quality of Surface Waters of the
U. S.,” Water Supply Papers, 1958-1963, and the bulletins “Chemical
Character of Surface Waters” issued cooperatively with state agencies;
the reservoir fishery literature; U. S. Public Health Service “Water
Pollution Surveillance System” annual data compilations; Duke Power
Company; Tennessee Valley Authority.

Standing crop figures are based on studies from 19 states of recovery
of fishes in measured coves, or open-water areas enclosed by block net,
following rotenone treatment. In general, field methods used in rotenone
sampling have undergone gradual changes in the past 15 years, but tech-
nique innovations have quickly spread throughout the nation to maintain
a relatively standard methodology (Hall, 1962). Values listed for indi-
vidual reservoirs represent means of annual estimates, and are based on
up to 12 years of records.

All sport fishery harvests cited were reported as statistically reliable,
based on systematic sampling and analysis methods. Commercial harvest
figures represent complete census, or are compulsory records submitted
by commercial fishermen to the state agencies. Harvest figures also rep-
resent means of two or more years in many instances.

The standing crop and harvest data represent work done by 33 state
fishery agencies, the Tennessee Valley Authority, and the Fish and Wild-
life Service, with occasional financial aid from reservoir operating
agencies.

The data were obtained from the published literature, from Federal
Aid to Fish Restoration (D-J) completion reports, state administrative
reports, and from correspondence with state fishery agencies and the
Tennessee Valley Authority. A complete bibliography will be published
in a subsequent paper along with recognition of individuals and agen-
cies who supplied unpublished data. Most of the source material is
cited in a reservoir bibliography (Jenkins, 1965) under the subject
headings: Harvest Rates, Management Techniques Evaluation, Popu-
lation Dynamics, Summaries, and Surveys.

Sample characteristics. Usable information on standing crop and
harvest was collected on 210 reservoirs representing nearly one-half of
the total reservoir area in the U. S. (Table 1). About two-thirds of the
reservoirs are located in the mid-South between latitudes 31° and 38° N,
and longitudes 79° and 98°W (Figure 1). Of the total, 127 are repre-
sented by standing crop estimates, 121 by sport fishery harvests, and
46 by commercial fishery harvests (Table 2). Reservoir area represented
in the standing crop subsample equals 24 per cent of the total in the
U. S., that in the sport harvest subsample equals 20 per cent, and in the
commercial harvest subsample, 18 per cent.

About 92 per cent of the standing crop data is from reservoirs in
Tennessee, Oklahoma, North Carolina, Louisiana, Alabama, Kentucky,




Table

type (1 thru 4) and then major use (1 thru 4) within chemical types.

a)

1. Morphometric, edaphic, fish standing crop and harvest data on 210 reservoirs.

Reservoir - official name of impoundment;
"Lake" omitted from name when occurring as
part of official name.

State - abbreviation of State name where
reservoir located; e.g., AL - Alabama, WY -
Wyoming. Interstate reservoirs are placed
in State where dam is located, or in State
from which most fishery data were obtained.

Use - arbitrary classification of reservoirs
into major or principal use types.
Key: 1. Hydropower and/or navigation
2. Flood control
Irrigation
Water supply, recreation or fish
and wildlife

Year - first year in which significant volume
of water was stored.

Drainage area - in square miles.

Surface area - in acres at average annual

pool level where data were available; other-
wise, conservation pool, summer pool, operating
pool, or power pool area is listed.

Mean depth - in feet, at listed surface area.
Maximum depth - in feet, at listed surface area.

Outlet depth - midline depth in feet of principal
outlet. Where multiple level outlets exist, mean
depth of all outlets is listed.

Thermocline depth - in feet, of top of thermo-

cline (water temp. change of 1° C/meter) on or

about 1 August. A plus sign (+) signifies that
a stable thermocline does not form. A dash (-)
indicates no data.

Elevation - in feet above mean sea level,
of reservoir surface at listed area.

Fluctuation - mean annual vertical fluctu-
ation of reservoir surface level in feet.

Storage ratio - the ratio of the reservoir
volume at the listed elevation in acre-feet
to the average annual discharge in acre-feet.

Shore development - the ratio of shoreline length
to the circumference of a circle equal in area to
that of the reservoir.

Dissolved solids - residue on evaporation at
180° C, in ppm. Mean values calculated from
available data; rounded to nearest 5 ppm

where data were limited. Primary data sources -
U. S. G. S. Water-Supply Papers, 1957-1963.

Chemical type - prevalent chemical type of inflow-
ing rivers, according to Rainwater, F. H. 1962.
Composition of rivers of the conterminous United

States. Atlas HA-61. Plate 2. U. S. Geol. Survey.
Delineation based on 50 percent breakpoint of major

constituents, computed as equivalents/million.
Key: 1. Ca-Mg, CO3—HC03 3. Na-K, CO,-HCO
2. Ca-Mg, S0,-C1 4. Na-K, S0,-C1

Sediment load - sediment concentration (annual

load/annual streamflow) of inflowing rivers

according to Rainwater, F. H. 1962. (Reference

above.) Plate 3.

Key: 1. 0-280 ppm L. 6300-14000 ppm
2. 280-1900 ppm 5. 14000-28000 ppm
3. 1900-6300 ppm 6. 28000-38000 ppm

Growing season - average number of days between
first and last frost. U. S. Weather Bureau
data.

s)

Reservoirs are listed alphabetically within States, arranged first by chemical
Definitions of parameters listed in column headings are:

Sport harvest - estimated harvest of fishes

by sport fishermen, in pounds per acre per year.
Where data are available for two or more years,
a mean value is listed.

Age - of impoundment in years at time of sport
fish harvest estimate. Where data are avail-
able for two or more years, a mean reservoir
age is listed.

Commercial harvest - estimated harvest of
fishes by commercial fishermen or rough fish
removal crews in pounds per acre per year.
Where data are available for two or more years,
a mean value is listed.

Age - of impoundment in years at time of
commercial harvest estimate. Where data
exist for two or more years, a mean age is
listed.

Standing crop - estimated total standing crop
of fish in pounds per acre, derived from
recovery following rotenone treatment of

coves or open areas enclosed by blockoff nets.
Estimates based on recovery of marked fishes are
not included. Where data are available for two
or more years, a mean value is presented.

Clupeids - estimated standing crop of Clupeidae
(gizzard shad; Dorosoma cepedianum; threadfin
shad, Dorosoma petenense; and herrings, Alosa
spp.s in pounds per acre.

Age - of impoundment in years at time of
standing crop estimate. Where data for two
or more years are available, mean age is
listed.
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Table 1 Continued

Drainage
Area
Thermocline
Depth
Elevation
Fluctuation
Shore
Development
Dissolved
Chemical
Sediment
Load
Season
Sport
Harvest
Commercial
Harvest
Standing
Clupeids

Rhodhiss 3515
Tillery 1 529k
lachia 9 0 1120
L680
Fort Gibson 95¢ 12492 19100
Lake O' the Cherokees 10298 46300
9 1610 12500
Glark Hi S 9 6140 71500
Hartwell . 2088 56400
Marion ) 14700 100500
Murray 2keo 50800
Wateree 1919 L750 13710
Boone 1952 18ko L4880
Douglas i 1943 L5k 7
Fort Loudoun 1 1943 5 1
Fort Patrick Henry 195k 903 890
Hales Bar 1940 2178 6420
Melton Hill 1 196k 5720
Norris 1 1936 ‘ 34200
Ocoee No. 1 1 1911 9 1760
Pickwick Landing N 1938 32¢ L2700
South Holston 1 1951 ) 7580
Watauga 1949 L6 6430
Center Hill N 1949 5 18220
Cheatum i 1949 7450
Dale Hollow TN 1943 935 27700
01d Hickory TN 1956 22500
Inks bie 31300 830
John H. Kerr VA 7800 53100 302
Pleasant AZ 527 1459 890 1530
Isabella cA 95l 2093 4800 3 2555
Millerton CA 1633 4000 5 530
Pine Flat CA ¢ 95 1542 3400 850
Granby co 311 5900 5 8 8248
Green Mountain co 9 599 2000 7950
Merritt KS 96 600 529
Gibson MT 575 1360
Pishkun MT 1 + 1000
Willow Creek (Harrison) MT : 9 153 860
Willow Creek (Sun River) MT 160 1450
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Depth
Elevation
Development
Dissolved
Chemical

Type
Sediment
Load
Growing
Season
Sport
Harvest
Commercial
Harvest
Standing
Crop
Clupeids

Fluctuation

Drainage
Area

Surface

Thermocline

Use
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Figure 1.

South Carolina, Arkansas, Georgia, Mississippi, and Missouri. Sport har-
vest estimates are more widely distributed, with the greatest number from
California. Over one-half of the commercial harvest estimates are from
Oklahoma and Tennessee (Table 2).

Average area (at average annual level) of the reservoirs in the total
sample is 17,170 acres, compared to 17,030 acres in the standing crop
subsample, 14,500 acres in the sport harvest sample, and 35,000 acres in
the commercial harvest sample (Table 3). Average area of the 1,065
reservoirs in the U. S. is 8,400 acres.

Reservoirs were first subdivided by prevalent chemical type of in-
flowing tributaries as defined by Rainwater (1962). Preliminary analysis
suggested significant reservoir differences in standing crop between the
four types where most of the dissolved solids are of the substances speci-
fied as follows: Type 1. Calcium-magnesium, carbonate-bicarbonate; 2.
Calcium-magnesium, sulfate-chloride; 3. Sodium-potassium, carbonate-
bicarbonate; 4. Sodium-potassium, sulfate-chloride. River water in about
13 per cent of the U. S. is one of the sodium-potassium types compared
to about 22 per cent in our total reservoir sample. Dissolved-solids con-
centration for this type of water is usually higher than for calcium-mag-
nesium types. Sodium-potassium water above 800 ppm dissolved solids
may contain concentrations of calcium and magnesium that make it very
hard.

Exploratory analysis indicated that total standing crop was highest
in chemical type 1 reservoirs in Oklahoma (Figure 2). Most of the dif-
ference was due to higher crops of shad, suggesting that plankton pro-
duction may be correlated with chemical type. This clue was considered
worthy of further consideration in multivariable analysis.
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TaBLE 2. Geographical distribution, by State, of reservoirs in the
study with data on standing crop and harvest

Number of reservoirs represented in study

Standing Sport Commercial
State Total Crop Harvest Harvest

Oklahoma 21 18 8 115)
Tennessee 19 19 5 11
North Carolina 17 17 2
California 14 i 14
Louisiana 13 13 5 1
Alabama 10 10 1 3
Kentucky 10 10 8 1
Texas 10 2 8 3
South Carolina 9 9 1
Montana 8 8
Arizona 7 6 1
Arkansas 7 6 4
Georgia 6 6 4
Nebraska 6 5 2
Mississippi 5 5 4
Missouri 5 4 5
New Mexico 5 2 3 1
Ohio 5 4 2
Maryland 4 1 3
Utah 4 4
Colorado 3 3
Kansas 3 3
Nevada 3 3
South Dakota 3 2 2
Wyoming 3 3 1
North Dakota 2 il il
Virginia 2 1 1
Florida 1 1l
Illinois 1 1
Massachusetts 1 1 1
Minnesota 1 1
New York 1 it
West Virginia 1 1 1

Total 210 127 121 46

TaBLE 3.  Physicochemical characteristics (mean values) of reservoirs
in subsamples and total samples

Subsample means

Total
Chem. type sample
Independent Total 4 Com-
variable standing standing Sport  mercial
crop crop harvest harvest Mean Median
Number of reservoirs 127 18 121 46 210 210
Area (in 1,000s of acres) 170 10.6 14.5 3580 17.2 4.6
Mean depth (feet) 29 10 36 26 33 25
Dissolved solids (ppm) 220 750 320 375 280 125
Storage ratio 0.46 0.34 0.73 0.59 0.64 0.29
Age of reservoir (yrs) 18 19 20 20 — =
Shore development 1257 6.6 8.3 12.0 — —
Fluctuation (feet) 18 5 25 12 21l 11

Outlet depth (feet) 52 it 61 20 - —




FIGURE LEGENDS

Figure 1. Location of 210 U. S. reservoirs
represented in this study of the effects of environ-
mental factors on standing crop and harvest of fish.
Relative size range categories are symbolized as
follows: e 500-10,000 acres. @@ 10,000-100,000
acres; @ greater than 100,000 acres.

Figure 2. Mean standing crop of fish in 16
Oklahoma reservoirs, grouped by chemical type of
inflowing stream. "Sport fishes" includes all cen-
trarchids and catfishes, white bass and walleye.

Figure 3. Logarithmic plot and curvilinear
regressions of log standing crop on log morphoedaphic
index (total dissolved solids divided by mean depth)
fori 27 resepvoirs i Key s Openticirclesi—Neliemi call
type 1 reservoirs; solid circles - chemical type 2
reservoirs; triangles - chemical type 3 reservoirs;
crosses - chemical type U4 reservoirs. Regression
equations for the model log(standing crop) = log
(total dissolved solids/mean depth), coefficients of

determination, and probability of obtaining an R% as
large or larger by chance when the hypothesis of no
correl atilontisEtriesfiare’

a) Total sample (solid line; N = 127):
log Y = 2.003 + 0.616 log X -0.250 (log x)
RS %1100 = Hop(R- = ko) D 0o s
b) Total sample, less chemical type 4 reservoirs
(dashed line; N = 109):
log Y = 2.005 + 0.655 log X -0.230 (log X)2;
Ren 100 ol Tp(n LY Liaig o
¢) Chemical type 4 (dotted llne, N = 18):
log Y = 0.889 + 1. 631 (1og X) -0.480 (1og x) .
R2 x 100 = 27; P(R2 =2 .27) = 0.09

Figure 4. Regressions of standing crop of carp
(solid line) and clupeids (dashed line) on impoundment
age in nine South Carolina reservoirs varying in age
from 3 to 47 years. Plotted values represent means of
cove rotenone standing crop estimates from 3 to 5 years
of sampling for individual waters.

Addendum to "Influence on Standing Crop and Harvest"
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Figure 2.

The sample was further subdivided into use type in anticipation of
significant differences in variables between reservoir groups operated
primarily for hydropower, flood control, irrigation, or water supply pur-
poses. Within use types, reservoirs are listed alphabetically by state.

All variables considered in the study are defined in Table 1 legend.
Area is expressed as a reciprocal in the regressions; hence, a positive
regression coefficient represents a negative relation. Data are essentially
complete except for outlet and thermocline depths.

The only trophic level separation reported in this study is that of
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the clupeids from the remainder of the species. In subsequent multi-
variable analyses, about 80 species or closely-related species will function
as dependent variables.

The mean standing crop of fish in 127 reservoirs was 186 pounds
per acre (Table 4). Weighted by area, the mean was 206 pounds per

TaBLE 4. Mean standing crop and annual harvest of fish in U. S. reservoirs,
unweighted and weighted by surface area of reservoirs in subsamples

Pounds per acre

Number
of Mean,
reservoirs Unweighted weighted
mean by area Range
Standing crop
Total 127 186 206 13-540
Total, clupeids 116 198 210 19-540
present
Total, clupeids 11 63 53 13-186
absent
Clupeids 116 91 90 1-424
Total, less clupeids 116 108 121 8-262
Annual harvest
Sport 121 22.6 13.9 < 1-169
Commercial 46 10.2 7.0 <1- 55

acre, suggesting a positive relation between standing crop and reservoir
size. Clupeid standing crops averaged 91 pounds per acre, or about 45
per cent of the total crop in reservoirs where they were present.

The mean annual sport fish harvest in 121 reservoirs was 22.6 pounds
per acre. It was 13.9 pounds per acre when weighted by area of reservoirs
represented, indicating an inverse relation between harvest and reservoir
size. Commercial harvest displayed a similar relationship, with the un-
weighted mean in 46 reservoirs being 10.2 pounds per acre compared to
an area weighted mean of 7.0.

Regression Analyses

In an attempt to clarify interrelationships of environmental factors
and fish production in reservoirs, a series of regressions between six
independent and five dependent variables was computed. With the ex-
ception of area, all data were transformed to logarithms for computation.
Programs were written for an IBM 7040 computer by Dr. James E.
Dunn, Department of Mathematics, University of Arkansas, whose ad-
vice was of inestimable aid during the course of the analysis.

Single variable analysis. To identify single environmental factors hav-
ing a significant influence on fish production, 24 variable combination
regressions were calculated (Table 5). Most of the coefficients of cor-
relation were lower than 0.33. When expressed as per cent of total varia-
bility (r* x 100) in standing crop or harvest which might be explained by
the effect of an environmental factor, none of the single variables ac-
counted for more than 21 per cent of total variability. In comparison,
Hayes and Anthony (1964) found that 35 per cent of the variability in
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their fish “Productivity Index” in 41 lakes could be attributed to area,
46 per cent to depth, and 3 per cent to MO alkalinity. The factor values
in both studies are interdependent and therefore not additive.
However, some regressions had high levels of significance (Table 5),
affording clues to variables which should prove most important in a
multivariable approach. Variables with the greatest influence on total
standing crop appear to be dissolved solids, area and shore development
(positive effects). Shad crops were positively influenced by increases in
age and dissolved solids and decrease in storage ratio. Sport harvest was

TaBLE 5. Regression coefficients (a), correlation coefficients (b), and constants for
simplified model (c), showing relation between single environmental factors and
standing crops and harvests. All data, except area, were converted to logarithmic
expressions. The area expression is based on the assumption that allocthonous
nutrient levels are inversely related to the square root of the area.

Dependent variable (pounds/acre)

Independent Total Clupeid
variable standing standing Sport, Commercial
crop crop harvest harvest
Number of reservoirs 127 116 121 46
v 108/area in acres a —0.001 —0.0002 0.001 0.002
b —0.24** —0.03 2l 0.23
d 2.26 1.78 0.85 0.58
Mean depth (feet) g =005 —0.136 —0.123 == OR765
b —0.10 —0.09 —0.08 —0.46**
c 2.29 1.95 1.19 1.76
Storage ratio a —0.066 —0.180 0.085 —0.281
b —0.13 —0.22* 0.10 —0.27*
© 2.10 1.61 1.06 0.55
Shore development a 0.231 —0:103 0.187 —0.379
b ). 285 —0.04 0.12 —0.28
© 1.92 1.86 0.87 1t 2l
Dissolved solids a 0.235 05255 0.169 —0.154
(ppm) b ), B2 DL 2258 0.14 —0.12
(¢ 1.69 1. 26 0.64 1.0
Age of reservoir a —0.042 0.319 —0.336 0.749
(years) b —0.06 (0) 2Ages —0.29** 0.40%*
¢ 2.20 1.41 19:37 —0.18

*Correlation significant at 0.05 level.
**Correlation significant at 0.01 level.

with a high sport harvest.

negatively related to age and area. Commercial harvest was positively
related to age, but negatively to mean depth and storage ratio.

A regression of sport harvest on standing crop in 49 reservoirs re-
sulted in a positive regression (0.032) with a low correlation (r —
0.158). The Kendall “tau” test indicated that the regression was of low
predictive value; i.e., a high standing crop is not necessarily associated
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Morphoedaphic index. Ryder’s (1965) morphoedaphic index (dis-
solved solids/mean depth) for estimating potential sport and commercial
yield in lakes was tested in relation to reservoir standing crop. The
efficiency of discolved solids and mean depth as independent variables in
such an index was reduced on reservoirs, as they were correlated (r —
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Figure 3.

—0.370). The equation for reservoir standing crop on morphoedaphic
index (N = 127) is Y = 2.07 + 0.164X, where Y equals log (stand-
ing crop) and X equals log (morphoedaphic index). The coefficient of
correlation (r) is 0.325, significant at the 0.01 level. Regression of sport
harvest in 121 reservoirs on morphoedaphic index was Y — 0.88 +
0.183X; r = 0.23; significant at the 0.02 level. Commercial harvest
versus the index in 46 reservoirs is expressed by Y = 0.52 + 0.210X;
r = 0.21; not significant at 0.05 level. Ryder’s yield regression on 23
lakes resulted in an r of 0.856, significant at 0.01 level and of greater
predictive value.

Plotting of the reservoir data on logarithmic paper revealed that the
relationship was actually curvilinear. A second-degree polynomial ex-
pression of the standing crop-morphoedaphic index relation (Figure 3)
resulted in a much better fit, with about 40 per cent of the variability in
standing crop being explained by the index.

Separation of reservoirs classified as chemical type 4 (Na-K, SO,-
C1) water (Table 1) further clarified the relationship. The standing crop
distribution of these 18 reservoirs located in Louisiana, Oklahoma, and
Texas was significantly different from the rest of the sample. About 27
per cent of the variability in chemical type 4 waters is explained by the
morphoedaphic index, at 0.09 significance level. With removal of
chemical type 4 reservoirs, the quadratic expression for the remaining
109 reservoirs (in chemical types 1, 2, and 3) is improved, with 54 per
cent of the standing crop variability explained by the morphoedaphic




Influences on Standing Crop and Harvest SIS

index, compared to 74 per cent in Ryder’s yield relationship based on 23
lakes.

The apparent reasons for the better fit obtained by Ryder are a)
fewer observations included in his study (23 versus 109), and b) the
much higher correlation which he obtained between mean depth alone
and yield (r = —0.830), compared to our mean depth-reservoir stand-
ing crop correlation (r — —0.163). Linear regression correlations of
standing crop on dissolved solids obtained in this study and that of
yield on dissolved solids in Ryder’s were identical (r = 0.346).

Second and third degree polynomials were also computed for the
relation of dissolved solids, age, storage ratio, and water level fluctuation
on crop and harvest. All of the coefficients of determination (R* x 100)
were relatively low, except for total standing crop on dissolved solids
(R?x 100 = 35). Extrapolation of the polynomial at a standing crop
level of 10 pounds per acre indicated a minimum dissolved solids value
of 6 ppm and a maximum of 16,500 ppm. The maximum value is near
the lethal level of sodium salts concentration for gizzard shad and fresh-
water drum in inland waters.

Multiple regression analysis. Braving the hazards inherent in increas-
ing the extent and complexity of analysis by multiple regression, we un-
dertook further clarification of the interrelationships involved between
six environmental factors and standing crop and harvest in reservoirs
having complete data. A series of regressions between total standing
crop, clupeid standing crop, sport and commercial harvest and area,
mean depth, storage ratio, shore development, dissolved solids, and age
was computed and tested for significance. By a step-down procedure,
wherein all combinations of the environmental variables were tested at
six- through one-variable levels, the most highly significant (0.01 level)
multiple regressions were selected. The results are illustrated by regres-
sions of standing crop on various environmental factor combinations in
Table 6. The equation involving three independent variables was selected
for further analysis and possible development of a new multi-factor
index. Following the same procedure, single equations were also selected
to relate clupeid standing crop, and sport and commercial harvest to
the most influential environmental factors (Table 7).

None of the regressions provided an explanation of more than 37
per cent of the total variability in standing crop or harvest, although the
correlations were highly significant. This is not surprising in view of the
wide span of environmental conditions represented. Some general rela-
tionships were apparent in the multiple regressions, which will be ex-
plored in subsequent analyses as more variables are added and more
subdivisions made by similar reservoir types. These were:

a) With increase in total dissolved solids, an increase in standing
crop and sport fish yield;
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TaBLE 6. Summary of equations relating total standing crop to various combina-
tions of six physicochemical factors in 116 reservoirs. Only the most highly
significant regressions selected by a step-down process from all possible multiple
combinations are presented. R2x 100 is the coefficient of determination times 100,
and reflects the percent of variability in the dependent variable explained by
each multiple regression. The significance level listed is the probability of obtain-
ing an R? as large or larger by chance when the hypothesis of no correlation is
true. Equation form? log (dependent variable)=constant for simplified model (a) +

regression coefficient (b;) times log (independent variable) (x;) + bgxy. ... +bn xn.
No. Constant Standard
of for regression Prob. of
vari- Independent Simplified  Regression coefhi- a larger
ables variables model coefficient cient ~ R2x100 1ge2
6  Dissolved solids 1.508 0.253 0.347 248 582 X 00
Shore develop-
ment 0.273 0.268
Storage ratio —0.099 ==, 11e[0)
Area —4.0x10¢ —0.121
Mean depth —0.072 —0.069
Age —0.034 —0.045
5  Dissolved solids 1.488 0.250 0.343 23 W25 <8l (Vo
Shore develop-
ment 0.287 0.282
Storage ratio —0.090 =), il75
Area = T =) 1LY
Mean depth —0.087 —0.083
4  Dissolved solids 1.363 0.267 0.366 23 1.0x 107
Shore develop-
ment 0.250 0.246
Storage ratio —0.105 —0.023
Area 410 X 10— 08125
3 Dissolved solids 1.218 0.279 0.383 22 6.8'x105
Shore develop- (selected)
ment 0.318 0.312
Storage ratio —0.100 —0.192
2 Dissolved solids 1.348 0.267 0.367 18 =189 ()0
Shore develop-
ment 0.289 0.285
1  Dissolved solids 1.694 0.235 0.323 TORE 5281 0l

b) With increased age of reservoir, an increase in clupeid crop and
commercial harvest, but a decrease in sport harvest and little
effect on total standing crop;

¢) With increased storage ratio (i.e., lower water exchange rate),
a decrease in standing crop and commercial harvest and an in-
crease in sport harvest;

d) With increase in reservoir area, a decrease in sport harvest;

e) With increase in mean depth, decreases in total standing crop,
and sport and commercial harvest;

f) With increased shore development, increases in total standing
crop and sport harvest, but a decrease in commercial harvest.
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TaBLe 7. Multiple regression equations relating clupeid standing crop, sport and
commercial harvest to various combinations of physicochemical factors which
were selected by a step-down procedure as being most highly significant and with
a relatively high R? value. All data except area are logarithmic expressions.

Constant
for Standard Prob. of
Dependent simplified Independent Regression regression Multiple a larger
variable model variables coefficient coefficient R2 x 100 R2
Clupeid 0.828 Dissolved solids 0.276 0.240 16 2bl0gt
standing Age 0.247 0.221
crop
N =102 Storage ratio —0.154 —0.192
Sport 0.129 Age —0.318 —0.270 2008308 054
harvest Dissolved solids 0.305 0.245
Area 0.001 0.284
N=99 Shore 0.378 0.251
development
Commercial  0.734 Mean depth —0.612 —0.369 SR S 1
harvest Storage ratio —0.174 —0.230
N =41 Age 0.572 0.123

Subsample analyses. In an effort to reduce the variability of crop
and harvest data in total samples, the reservoirs were subdivided into
chemical types (Table 1). This subdivision improved the coefficients of
determination (R?) resulting from a number of multiple regressions;
the improvement was attributable in great measure to reduction in the
number of reservoirs in each sample. Some of the subsample regressions
with relatively high R® x 100 values (per cent of total variability ex-
plained by environmental factors in the equation) were:

Chemical Reservoirs
type in sample R?x 100

Standing crop versus:

Diss. solids (+) and depth (—) 1 78 43

Age (+), storage ratio (+) and

depth (—) 2 16 86

Depth (—) 3 11 7.3

Shore development (+ ) 4 18 S
Commercial harvest versus:

Depth (—) and storage ratio (—) 1 23 55

Area (—) and storage ratio (—) 2 IS 76

To illustrate the probable predictive value of these regressions, con-
sider the eleven chemical type 3 reservoirs located in the western Caro-
linas which encompass such diverse environments as Fontana and Green-
wood reservoirs. In spite of this diversity, 73 per cent of the variability
in standing crop is attributable to mean depth. From the regression log
(standing crop) — 3.24 — 0.830 log (mean depth), Fontana Reservoir
with a mean depth of 128’ has a calculated standing crop of 31 Ib/acre.
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The mean standing crop determined from five years (1957-1963) of
cove samples by North Carolina biologists was 52 lb/acre. The calcu-
lated standing crop of Greenwood Reservoir, with a mean depth of 21
feet, is 138 Ib/acre, compared to a four-year mean value from South
Carolina studies of 189 Ib/acre. These two examples represent the
farthermost departures from the calculated regression. Santeetlah Reser-
voir, for instance, had an observed value of 53 lb/acre and a cal-
culated of 61; Hickory Reservoir an observed value of 103 and a cal-
culated of 100.
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Figure 4.

In 18 chemical type 4 reservoirs, 51 per cent of the variability in
standing crop was attributable to the effect of shore development. In
other words, the greater the shoreline length in relation to reservoir
area, the higher the standing crop.

The negative effects of increasing area and storage ratio in 15 chem-
ical type 2 reservoirs accounted for 76 per cent of the variability in com-
mercial fish harvest; i.e., the more river-like the impoundment, the
higher the harvest. In 23 chemical type 1 reservoirs, the negative effects
of increasing depth and storage ratio accounted for 55 per cent of the
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variability in commercial harvest. The deeper and more lake-like the
impoundment, the lower the yield.

Other variable effects. Three other variables, represented by in-
complete data, were tested against standing crop in 70 chemical type 1
reservoirs (Table 8). Fluctuation and outlet depth negatively affected
standing crop, but the correlations were low. Growing (frost-free) sea-
son positively influenced standing crop, but the correlation was very low.
However, its probable importance in influencing yield and carrying
capacity has been demonstrated (Thompson, 1941); so growing season
was added to the variable matrix and multiple regressions recalculated
on sport and commercial harvest (Table 9). The per cent of variability
(R*x 100) in both harvest estimates explained by each multiple regres-
TaBLE 8. Equations relating standing crop in 70 chemical type 1 reservoirs to

water level fluctuation, ocutlet depth and growing season. Outlet depths were not
transformed to logarithms, as some zero values are represented.

Independent Constant  Regression Correlation Prob. of
variable 9.2 coefficient  coefficient  r2 x 100  larger r2
Fluctuation 2.460 —0.225 —0.335 11 4.7 x 1073
(in feet)
Outlet depth 2.318 —0.002 —0.276 8 2.0x 1072
(in feet)
Frost-free 18727 0.214 0.032 1 0.8
season
(in days)

TasLe 9. Multiple regression equations relating sport and commercial harvests to
the most significant variables previously identified (Table 7), plus growing (frost-
free) season. All data, except area, are logarithmic expressions.

Constant
for Standard Prob. of
Dependent simplified Independent Regression regression Multiple a larger
variable model variables coefficient coefficient R2 x 100 R2
Sport —2.041 +108/area 0.001 0.22 25 8.7 x 107°
harvest Shore 0.152 0.10
development
N =116 Dissolved solids 0.339 0.29
Growing season 1.023 0.26
Age —0.289 —0.24
Commercial 6.482 Mean depth —0.492 —0.28 48 1 19.0 x 1075
harvest Fluctuation —0.231 —0.18
N =45 Storage ratio —0.204 —0.27
Growing season ~ —2.453 —0.37

Age 0.482 0.25
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sion was improved. Addition of growing season increased the sport
harvest regression R*x 100 value from 20 (Table 7) to 25, and the
commercial harvest from 37 to 48. Increase in shore development, dis-
solved solids, and length of growing season positively influenced sport
harvest. Decreases in mean depth, fluctuation, storage ratio, and growing
season positively influenced commercial harvest. Increasing age of reser-
voir had a negative effect on sport harvest and a positive effect on com-
mercial harvest. Area increase negatively affected sport harvest.

Outlet depth is correlated with mean depth (0.82). A multiple re-
gression of standing crop on both mean and outlet depths of 95 reser-
voirs resulted in the equation log (standing crop) = 2.800 — 0.547
log (mean depth) 4 0.094 (outlet depth) with an R2 x 100 of 15. A
partial correlation between (outlet depth) and log (standing crop),
given log (mean depth), yielded a positive outlet depth on standing
crop value of 0.062 but with a very low significance probability
(1 0163)%

Tests of the effects on production of the other factors listed in Table
1 (drainage area, maximum depth, thermocline depth, elevation, sedi-
ment load) were not attempted in this first series of analyses, as scatter-
gram plots did not suggest any highly correlated relationships.

Exploratory analysis of environmental factor effects on single species
standing crops suggested some important relationships which will sub-
sequently be explored in detail. For example, plotting of standing crop
data from nine South Carolina reservoirs indicated decreases in carp and
increases in shad crops with increasing age of impoundment (Figure 4).
These trends have been reported previously in general terms, but it is
now possible to define these and similar phenomena in quantitative
terms by accumulating information from a large number of reservoirs.

Data on many other important features of the environment, such as
turbidity, phosphorus and nitrogen, dissolved oxygen, solar radiation,
trace elements, basin soils, plankton, and bottom fauna crops, need to be
added to the analysis to test more fully the complexity of factors influenc-
ing fish populations. However, usable information on such factors was
not available on more than a few waters.

Similarly, factors such as fish growth rate and condition, species and
size compositions, and fishing pressure and success rates should be in-
corporated into analyses. Relatively large masses of data are available
on these important variables.

Conclusion

We have developed a few models describing the influence of some
important environmental factors on reservoir fish standing crop and
harvest. Those of greatest apparent utility are: a) curvilinear regres-
sion of standing crop on morphoedaphic index (dissolved solids in ppm/

~mean depth in feet), excluding chemical type 4 reservoirs; b) multiple
regression of standing crop on dissolved solids, shore development
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and storage ratio; ¢) regression of sport harvest on dissolved solids, grow-
ing season, age, area, and shore development; and d) commercial har-
vest on growing season, mean depth, storage ratio, age, and fluctuation.

Preliminary analyses suggest that predictive ability can be improved
by further model subdivision of fish population structure and reservoir
physicochemical “types” and by the inclusion of additional environ-
mental factors. Reorganization of the data is now being accomplished.

To develop a general theory of reservoir biotic community structure,
a multiplicity of models will be required to satisfy the demands of such
a complex, heterogeneous group of waters. As Levins (1966) astutely
observed: “. .. all models leave out a lot and are in that sense false,
incomplete, inadequate. The validation of a model is not that it is ‘true’
but that it generates good testable hypotheses relevant to important prob-
lems.”
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Food and Feeding of Larval Dicamptodon ensatus from California

ABSTRACT: Observations on 149 Dicamptodon ensatus in aquaria showed
that they fed readily upon Ambystoma gracile. A. gracile were frequently
ingested by larger Dicamptodon in nature as shown in the analysis of 51
stomachs taken from salamanders immediately preserved upon capture. Can-
nibalism occurred commonly in captivity but not in nature.

On 12 May 1967, larvae of Dicamptodon ensatus, Ambystoma gracile and
Taricha granulosa were collected at Fern Lake on the Humboldt State College
campus, Arcata, California. Fifty-one of the 200 Dicamptodon larvae were
immediately preserved in 10% formalin; the rest were transferred to 500-gal
aquaria in the Humboldt State College Fish Hatchery.

Metter (1963) summarized previous scanty information on feeding habits
of Dicamptodon, and reported on the feeding habits of an Idaho population of
larval Dicamptodon as related to larval size. Every animal over 95 mm snout-
vent length contained an Ascaphus truei larvae; Trichoptera and Coleoptera
larvae and adults, and Plecoptera and Ephemeroptera nymphs were also
important in their diet.

In aquaria Dicamptodon fed readily upon A. gracile larvae. Usually the
prey was swallowed rapidly, head first, but occasionally long periods (up to
an hour) were required for ingestion, and some prey were swallowed tail
first. Fighting over food was observed among large Dicamptodon (150 mm
and over).

Dicamptodon did not eat Taricha granulosa, presumably because of their
strong mucous integumentary poisons.

Cannibalism was observed. Anderson (1960) observed cannibalism among
confined adult Dicamptodon.

TasLe 1.—Stomach contents of larval Dicamptodon ensatus

Snout-vent length (mm)

Frequency
No. %o

Number of stomachs
examined:

($5)

Ambystoma gracile
Trichoptera larvae
Trichoptera adults
Coleoptera larvae
Coleoptera adults
Odonata larvae
Odonata adults
Ephemeroptera nymphs
Gammarid Amphipoda
Hemiptera adults
Arachnoidea (spiders)
Chironomidae
Oniscoid Isopoda
Miscellaneous*
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*Detritus, rocks, etc.

1969 e Notes AND DiscussioN 281

Stomach cantent analysis of the preserved Dicamptodon (Table 1.) showed
that those 8! mm or larger (snout-vent) fed upon A. gracile in nature; A4.
gracile. apparently serves as a major constituent of their diet. The analysis
suggests that cannibalism occurs only in confined Dicamptodon and not
naturally. Unlike Metter’s results, amount of detritus intake did not increase
with body size. Odonata larvae occurred most frequently. Adult Coleoptera,
primarily bark beetles (Dendroctonus), a common beetle in the area, were
also prevalent. Larval Odonata, Coleoptera and chironomid larvae were

- ingested by all sizes of larval Dicamptodon, but adult Coleoptera were not

found in individuals larger than 126 mm.

We thank Mr. Al Merritt for allowing this research to be carried out in
the Humboldt State Fish Hatchery. Our thanks also go to Drs. John De-
Martini, Humboldt State College, and Alan E. Leviton, California Academy
of Sciences, for their review and suggestions concerning the manuscript.
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Attificial Fertilization of a Small High-altitude Lakel

ABsTRACT: A small shallow alpine lake was treated with diammonium
phosphate for two summers. Nannoplankton were found to increase from
several thousand organisms per liter before treatment to several million cells
after fertilization. Apparent winterkill reduced the fish numbers so that it was
difficult to ascertain to what extent fertilization played a role in increased food
consumption and growth of the brook trout.

An inorganic fertilizer was introduced into a small shallow alpine lake in
an attempt to increase productivity and thus improve the growth rate of the
brook trout population, Salvelinus fontinalis. 1 also fertilized three adjacent
cirque lakes (Rabe and Gaufin, 1964), which were relatively deep with rock
substrate, and observed only a slight increase in standing crop of plankton
with little evidence of increased fish growth. Olive (1954) working in Colorado
and Baxter (1959) in Wyoming both report increases of plankton after
fertilization of high lakes but trout growth was not affected in either case.

Lake X-30 (elevation 3230 m) is located in the Swift Creek drainage of
the Duchensne River system in the Uinta Mountains, Utah. It is 4.1 surface
acres (1.66 ha) with a maximum depth of 3 m and a mean depth of 1 m.
The substrate is mostly detritus. Spawning areas are sparse and little evidence
of fish reproduction was noted. A total of 250 pounds (about 113 kg) of
diammonium phosphate (35-7-0 and 21-53-0) was added to the lake during
the summers of 1961-62.

1 Study supported by the Utah Fish and Game Department, Departments
of Zoology and Entomology at the University of Utah, and the U. S. Public
Health Service (Division of Water Supply and Pollution Control).
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A limnological reconnaissance of Lake Lanao'
Davip G. FrRey
With 6 figures and 3 tables in the text and on 2 folders

Lake Lanao on northem Mindanao in the Philippines is of great interest limnologi-
cally if for no other reason than that it contains endemic species of various kinds of
animals, including a species flock of cyprinids that have evolved in the lake (most recent
review by Mryers, 1960, but see also Brooks 1950, and Herre 1933). Contrary to the
opinion of BaiLey WrLL1s (quoted in Myers 1960) that the lake is only about 10,000 years
old, based on the short length of the canyon below Maria Cristina Falls, evidence is accu-
mulating that the lake is much older than this, possibly even deriving from the late
Tertiary.

Relatively little has been published concerning the lake and its limnology, aside from
taxonomic studies of the fishes by HerrE (see bibliography in Myers 1960). The fragmen-
tary and still incompletely published observations of the Wallacea Expedition in 1932
include 2 maximum depth sounding of 107 m, more than 1 ppm dissolved oxygen at 90 m
on 7 May (in contrast to nearly all other deep lakes of the Philippines in which the oxygen
completely disappears relatively close to the surface), and the inclusion of the lake by
Wortereck in his group of deep tropical lakes with a complete circulation in winter
(WorTerECk 1933, 1941). This last statement is entirely presumptive, as up to now there
have been no seasonal observations on the lake. Besides this there are partial lists of
organisms (to genera in most cases, species in some) that occur in the inshore and offshore
plankton, and to a lesser extent in the shallow-water benthos (WoLTERECK 1941). These
observations, being very fragmentary, do more to suggest limnological processes than
define them.

The present paper is a brief summary of limnological studies conducted from August
1967 through June 1968, during which time almost 40 half-day trips were made on the
lake. A Koden echo sounder was used to map the bathymetry of the lake. Thearea of the
lake and of the various tributary watersheds was measured with a planimeter from the

! Contribution No. 819, Department of Zoology, Indiana University, Bloomington.
These studies were carried out while the author was a Ford Consultant at Mindano State
University. The Ford Foundation (through Educational Projects, Inc., in Pittsburgh) also
provided a really extensive suite of limnological equipment, not all of which, regretfully,
arrived during my period of residence in the Philippines. This research would not have
been possible without the cooperation of many persons. Participating in field trips and
helping collect data were my class in limnology and volunteers from among the students,
faculty, Peace Corps Volunteers, and British Volunteers Service Overseas. I am particularly
indebted to Miss Asuncion AmiLa and Robrico CaLva, who, besides faithfully helping
out during the academic year, served as full-time assistants from mid-April to mid-June,
and to Dean Domiciano K. ViLrarvz of the College of Fisheries. Persons outside the
University include Engr. D. C. Paz of the National Power Corporation, Dr. FroiLan GER-
vas10 of the Bureau of Mines, Mr. FELix E. Excina of the Weather Burcau, and Mr. Garo
B. Ocamro of the National Museum. Dr. Roeert G. WETZEL of Michigan State University
kindly determined the activity of the C' used and made counts on the membrane filters
from the photosynthesis runs. The Research Institute of Mindanao State University
generously provided funds for rental of a boat and employment of the two full-time assist-
ants in April—June. The Ford Foundation provided many services through its Manila
office.
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1: 50,000 maps available from the Board of Technical Surveys and Maps in Manila. Data
on the fluctuations in lake level and discharge of water from the lake were made available
by the National Power Corporation. Also available are rainfall data for three stations and
temperature data for one station located near the lake (obtained from the Weather Bureau
in Manila) and short, although valuable, series of measurements of discharge of the major
rivers tributary to Lake Lanao (WiLLiams & Gocroco 1924).

Bathymetry

The lake basin is shallowest toward the north end and becomes progressively deeper
toward the south (Fig. 1), with an extensive area east of the two southern islands greater
than 110 m in depth and with a maximum depth of approximately 112 m, the same maxi-
mum depth quoted by HavLsrass (1922: fide Hurcminson 1957). This datum undoubtedly
derives from studies by the U.S. Army Engineers, when they were at Camp Keithley at
Marawi City during the early decades of this century (ViLLaLuzZ 1966). Based on a limited
number of soundings, WoLtereck (1941) concluded that the northern half of the lake
(roughly north of a line between Uato and Tamparan in Fig. 3) was quite shallow, and
that the bottom dropped off rapidly from here toward the south. Fig. 1 shows that there is
a distinct increase in slope here, indicated by the closer spacing of the 10-m countours,
but nothing approaching the gradient implied by WoLTERECK, nor is the northern half so
shallow as inferred from the few soundings on his simple map. The maximum depth of
107 m recorded by WoLTERECK was to the east of the two islands in the south. The base
datum for water depths on the bathymetric map is the mean lake level of 701.89 m as
determined from records of the National Power Corporation.

During the period of the survey (January through May 1968) the monthly mean lake
level varied from 701.12 to 701.40 m. These differences below base datum were over-
compensated by a positive error in the echo sounder, which varied asystematically with
depth. Since in addition the resolution of the echo sounder was not as great as desired for
this work (80 mm of record for 150 m of water depth), the depths are not precise. These
errors and others will be discussed in greater detail in the final reports of this study.

In most parts of the lake the bottom is monotonously lacking in relief away from
shore. Most offshore bedroc structures have been masked by sediment accumulation,
although there are a few areas where this is not so. One is indicated by the sinuosities of
the 80- and 40-meter contours in the northern third of the lake. Here, even at this depth
and distance from shore, the bottom is composed of coarse sand (with considerable mag-
netite and garnet) and small pebbles, with gastropods and other benthos abundant and
diversified. Fishes, and hence fishermen, are also attracted to this region. Another such
area is the structural ridge on which the two southern islands are located. Still others but
without major influence on the bathymetry are indicated by subsurface reflections breech-
ing the surface on the echo traces. Near shore, however, except along the east where the
major rivers enter, the relief is controlled mainly by bedrock, with only a thin veneer of
relatively coarse sediment. In general, the above-water topography is countinued below
the surface, as required by a drowned land surface. Hutcrinson (1957) lists Lanao as one
of the best examples of a lake formed by a lava dam. Tectonic processes have also been
involved, however, and are continuing, as evidenced by collapse associated with the
1955 earthquake. Hence, the basin must be considered volcano-tectonic in origin. The
steepest slopes occur off the scarp along the south end of the lake, where a depth of
100 m is present barely 200 m offshore, This is the region of the lava dam. The typical
deepwater sediments away from shore and away from offshore regions with bedrock at
the surface are a fine gray clay. Much could be accomplished toward understanding the
geomorphology and evolution of the region with an echo sounder having greater depth
resolution and sufficient energy for penetrating the sediments.

Several morphometric statistics of the lake are: area — 357 km?; volume — 21.5 km3;
maximum depth 112m; mean depth (volume/area) — 60.3 m; replacement time (vol-
ume/mean annual discharge) — 6.5 years.
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Figz. 1. Bathymetric map of Lake Lanao, prepared with the aid of a Koden echo sounder,
model SR-390 D. The various sounding runs made with the boat are shown on the small
insert map. Offshore contours are reasonably accurate because of the low relief here.
Nearshore contours are only approximate on a map of this size. There are many topo-
graphic irregularities within several hundred mecters of shore, reflecting bedrock control
of a drowned land surface. Contour intervals are 10 meters below the mean lake level

of 701.89 m.
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Meteorology

Rainfall records are available for the Marawi City region (including Camp Keithley)
at the north end of the lake for various intervals over the period May 1918 to January
1954, encompassing a total of about 25 years; for Ganasi at the southwest corner of the
lake for the period May 1919 to January 1933; and for Lumbatan on the south shore from
April 1919 to December 1932. Maximum and minimum temperatures are available only
for Marawi City from January 1921 to December 1932. No official weather station is being
maintained in the province of Lanao del Sur at the present time, although one is to be
established at Mindanao State University.

The mean annual rainfall at these stations is remarkably consistent: Marawi City
— 2865 mm, Ganasi — 2890 m, and Lumbatan — 2864 m, for an overall average of
2878 mm. The number of rainy days per year, however (a rainy day is defined as one
with at least 0.1 mm precipitation), is not consistent: Marawi City — 237 days, Ganasi
— 180 days, Lumbatan — 194 days. The average precipitation per rainy day varies in-
versely with these numbers. Thus Ganasi has fewer rainy days per year than Marawi City
(and hence probably more hours of sunshine, although there are no data to substantiate
this), but the rains when they do come are more intense,

The lake exerts considerable control over the local climate, which affects the inso-
lation amount and pattern. Typically the sky is relatively cloudless until mid morning. The
small updraft clouds that form over the land tend to dissipate as they move out over the
cooler water. As a result the lake is frequently surrounded by clouds, but the sky overhead
is clear. This permits almost maximum insolation and undoubtedly affects the primary
productivity.

As is typical of many monsoon areas of the Philippines, the months December through
April are relatively dry, the other seven months relatively wet. This is the pattern evident
in the climatograph for Marawi City (Fig. 2), which also shows the markedly colder mean
daily temperatures from December through March. This is the period during which the
lake turns over, based on the records for this one year. Stratification is reestablished in
late March and early April during the period of rapid warming. Peak precipitation occurs
in June, with a lesser although substantial peak in September,

Hydrology

The Lake Lanao-Agus River system is presently unregulated. When the lake level
is high, more water leaves the lake than when the level is low. This results in a stable
lake but an unstable river. Over 27 years of record, the mean annual variation of lake
level has been only 0.8 m (range 0.3—1.5m), with an extreme range of 2.09 m. On the
other hand, the monthly mean discharge from the lake over this period has varied from
233.0 m¥/sec. in December 1955 to only 12.8 m3/sec. in May 1958 and even less than this
in March and April 1966.

Based on data generously made available by the National Power Corporation, over
the periods 1932—40 and 1948—66 the mean lake level was 701.89 m. The time of occur-
rence of the annual maximum and minimum monthly mean lake levels corresponds closely
to the annual cycle of precipitation: 53 %/o of all maxima occurred during the months June
through August, although each month of the year had at least one instance in which the
annual maximum occurred in that month. Minimum lake level occurred 70 %/ of the time
in March and April, and the months July through October never had a minimum for any
year of record.

During the period July 1938 through December 1940, discharge measurements were
made on the Agus River where it leaves the lake at Marawi City, from which a rating
curve was established for approximating discharge for any given lake level. During this
period the mean monthly lake level varied from 701.60 to 702.29 m and the discharge
from 73.38 to 160.14 m3/sec. A least-squares analysis of these data, assuming a linear
relationship between discharge and lake level, gave the regression equation Y = 118.375
X —82,981.536 (Y is discharge in m3/sec. and X is lake level in meters), with a highly
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significant correlation coefficient of 0.960 for Y as a function of X. This rating curve is
slightly different from the one derived by the National Power Corporation, having ap-
proximately the same y-intercept but a somewhat steeper slope. Both curves yield zero
discharge at 701.00 m, and yet in March and April 1966 when the mean monthly lake
levels were 700.94 and 700.95, respectively, there was still a small discharge from the lake
(based on verbal reports of a number of persons at Mindanao State University). Hence,
discharge as a function of lake level may be approximately linear over most of the
expected range but apparently not at extremely low lake levels.
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Fig. 2. Climatograph for Marawi City. Mean rainfall for the various months is based on

21 to 26 individual monthly totals over the period May 1918 to January 1954, Monthly

mean temperatures are based on 8 to 10 averages for each month accumulated over the

period January 1921 through December 1932. All data are from the records of the We-

ather Bureau, except rainfall data for July 1950 through January 1954, which are from the
National Power Corporation.

From the regression equation given above, the mean discharge from the lake (at a
mean water level of 701.89 m) is 104.71 m?/sec., which yields an average annual discharge
of 3.304 billion m?. Since the area of the total watershed above the source of the Agus
River at Marawi City is approximately 1.680 billion m?, each square meter of watershed
surface (including the lake) contributes roughly 1.97 m? to the discharge from the lake.
Assuming a mean precipitation of 2.873 m for the entire watershed (although it may well
be substantially higher than this), the difference of 0,90 m must be accounted for by
evapotranspiration and other losses from the system.

The Lzke Lanao watershed can be resolved into the major components shown in
Tab. 1 (see also Figs. 3 and 4). Discharge measurements for the five major rivers draining
the mountainous region to the east are available for the period September 1919 through
June 1922. The discharge from the lake for this same period can be estimated from the
discharge measurements of the Agus River made at Momumgan 23 km downstream from
the lake. Tab. 2 shows that in general cach watershed contributes to the total discharge
from the lake in proportion to its area. The Masiu River and the Gata + Bacayawan
Rivers (the Bacayawan is shown in Fig. 4 as the small elongated watershed — labelled
S — between the Taraka and Gata watersheds) have a small excess contribution, the Ra-
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Fig. 3. Map of the Lake Lanao-Agus River watershed, showing drainage atterns, major
IGAN BAY b b (‘lgmli(ms lul()ng the watershed (]iL:'idﬂ, and some of the muju:; ﬁltl(]l'lll’l"n'f around l.ujkc
Lanao, Relief is gencerally steep close to the lake except along the eastern shore, where
very extensive alluvial-deltaic plains have been built up by the four major rivers, These
are used extensively for rice production, The arcas to the cast of the lake with hatched
outlines are two arcas of Tertiary coral limestone (transferred from the Geological Map
\ of the Philippines, Burcau of Mines). The rest of the watershed consists of various materials
e '::""""‘ of volcanic origin, Where the watershed divide comes close to the lake at the south end

e is where the volcanic dam is located,
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