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Introduction

The success of a species in a given habitat depends largely upon the part
which environment plays in the development of the individual, and the loca-
tion of the most sensitive periods in the life history. The toad, Bufo
americanus Le Conte, lives and breeds in warm, temporary, stagnant pools,
thick with suspended mud and decaying matter, subject to many fluctuations
in temperature and all other environmental factors, while the whitefish,2
must have clean cold water comparatively free from decaying materials, pre-
senting the minimum of daily fluctuations. This paper is an attempt to deter-
mine the effects of variations in dissolved gases, of a magnitude common in
the toad habitat, upon development, and to locate the sensitive stages in the
early life history. An index of sensitivity was also sought in the amount of
oxygen released from hydrogen peroxide.

M aterials and Methods

It was found that the toads at Urbana, lllinois, breed in a variety of
places from barnyard pools thick in manure and mud, to temporary pasture
puddles. A plentiful supply also breed in a small artificial lily pond on the
campus of the University of Illinois where the adults may be easily captured.
They begin laying early in the morning and will continue until noon or after
when brought into the laboratory. This affords a continuous supply of
freshly fertilized eggs throughout the morning, and is more satisfactory than
artificial insemination. A further advantage that these eggs possess for such
a study as this is the fact that the time from fertilization to the functioning
of the internal gills at 160 C. is very short, about twenty days. This makes it
possible to watch their growth from hour to hour and to see the effect of
changing the conditions. The eggs are large enough to see the stages well
under a hand lens.

The pH was determined by the use of Hynson, Westcott and Dunning
indicator sets with additional tubes for high and low values. The oxygen
determinations were made by the Winkler method. As the amounts of

1 Contribution from the Zoological Laboratories of the University of Illinois.24-
2 Studied for comparison, results to be published later in E cology.
290
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Hg Cup

Hg Cup

Fig. 1. Apparatus for measuring the oxygen content of small amounts of water by
the Winkler method. A, large tube 2.2 cm. diameter by 6.5 cm. length, capacity 26 cc.,
total length from 1 to 2 is 17 cm. R to R heavy black rubber tubing enclosing glass
rings B C and D, diameter 1 cm. outside, .6 cm. inside.
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water in the experimental dishes were small, 200 to 400 cc., the use of 250
cc. bottles was impracticable. A piece of apparatus was therefore devised
that would handle small amounts of water (Fig. 1). By raising and lowering
the mercury cup, water was siphoned into the apparatus from tlye experi-
mental dish, and the cocks 1 and 2 closed. B was filled with manganous
chloride (sol. I, Winkler method), C with potassium hydroxide-iodide (sol.
1), and D with concentrated hydrochloric acid, and clamps 3, 4, and 5
closed after each addition. The clamps were then removed one at a time in
the same order and the liquids mixed by means of gravity, and a glass bead
inserted with solution I. The 26 cc. of water which the apparatus holds was
then titrated against N/40 sodium thiosulphate and the oxygen in cc. per
liter calculated.

E xperimental Data
A. Physiological Life History from Fertilization to Internal Gill Stage

In this work on physiological life history several types of experiments
were performed: (1) Keeping the pH constant (8.0) the oxygen content
was varied, four concentrations, .4 cc., .9 cc.,, 1.41 cc. and 4.64 cc. per liter
being used. (2) Keeping the oxygen about the same in all dishes, .4 cc. to
.8 cc. per liter, the pH was varied from 6.1 to 8.0. (3) Eggs were sealed into

Fig. 2. Toad eggs put into experimental conditions : | at 1 cell stage, I1 2 cell stage,
and 111 4 cell stage.

a fertilization, b 2 cell, ¢ 12-16 cell, d early blastula, e late blastula, f blastopore lip,
g yolk plug large, h yolk plug medium, i yolk plug small, j early neural folds, k late
neural folds, m elongation, n tail differentiating, O tail 1/4 body, p tail 1/3 body, r tail
1/2 body, s tail 2/3 body, t tail equal to the body (7 days), u 8 days, v 9 days, X point
of death.
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known quantities of water with differing oxygen content and the time and
extent of development noted.

Time for normal development of toad eggs at 160 C., plotted as a
straight line in graphs of figs. 2 and 3, is as follows: Fertilization o hrs.;
first cleavage (2 cell), 3 hrs. and 20 min.; 4 cell, 4 hrs. and 30 min.; 8 cell,
6 hrs.; 12 to 16 cell, 8 hrs.; early blastula, 10 hrs. and 30 min.; late blastula,
23 hrs. and 30 min.; blastopore lip, 28 hrs.; yolk plug-large, 31 hrs. and 30
min.; yolk plug medium, 41 hrs.; yolk plug small, 48 hrs.; early neural folds,
51 hrs.; late neural folds, 62 hrs.; elongation, 72 hrs.; out of jelly—tail dif-
ferentiating, 95 hrs.; tail 1/4 length of body, 114 hrs.; tail 1/3 length of
body, 123 hrs.; tail 2/3 length of body, 143 hrs.; tail equal to body, 168 hrs.;
gills three, 192 hrs.

Tabte I. Time in hours for reaching various stages of development in
the toad experiments

Read down the columns; embryos died where the number is underscored.

Series I.  Put in 25 Min. Series Il.  Put in at
before 1st Cleavage 2 Cell Stage
A-i A-4 C-1 C-2 A-1 A-4 C-i C-2
PH 80 80 58-66 6.0-64 8.0 80 5.8-6.6 6.0-64
Oxygen Content (c.c.). . 4 4.64 8 4 4 4.64 4

Time from fert. to:

Ist cleavage............. 35 35 35 35 35 35 35 35
Early blastula......... 24 4

Late blastula........... 24 % 24 24 24 24 53]
Blastopore lip......... 55) % 5% 60 5

Yolk plug large. ... 73 73
Yolk plug medium. 73

Early neural folds.. 73

Late neural folds.. . 73 95 95 73
Elongation............... 73 123 123 95

Tail differ...... 95 95 143 125

Tail 34 body........... 123 123 143

Tail 34 body.... 143

Tail 34 body.... 168 143 168

Tail % body........... 192 168

Tail = body........... 192*

In the first type of experiment eggs were put into the experimental dishes
at different stages of development, and the effects as shown by retardation,
acceleration or death noted. These results were tabulated in Table |, while
the A series and the same results are shown graphically in figures 2 and 3.
In making the graphs, normal development was taken arbitrarily as a straight
line from fertilization at o hours to the internal gill stage at 196 hours.
Time in hours was plotted as ordinates, and the stages of development, or
abscissae, were obtained by dropping perpendiculars from the normal de-
velopment line to the x axis according to the number of hours required to
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reach that development. All experimental curves were then drawn with both
time and period of development fixed by the normal curve. When the ex-
perimental curve rises above the normal line retardation is indicated; when
it drops toward the normal or below it, acceleration is indicated. Curves
parallel to the normal denote normal rate of growth.

Fig. 3. Toad eggs put into experimental conditions: | at late blastula, 11 at yolk
plug, and 111 at blastopore lip stages. Notation same as Fig. 2.

Using a pH of 8.0 and four concentrations of oxygen, .4 cc., .9 cc, 1.41
cc.,, and 4.64 cc. per liter, we find that a certain degree of development was
attained regardless of the concentration, death not occurring in any of the
experiments short of the yolk plug stage even when the oxygen was as low
as .4 cc. per liter. Eggs put in before the first cleavage (Fig. 2-1) show
marked retardation up to the late blastula stage then some acceleration so
that further development approaches normal. Eggs exposed to the experi-
mental conditions between the first cleavage and the late blastula stage (Figs.
2 and 3) show a period of eighteen or twenty hours with little or no retarda-
tion and then a period of quite marked retardation occurring in the blastopore
or yolk plug stages. Later development for the higher concentrations of
oxygen again approaches normal. Eggs put in after the late blastula stage
(Fig. 3) show general retardation for the lower oxygen concentrations but
fairly normal development for the higher concentrations.

The results of this type of experiments show that where the oxygen was
as low as .4 cc. to .9 cc. per liter death occurred in part of the experiments,
but at higher concentrations only retardation showed the effects of exposure.
At the late blastula and blastopore lip stages the higher concentrations even
caused acceleration of growth. The most sensitive stages appeared to be
from fertilization to the first cleavage, and the gastrulation stages.
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The second type of experiment was where the oxygen was low (.4 to .8
cc. per liter) and the pH varied, 6.1, 6.4, and 7.0 to 8.0. The stages reached
in development are shown in the graphs of Figs. 2 and 3. Exposures to these
conditions beginning before the four cell stage gave death with retardation
in 24 to 120 hours, c to k. The same effect is seen in eggs put in after the
eight cell stage. Those exposed between the four and eight cell stages show
the greatest development (198 hrs.) which is past the sensitive stages. With
small amounts of oxygen the effect was much more rapid and deadly with a
pH of 6.1 to 6.4 than with a pH of 6.4 to 6.8.

In the third type of experiment a dozen eggs were placed in an eight
dram vial (about 26 cc. of water) supplied with a two-holed stopper having
the inlet tube extended to the bottom of the vial and the oulet tube even
with the stopper. Both tubes ended outside the stopper in short rubber
tubes. Water of the desired oxygen content was run through the bottle
until all oxygen due to air was flushed out and then a clamp on the two rubber
tubes sealed the bottle. Development was watched by means of a dissecting
lens until growth stopped. The oxygen content was then determined by
adding the chemicals through the inlet tube, being careful to avoid air bubbles
when inserting the pipettes in the rubber tubes. The cleavage of a dozen eggs
proceeded to the late blastula stage regardless of the period of development
when put in or the amount of oxygen present (.1-5.7 cc. per liter). Further
development was roughly proportional to the amount of oxygen present, as
was also the time to death.

B. Reaction of Eggs to Hydrogen Peroxide as Development Progresses

A universal property of protoplasm (both plants and animals) is the
abitilty to liberate oxygen from hydrogen peroxide. What this property is
due to is a debated question at present, but in general it is ascribed to an
enzyme called catalase. Several theories have been advanced as to its sig-
nificance in animal life. References are given to these in the literature
cited (Becht T9, Burge and Burge ‘21, Zieger T5). As a measure of the
sensitivity of the developing egg at different stages in the early life cycle the
reactions to oxygen and carbon dioxide ‘(acidity) have been discussed. It
was thought that a study of the amounts of oxygen released from hydrogen
peroxide at various periods of development might be of significance. Ac-
cordingly a series of determinations was made with the toad egg using the
method outlined by Burge (T6), Fig. 4A. A second series was made for the
toad eggs the following spring using eight dozen eggs instead of one dozen
and shaking the material by machine instead of by hand (Fig. 4B). A com-
parison of A and B shows a striking parallelism and the two curves seem to
confirm each other. *

From a study of these curves (Fig. 4) it may be seen that there was a de-
crease in the power of liberating oxygen from hydrogen peroxide from the
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unfertilized egg to the fertilized, an increase from fertilization to the early
blastula, a decrease from early blastula to elongation of the embryo, and from
this point to twenty-one days a steady increase. The stages most sensitive
to low oxygen and high acidity were (1) fertilization to first cleavage, and
(2) the gastrulation stages. These were the low points on this curve. Is
there a correlation between sensitivity and a lowered power of liberating
oxygen from hydrogen peroxide?

acO2reless:s by
200 10

| a

180 9—

160 8

60 3
o @ B fg W i koM n o [ r s t u v
Fig. 4. Amounts of oxygen released from hydrogen peroxide at different stages of

development of toad eggs. Series A determinations were made with one dozen eggs in
1920. Series B was made using eight dozen individuals in 1921

Winternitz and Rogers (To) have shown a definite increase in what they
call catalase for the different stages of the hen's egg, as development pro-
ceeds. Burge and Burge ('21) have shown an increase in this power from
egg to adult for the Colorado potato beetle. Zieger (T5) has found a definite
rythm for catalase in the insect life history, reporting that the power is high
where rapid growth or metamorphosis is going on (early larval stages,
pupal stages) and low during resting stages. Child in his book “ Senescence
and Rejuvenescence ” has shown that metabolism is high during the more
sensitive stages. Burge believes that increase in catalase brings about an
increase in metabolism. This curve for the toad egg seems to be a contradic-
tion of one statement or the other since it shows the power of splitting
oxygen from hydrogen peroxide to be low at the sensitive stages. More
work is needed on complete life histories before definite conclusions can be
drawn about this point.

I wish to thank Dr. V. E. Shelford, at whose suggestion this work was
undertaken, for his helpful advice and kindly criticism during the course of
the investigation. | am indebted to Dr. W. E. Burge and Dr. H. B. Lewis
for suggestions in the enzyme work.
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Summary and Conclusions

1. Conditions of high carbon dioxide or low oxygen content such as may
occur in the normal environment and which are tolerated by the other periods
of development, cause great retardation and even death at. sensitive stages.
The effects of low oxygen are much more detrimental in acid than in alkaline
water.

2. There are two definitely sensitive stages in the early physiological life
history of the toad (a) one cell stage; fertilization to first cleavage, (b) the
gastrulation stages; blastopore lip formation to the small yolk plug stage.

3. There is a decrease in the amount of oxygen released from hydrogen
peroxide at the sensitive periods which roughly corresponds in magnitude to
the decreased resistance.
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EFFECTS OF OXYGEN AND CARBON DIOXIDE ON THE
DEVELOPMENT OF THE WHITEFISH 1

Ada R. Hall

University of Illinois

Introduction

A subject of vital interest is the rhythm of events in the physiological life
history of any species, and the manner in which this rhythm may be affected
by environmental factors. Accordingly this work has been undertaken for
the purpose of: (i) finding out the relative sensitivity of the stages in the
early life history of the Whitefish; (2) testing the resistance and reactions
of normally hatched individuals as compared with the reactions of those
hatched under experimental conditions.

Materials and Methods

The material for this work was the lake whitefish, Coregonus clupeiformis
Mitchill. Some work was done on fertilization and early cleavage stages at
the U. S. Hatchery, Put-in-Bay, Ohio. The major part of the work, how-
ever, was done at the Vivarium, University of Illinois, on material shipped
from the hatchery in ice. The temperature of the lake water was about 8°
C. at the beginning of the season. It had a pH of 7.0 and an oxygen content
of 4.08 cc. per liter. At the Vivarium the stock was kept in water from the
University wells aerated to about 2.6-3.3 cc- V?r liter, and with a pH of 7.8.
It was cooled to io° C. by means of brine coils. The water (pH 8.0-9.0;
carbonates 232 + parts per million) for all the experiments was boiled free
of all dissolved gases, and part of the salts precipitated (Shelford T8).

The apparatus used for varying the pH and oxygen content is shown in
figure 1. Bottle 1 contained approximately N/4 sulphuric acid which
siphoned over into the mixing bottle 4. The stopcock 2 controlled the flow
which could be measured by counting the drops through the glass bulb 3.
Thus a known amount of the acid was added to a known flow of the boiled
water which entered at W. This water was also io® C. The water leaving 4
had a known pH, and was oxygen free. Since it contained carbonates, acids
set free carbon dioxide which changed the pH. The oxygen was controlled
by adding compressed air (see fig. 1 and explanation). Three such sets of
apparatus were used giving three hydrogen ion concentrations, each with
three oxygen concentrations.

1 Contributions from the Zoological Laboratory of the University of Illinois, No. 256.
104
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The pH was determined by the use of Hynson, Westcott, and Dunning
indicator sets with additional tubes for high and low values (Clark ’20).
Brom cresol purple (5.B-6.6), brom thymol blue (6.6-y.6) phenol red (6.6-
8.0), and thymol blue, alkaline range (8.0-9.2) were used. The colorimetric

hydrogen-ion concentration and oxygen content. 1, N/4 sulphuric acid; 2, cock for con-
trol of acid by drops at 3; 4, mixing bottle for acid and boiled water from W; 5, 6, and
7, jars, to which air from A is added in varying amounts; C, cocks for control of air
flow; 8, 9, and 10, half-pint sedimentation glasses for eggs; M, mercury manometer for
keeping air flow constant.

standards were checked electrometrically by Dr. R. E. Greenfield. Oxygen
determinations were made by the Winkler method with an apparatus which
used only 26 cc. of water for a determination (Hall '23).

Experimental Data
E xperiments at the Hatchery

All the experimental work was done at i0o° to n° C. at the U. S. Hatch-
ery. The length of life of eggs and sperm was tested. Three sets were run
(@) dry eggs and sperm, (b) dry eggs and sperm mixed thoroughly with
water to uniform milky fluid, and (c) dry sperm and eggs standing in lake
water. With wet eggs and dry sperm eight minutes was the latest time at
which fertilization was possible. With wet sperm and dry eggs nine minutes
showed a small number of fertile eggs. But with both eggs and sperm dry
fertilization took place at.seven and a half hours. It may have been possible
after longer time as such an experiment was destroyed and could not be veri-
fied.
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In early development the eggs were exposed to constant oxygen (4.08 cc.
per liter) but with varying pH. Normal lake water had a pH of 7.0.
Acidity (pH 6.2-6.6) was produced by adding sulphuric acid, and alkalinity
(pH 84-8.6) by adding sodium hydroxide. Dishes of standing water were
used and changed frequently. Eggs fertilized directly in the solutions were
normal at the end of twenty-four hours (32—64 cell stage). This experiment
was then repeated using lake water boiled until the oxygen content was 2.9
cc. per liter. Fertilization and development occurred in all the dishes, but
there was a marked difference between the acid and alkaline waters. With
a pH of 6.2 and 6.6, respectively, 80 per cent and 25 per cent fertilized and
developed; with a pH of 7.0 only 3 per cent, and at a pH of 8.4 but 1 per
cent. A hydrogen ion concentration which is too great to favor later de-
velopment appears best for fertilization (Cohn T8).

E xperiments with Shipped E ggs

In the work on later stages with treated running water at the University
of Illinois, special attention was paid: (1) to keeping conditions as near
constant as possible from day to day; (2) to watching the stages of develop-
ment reached in each concentration and comparing these with each other and
the control stock; (3) to working out the death rate and the percentage
hatching for each concentration; and (4) to testing the vitality and reactions
of the larvae hatching from the different stocks.

In this work apparatus was set up in triplicate (fig. 1). Values of pH
6.4, 7.0, and 8.0-9.0 respectively were used, each pH with an oxygen content
of 1 cc, 3 cc.,, and 4.5 cc. per liter; pH was taken in all the dishes each day,
and oxygen was determined every two or three days.

The eggs were obtained from the hatchery in four lots. The first lot,
spawned December 2, was in the thirty-two cell to early germinal cap stage
when received December 3. The second lot, spawned December 5 and re-
ceived December 24, had the tail just elongating and the fin buds starting.
The eye vesicles had formed but no pigmentation had occurred. The third
lot, spawned December 7 and received January 31, were only slightly far-
ther along in development than lot two. They had just begun to show the
pigment in the eyes. The fourth lot, received March 12, were fully devel-
oped and started to hatch immediately.

A comparison of the chemical analyses of Lake Erie water (the average
of Huron at Port Huron and Erie at Buffalo, Clarke '20, p. 70) and the
boiled University water is important in connection with the experimental re-
sults obtained with the whitefish, and is given in Table I.

The four stocks differed in: (a) the length of time in these two kinds of
water, (b) temperature at hatchery and in experiments, and (c) the stage at
which shipment was made.
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Table I. Comparison of Lake Erie and boiled University of Illinois water
Lake Erie Water Boiled U. I. Well Water
PH (CO02 e 7.0 9.0
250 ppm.
trace
1 ppm.
33 ppm.
27 ppm.
16 ppm.
248 ppm.
Table Il. Shozuing the development of whitefish eggs under different conditions
Figures are days to stage indicated on left. Dates of spawning, receipt at Urbana,
and beginning of experiment, respectively, follow each series number. Series Il and
111 are stock 1; series VII1 is stock 3. The entries in italics indicate that embryos died

soon afterward. Oxygen all given in cc. per liter.

Series Il; 12/2;
12/3; 12/6.

[=XeoNe)]

Cap small cells..........
Embryo forming....
Post ring large...
Post ring small...
Eye vesicle...
Tail flat.....

Tail starting
Tail elongating..........
Tail % body.............

(G

10

11

4
5
6
7

-5 10 10 9 10 10.8
0
1
13

Series Ill; 12/2;

12/3; 12/17.
59-69 6.8-7.0 6.8-9.0 59.g9 6.8-7.0 6.8-9.0 4.9-69 6.8-7.0
6 6.4

4 85 6.4 85
4-24  4-22 2-1.7 1.3.31 1.9-37 1.7-3.2 32.53 3-3-49

1.64 .88 1.07 2.32 2.56 2.49 4-37 3.96

Eye pigmented.......... 15 15 15 15 15 15 15 15
Fin rays short. .« 19 19 17 19 17 17 19 17
Fin rays fin 21 21 21
Tail near head . 26-27 26 26 26 26
Tail to head.... 27 27 27 27
Tail to eye...
Hatching.....cccocoeeeee.

Series VIII; 12/7;

1/31; 2/21.

pH range 6.1-7.2 6.2-9.0 9.0 6.1-7.2 6.2-9.0 9.0 6.1-7.2 6.2-9.0
pH mean...... 6.4 7.6 9.0 6.4 7.6 9.0 6.4 7.6
Oxygen range.. 2-1.1 -5 .8-2.4 2.0-3.2 7-35 2.6-3.0 33-3-S 2.4-5*3
Oxygen average........ .61 - 1.6 2.6 2.1 3-0 35 3-8
Ready to hatch......... 76 76 76 76 76 76 76 76
Hatching—Ist.... 78,7% 78, 13% 78,18% 78, 18% 78,16% 78,15% 78,8% 78, 17%
Max. hatching 79'82 79:82 79 81-83 79-82 79-81  81°83 81.83
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Effect of Conditions on the Different Stocks

Table Il shows the number of days required to reach the different stages
in the various concentrations. The numbers and letters used below will be
found in this table.

Stock 1. In series Il, conditions varied materially in all dishes. With
a pH around 6.2-64 we find that a set of eggs put into the dishes A, B and
C—t on the seventh day varied in both amount of development and length of
life roughly in proportion to the amount of oxygen supplied. This was
.1 cc., .2 cc., .6 cc. per liter respectively. This amount was not enough to
carry development beyond the elongation of the tail bud, and was lethal in
every case. This same oxygen effect seemed to hold with higher pH, and
was evidently below the threshold of whitefish development.

In series 111, oxygen content was raised so that dishes No. 1 had about
1 cc. per liter, dishes No. 2 about 2.5 cc., and dishes No. 3 about 4 cc. per
liter. With this increase in oxygen concentration the more alkaline water
showed the farthest development. The eggs lived as long in the acid and
neutral waters of high and low oxygen but development was retarded. It
is significant that those eggs in neutral waters were more retarded than those
in either the acid or alkaline waters. Where neutrality was maintained as
in this set a detrimental effect is noticed in development equal to that of
higher hydrogen ion concentrations. The results suggest that pH of 7.8 is
optimum and 7.0 too high a concentration of hydrogen ions. This lot of
eggs, put in at the early pigmentation stage of the eyes lived nearly to hatch-
ing.

Stock 2. The experiments of series IV and V were started three days
apart and run simultaneously so that conditions were identical except for the
time of entering the experimental waters. The average oxygen for the
different dishes was slightly higher than in series Il1l. The eggs of series
1V were put in when the fin buds were just starting. A distinct oxygen dif-
ferential was established: the low oxygen eggs developed to the point where
the tail reached the mendian line of the head; the medium oxygen eggs to the
point where the tail reached past the head and around to the eye; while the
high oxygen eggs developed just to hatching in the acid and neutral waters.
The alkaline water did not seem enough lower in oxygen to account for the
retardation which occurred, and this retardation was probably due to the
hydrogen ion concentration.

In series V more difference in development is apparent between the dif-
ferent dishes. The greatest amount of retardation occurred in the low
oxygen jars and in the high oxygen of the neutral series (pH fluctuating).
Two eggs hatched in the medium oxygen of the neutral series, but all
others died just before hatching time. These were the first individuals to
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hatch in the experimental dishes, though a few hatched in the stock (pH 7.8
and oxygen 3.3 cc. per liter).

Stock 3. Hatching occurred in the experiments run with both the third
and fourth stocks. As these stocks were older, the time of exposure to the
experimental waters was later, and a different reaction resulted. Series VI
and VIl were started two days apart but were run simultaneously. Hatch-
ing occurred in several of the dishes and extended over several days, the
beginning and duration of the process being recorded in Table Il. The per
cent hatching is given as the second member opposite “ Hatching-1st”

Series V111 was started just as the eggs of stock 3 were ready to hatch,
to test the effect of different concentrations on this process and on the life of
the larvae. Hatching occurred in all the dishes beginning on the same day.
Maximum hatching was 2 days later in the acid “ medium” oxygen and
in the acid and neutral high oxygen, showing some retardation for these con-
centrations.

Stock 4. Series IX is the result of the exposure of eggs reared for the
entire time of development at the hatchery in lake water. It shows the
relative sensitivity of the hatching period and the newly emerged larvae.
The first hatching occurred in the acid and neutral low oxygen an hour or
two after putting the eggs in the water. A few also hatched in alkaline
“low ” and “ medium ” oxygen later the same day.

Differences in the Stocks at Hatching

The normal time for the development of these eggs at the hatcheries was
four to five months. Due to higher temperature my first stock began hatch-
ing at thirty-two days. The newly hatched larvae from each of my four
stocks were measured for body length, and for size and shape of yolk, and
the time from hatching to death recorded.

Only a few individuals were measured in stocks 1 and 2. In stock 1 the
fry were 8 to n mm. in length with round yolk sacs 2 mm. in diameter.
These lived only two days. In stock 2 the fry were 11 mm. long, also with
round yolk sacs. These lived sixteen days with no food. Stock 3 averaged
11.1 mm. with similar yolks and lived at least ten days. Stock 4, raised in
lake water, gave fry of a distinctly different type. They were 13.4 mm. to
15 mm. long and were extremely active. The yolk sacs were oval but of the
same volume as the earlier stocks. These lived for twenty-five days without
food, and at the time of death measured 15 mm. This shows that eggs reared
for a long period at low temperature attain a larger size and have more
energy than they would have if forced at higher temperature (an argument
against forcing conditions in hatchery work).
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Mortality

Due to Fungus. One factor in mortality was fungus growth. This was
in direct proportion to the amount of oxygen present, therefore was most
detrimental in the high oxygen concentrations. The pH seemed to have no
differential effect. The fungus grew very rapdily on dead eggs but also en-
tangled live ones and killed them. Infected eggs left in the dishes would
mat dozens of eggs together and kill them in a day or two. Since higher
temperatures were more favorable to the fungus it grew more abundantly
in my dishes than at the hatchery.

Due to Experimental Conditions. The eggs of the different series (Il to
IX) were counted and the dead recorded from day to day. From this data
the per cent of deaths was calculated for each dish of the series. The stages
from early formation of the embryo and ring seemed very sensitive, as in all
concentrations the deaths quickly amounted to 100 per cent. From the time
of closure of the posterior ring and beginning of elongation of the tail and
fin buds sensitivity decreased, as shown by the following figures:

Series |l: Early gastrulation. At the end of three days the per cent which
had died was as follows: A-i, 100 per cent; B-i 100 per cent; C-i, 66
per cent; A-2, 100 per cent; B-2, 75 per cent,; C-2, 50 per cent; A-3,
100 per cent; B-3, 95 per cent; C-3, 50 per cent.

Series 111: Eye pigmented, lens showing. At the end of nine days the per
cent which had died was as follows : A-i, 20 per cent; B-i, 20 per cent;
C-i, 10 per cent; A-2, 50 per cent; B-2, 100 per cent; C-2, 5 per
cent; A-3, 10 per cent; B-3, 50 per cent; C-3, 5 per cent.

Series 1V : Tail 1/4 body length. At end of sixteen days the per cent which
had died was as follows: A-i, 91 per cent; B-i, 26 per cent; C-i, 49
per cent; A-2, 64 per cent; B-2, 96 per cent; C-2, 98 per cent; A-3,
70 per cent; B-3, 66 per cent; C-3, 98 per cent.

The deaths due to fungus were in most cases small compared to total deaths.
Total mortality is the index to the effect of varying conditions of oxygen and
carbon dioxide, and shows the relative sensitivity of the different ages of

eggs.
Effect of Other Acids

As sulphuric acid liberated the carbon dioxide in the above experiments,
it was thought desirable to run a check with other acids. A series of finger
bowls was prepared such that a pH of 6.3, 7.0, and 9.0 was obtained for each,
sulphuric, hydrochloric, and acetic. Salts such as sodium chloride an-
tagonize the acid which may be present in water (Loeb, T2, Osterhout, T4),
and therefore a duplicate series was made up in which one third of the volume
of water was substituted by M/6 sodium chloride. The same amount of
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mixing was given each solution as it was made up to insure a uniform oxygen
content of 1.5 cc. per liter. The finger bowls were filled full and covered.
Readings were taken without uncovering. Table 111 shows the time to death
in the different concentrations. In the acetic and sulphuric acid (no salt)
death occurred in pH 7.0 first, 9.0 second and 6.3 last, but for hydrochloric,
death in 6.3 preceded 7.0. Neutrality was most quickly fatal, and alkalinity
more toxic than acidity. The sulphuric plus salt was least toxic of all with a
pH of 6.3, as these larvae were still alive at the end of 23 days. The differ-

Table I11. Resistance of whitefish larvae to acidity, neutrality, and alkalinity in 500 cc.
fresh boiled water and M/6 NaCl water; acid, acetic 0.529N sulphuric 0.48$N,
hydrochloric 0.442N, CO2 gas added directly

02 in

Ei'?h Chemical Used cc, per pH  Av. Time to Death Remarks
4 8 cc. acetic + boiled HD 5 6-3 47 hrs.
4 8 cc. “ + M/6 NaCl « 84 “
4 18 cc. + boiled HD < 7-0 22 ¢
4 18 cc, “ + M/6 NaCl 84 *
4 .6 cc. HC1+ boiled HD < 6-3 20 ©
4 6 cc. “ + M/6 NaCl 1 180 *
4 26cc. “ + boiled HD 1< 7.0 51 “
4 26 cc. “ -f M/6 NaCl 61 “
4 6 cc. HS04+ boiled HD ﬁ 6-3 52 “
4 .6 cc. “ + M/6 NaCl m 216 ¢ i alive 24 days
4 16 cc. “ + boiled HD <« 7-0 27 -
4 16 cc. * + M/6 NaCl 500 * 1 alive 24 days
4  control boiled water u 9.0 47
4 SR V7 NT:Yol IN— I« g7 -
24 CO2+ boiled water 1 6.3 2 hrs. 25 min. Stock 3
45 “ogx o “ 1 63 4 ° “ 4
15  boiled water 1 9.0 3 ¢ 45 “ “« 3
9 “ “ 1 90 5 =
15 CO02+ boiled water 2.8 6.4 E “ (not dead) “« 3
18 “ + “ 28 64 I « “ 3

ence in the reactions to the three acids was small. The variation in the
hydrogen ions was probably influencing growth rather than the anions, sul-
phate, acetate, and chloride. This is in keeping with the work of Loeb ('04,
T2) on the chemicals most influencing growth. He has studied the effect
of salt solutions on growth and regeneration and finds that the cations or
substituted hydrogen ions are most influential in changing growth, calcium,
sodium, and potassium being necessary at some time during the life cycle for
normal individuals to develop.

The effect of direct addition of carbon dioxide to water of high and low
oxygen was studied in relation to length of life in whitefish larvae. In low
oxygen the larvae died more rapidly in acid water (6.3) than in alkaline
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(9.0). With high oxygen (3 cc. per liter) a pH of 6.3 did not kill, though
the exposure was for the greater part of two days. This is in accordance
with Well's statement that large amounts of oxygen antagonize the detri-
mental effects of high concentrations of carbon dioxide. Statements of the
effect of the different combinations of oxygen and carbon dioxide in this
paper seem contradictory. The experiments were all started with different
stocks so the number of items that can be compared is unavoidably small.
However when the time to “ fin ray short" (series Ill, table I1) is plotted
on cross section paper with oxygen and pH scales, and the points showing
equal time connected in a manner suggested by Huntington’s ('19) plots of
human death rate in relation to temperature and humidity, the results ap-
pear orderly (Fig. 2). The time for “ tail flat ”’ in series 11 shows a similar

Fig. 2. Showing equal time lines on an oxygen-hydrogen-ion chart. The broken
line passes approximately through combinations of oxygen and hydrogen-ion concentra-
tion in which the embryos developed a flat tail in ten days, beginning four days after
spawning. The solid lines pass through combinations of oxygen and hydrogen-ion con-
centration in which the embryos developed short fin rays in 17 and 19 days respectively.
The general trend of these lines suggests that development may be expected to be most
rapid at about 3.4 c.c. of oxygen and pH 7.6 to 7.7, where the large cross is placed. This
cross is in the center of the ellipse. The center of the ellipse suggested by the flat tail
curve would fall at a higher H-ion concentration.

relation. Observations were not made often enough to bring out the neces-
sary details in any but series 111, as noted above; accordingly this interpreta-
tion can be suggested only as a basis for further investigation.
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Under experimental conditions eggs develop into normal embryos with a
pH of 7.0 and a much lower oxygen content than in the hatchery. Much
greater variations were produced in per cent hatching and in length of time
for development by varying the pH toward the acid or alkaline end of the
scale than by changing the oxygen. This is in accord with the idea of
Powers ('20). He concluded from his reconnaissance of the pH of Puget
Sound waters under varying conditions of tides, weather, etc., that pH has
more to do with compatibility of habitat than oxygen.

Effect of Conditions on Reactions of Fry from Different Stocks

As each of the stocks hatched, gradient experiments were run with the
larvae to see if the environment during the early embryonic life had any ef-
fect on the pH range which they would choose. A gradient tank suited to
the size of the larvae was used. This tank was 20.5 cm. by 2 cm. by 1.5 cm.
with screens 1.5 cm. from each end, and outlets at both sides of the middle.
Water was introduced drop by drop behind the screens at the ends, and
flowed out at the center. The end thirds were thus very nearly the same as
the water introduced there, while the center third was a mixture of the two.

Stock 1 and 2 were reared from the early germinal cap stage and the
elongation of the tail, respectively, in the vivarium waters. Both of these
stocks then lived through the period of heart and blood formation in the ex-
perimental waters. The results of the gradient experiments are suggestive.
No larvae hatched from the experimental dishes of the first stock, but those
hatching in the control (pH 7.8) stayed within the range of 7.6 to 8.2 when
given a choice of 6.6 to 9.0. Fig. 3 A shows the reactions of larvae of stock
1to control water (7-8). When given a gradient of 6.4 to 8.2 a very definite
choice of end is seen. Larvae reared in water of moderate hydroxyl ion
concentration (pH 9.0, Fig. 2 B) choose the alkaline end of the tank, but
contrary to expectation those from the high hydrogen ion experiments (pH
6.4, C) also choose this end. None of the other larvae reared in any of the
later stocks or experiments choose this low hydrogen ion concentration when
there is water of a higher acidity available.

In stock 4 the eggs were raised to hatching at Put-in-Bay and so began
hatching a few hours after they were put into the experimental waters.
These therefore passed the time of heart and blood formation in the lake
water. Animals hatched on the 14th and 16th of March were kept in the
experimental waters, and gradients run with them on the 17th and 22d.
Nearly all of these showed the characteristic exploration of the whole tank
for from three to five minutes then a preference for the acid end of the tank.
The turning back occurred at a very definite pH and the avoidance was from
either end, for often when an animal entered the unfavorable water it stayed
there turning back from the changing point to again enter the unfavorable
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narrow tank was used with water of the desired pH entering at each end, making a
permanent gradient for the entire period of the experiment. The fish swam freely in
the tank for the time recorded in the marginal figures. A, control larva from stock 2.
B, larva from stock 2 raised through the period of heart and blood formation in a pH
of 86 to 9.0. C, larva from stock 2 raised through the period of heart and blood forma-
tion in a pH of 6.4. D, larva of stock 4 raised in lake water, but hatched in pH of 6.4.
E, larva of stock 4 hatched in a pH of 6.4 and given a choice of 8.0 to 9.0.
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end several times before it escaped to the more favorable water. We there-
fore find the point of preference clearly marked. The fish hatched and
kept in water of a pH of 6.3 show a preference for the acid end of a gradient
(fig. 3 Z)). Those hatched and kept at 9.0 at first seemed to choose the 9.0
end of the gradient but they gradually worked down into the acid end and
stayed there.

Wells (T5) states that if a gradient is entirely confined to pH above
neutrality, 8.0 to 9.0, that fish will choose the more alkaline end even though
preferring an acid pH when given a choice of 6.4 to 9.0. | found that this
was true of the whitefish larvae (fig. 3 E). The larvae hatched in acid
water (pH 6.4) chose more exclusively the part from 8.8 to 9.0 than those
hatched in 9.0 water, although the latter turned at 8.4 and spent most of their
time in the 9.0 end. Yet both would normally choose the acid end of a gradi-
ent from 6.4 to 9.0. Wells believes that fish are avoiding pH 8.0, and indi-
cates that if given a choice of pH 8.0 and 9.0 they will choose the latter.
This seems to be a general reaction. Plankton studies of vertical distribu-
tion show the smallest number of individuals at the thermocline (pH 8.0)
with increasing numbers each side of it in either acid or alkaline waters.

The whitefish larvae reared through the period of heart and blood forma-
tion in experimental waters which were high in carbonate, and both quanti-
tatively and qualitatively different in salt content generally from the lake
waters from which the eggs were taken, behave in a gradient differently from
fish reared in lake water but hatched in experimental waters. This difference
lies in the direction of breaking up the preference, otherwise shown, for acid
rather than alkaline waters, causing all larvae to prefer a pH of 7.2 to 8.2
(regardless of the pH of the rearing waters). Gilbert (T8) and Snyder
(’23) have shown that the salmon return to the tributary in which they were
hatched. These experiments suggest that the chemical condition of the water
during heart and blood formation modifies the reactions of fishes. The salt
content and the hydrogen ion concentration of streams up which salmon run
differ (Van Winkle T4). These experiments suggest that the solution of
these migration problems may be comparatively simple.

Summary and Conclusions

1. Hydrogen ion concentrations favorable for fertilization are too high
for later development. Optimum hydrogen ion concentration is gradually
lowered as the embryo becomes older.

2. The most sensitive stages in whitefish development seem to be the
first cleavages and early gastrulation.

3. Fry hatching at one, two, and four months after spawning differ in
size of body but not in size of yolk; those hatching at four months are 4 to
6 mm. longer than those hatching earlier. The later fry also live longer than
those hatching earlier, in spite of having the same amount of yolk available.
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4. Eggs raised through the period of heart and blood formation in water
high in carbonates and differing from their normal environment show a dif-
ferent type of gradient reaction to hydrogen ion concentrations. Such larvae
raised in both acid (6.3) and alkaline water (9.0) choose the alkaline end of
the gradient when 6.3 to 9.0 is offered.

5. When exposed to water with a pH of 6.3 obtained by adding CO 2 di-
rectly, the larvae died earlier in the acid water than in the alkaline with a low
oxygen content. A high oxygen content antagonizes the CO 2 present, pro-
longing the life of the larvae.

6. In a gradient of 8.0 to 9.0 larvae of both acid and alkaline hatching
environment choose the alkaline end (8.8 to 9.0).

I wish to thank Dr. V. E. Shelford, at whose suggestion this work was
undertaken, for his helpful advice and kindly criticism during the course of
the investigation.

The whitefish eggs were secured through the courtesy of the U. S. Bureau
of Fisheries from the hatchery at Put-in-Bay. | wish to thank Mr. Downing
and his associates for making my stay there both pleasant and profitable.
The Bureau of Fisheries extended me the privileges at Put-in-Bay through
Dr. H. B. Ward of the University of lllinois.
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1. INTRODUCTION

A subject of vital interest to the ecologist is the- rhythm
of events in the physiological life history of.any species and the
banner in which this rhythm may be affected by environmental factors.
Accordingly this work has been undertaken for the purpose of:

(1) Finding out the relative sensitivity of the stages in the
early life history of some cold deeded vertebrates. The
whitefish, a delicate organism, was chosen and a comparative
study nmede of the tend, a rather resistant ferr.

(2) Testing the resistance and reactions cf the normally hatched
individuals of a species as compared with the reactions of
individuals hatched under experimentally controlled condi-
tions.

With the increase of mills and cities along our lakes and
waterways thb effect of pollution on the plant and animal life there-
lin has become an Important problem. Wot only do dissolved substances
take their toll of adult formsebut decaying matter covering the for-
mer clean breeding grounds may prevent development cf the eggs,
thereby wiping out a species. To estimate the harr: which nay be done
any given species one must know the most sensitive stage in the en-
tire physiological life history. At the present time comparatively
few complete physiological life histories are known. Much work has
been done on morphological life histories and a number of interesting
theories advanced in r | to the cell, gastrulation, and the form
mof cleavage pattern. There are few theories as yet in connection
with physiological life histories, though enzyme action and the rate
cf reaction cf the chemical substances in different parts of the

developing embryo in relation to external factors such as light,



temperature, acidity, etc., premises to be a very traitful field.
The student cf environment is also interested in both the
evolutionary and hereditary aspect cf the case. If animals have a
certain form cf development and type cf reaction when raised under
the conditions cf the normal habitat, can a permanent change be ef-
fected in these by varying the environmental conditions? May this
new type of reaction be transmitted to the offspring, that is, nay m
environment affect all the cells of the body germ as well as sc,a,
or will the succeeding generations revert to the earlier type? This
paper does not attempt to answer this last question but some inter-
esting suggestions have arisen fro- a study cf the reactions of

whitefish larvae reared under varying conditions.



"11. MATERIALS AND VETHODS

The water breeding amphibia are represented in central
Illinois by salamanders, frogs and toads. The former breed early but
the adults are hard to capture. The toads breed in a small artificial
lily pond on the campus and also in several temporary puddles in an
adjoining pasture. The adults are easily captured with a long
handled net. They begin laying early in the morning and will con-
tinue until noon or after when brought into the laboratory. This
affords a continuous supply of freshly fertilized eggs, throughout the
morning and is more satisfactory than artificial iInsemination. A
string cf eggs six to twelve inches long will be laid and fertilized
in five minutes sc that the time of fertilization is as definite as
it could be under artificial insemination. A further advantage that
these eggs possess for such a study as this is the fact that the time
from fertilization to the functioning of the internal gills at 16°C.
is very short, about twenty days. This makes it possible to watch
their growth from hour to hour to see the effect of changing the con-
ditions. The eggs are large enough to shew the stages well under a
hand lens.

The toad, although ordinarily repulsive, becomes quite at-
tractive on closer acquaintance. The skin partly loses its rough

warty appearance in the water and shows brighter markings. The

breeding call is a musical trill. Individuals will pair under labo-
ratory conditions but rarely will they lay their eggs. |If laying
starts under natural conditions it will continue during the first

day after they are captured.
The other source of material for this work was the lake

whitefish, Coregonus clupedfermis Mitchill. Seme work was done on



fertilization and early stages at the U.S. Hatchery, Put-in-Bay,
Ohio. The major part of the work, however, was done at the Vivarium
University of Illinois, on material shipped from the hatchery in ice
The temperature of the lake water was about 8°C. at the beginning of
the season. It had a pH of 7.0 and an oxygen content of 4.08 cc.
per liter. At the Vivarium the stock was kept in water from the
University wells aerated to about 3.6 cc. to 3.3 cc. per liter and
with much of the precipitated sludge removed. When this water was
exposed to the air much of its carbon dioxide passed off thereby
precipitating some of the iron and part of the bicarbonates as cal-
cium carbonate. With extreme aeration some magnesium hydroxide
might also be formed. A stringy matted appearance was given this
sludge by the growth of iron bacteria Chrenothrix. This aerated
water had a pH of 7.8. It was cooled to 10°C. by means of brine
coils.

The water for all the experiments was treated by the method
described by Shelfcrd ('18). After this boiling the water was free
of all dissolved gases and had part of the salts precipitated. It
therefore had a higher alkalinity (pH of 8.0 - 9.0) and a lower
buffer action than the untreated v/ater. The total carbonates were
333 parts per million expressed as calcium carbonate.

The type of apparatus used for varying the pH and oxygen
content is shown in Fig.1l. Bottle 1L contained approximately N/4
sulphuric acid which siphoned ever into the mixing bottle.4. The
stopcock 3 controlled the flow which could be measured by counting
the drops through the glass bulb 3 Thus, a known amount cf the
acid was added to a known flow of the boiled water which entered at

<\ This water was also 10°C. The water leaving 4 had a known pH



and was oxygen free. Since it contained a certain amount of car-
bonates the addition of small amounts of sulphuric acid merely set
free small amounts of carbon dioxide and this free carbonic acid was
what gave the pH. We are therefore dealing with differing amounts
of carbon dioxide when we vary the pH.

The oxygen was controlled by means of the airline A which
had a mercury manometer of bent glass tubing at the far end. The
tubes which entered the experimental jars 5, Q, and terminated in
pieces of straight robber tubing which had several holes burned in
them with a hot needle. These broke the air current and distributed
it more evenly through the jar. The stopcocks C controlled the
amount of air going to each jar. When the cocks were all set the
mercury could be set at a mark on the tube and a practically uniform
flow of air maintained.

Water pressure forced the flow from the mixing jar to number
5 but it was siphoned from 5 into 6 and 7. It was also siphoned
from £5 6 and 7. into 8, 9 and 10 respectively. These were half pint
sedimentation glasses such as are used in urine analysis and made
very good jars for whitefish eggs as they worked on the same princi-
ple as the large jars in use at the hatcheries. (For the toad egg
development finger bowls were substituted for these sedimentation
glasses). Because air bubbles tend to go into the straight tubes
and stop the siphons the ends of all outlets on the siphon tubes
were bent upward. A second set of dishes could be run by siphoning
the water from 8, 9 and 10 into other dishes. The pH was fairly
constant for all the jars of one set, not varying more than .3 on
the pH scale. This amount of variation was due to the increased

aeration in 6 and 7.
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Such a set-up as the one described above gave three concen-
trations of oxygen with one pH.  Three such sets of apparatus have
been used thereby getting three different hydrogen ion values each
with three oxygen concentrations.

The pH has been determined by the use of indicator sets made
up by Hynscn, Westcott, and Dunning, with additional tubes for high
and low pH values made up at this laboratory from the buffer solu-
tions of Clark and Lubs (’'17) and checked against the Hynson,
Westcott and Dunning sets. Four indicators were used, brom crescl
purple (5.8 - 6,6), brom thymol blue (S.8 - 7.6), phenol red (6.6 -
8.0), and thymol blue, alkaline range (8.0 - 9.2). During the
course of the experiments the colorimetric standards were checked
electrometrically by R.E. Greenfield.

The oxygen determinations were made by the Winkler method.
As the amounts of water in the experimental dishes were small, 300
to 400 c.c., the use of 250 cc. bottles for this determination was
impracticable. A piece of apparatus was therefore devised that
would handle small quantities of water. This is shown in Fig.2. A
second rod X was attached to a ring stand in such a manner that it
could readily be slipped in and out of the clamps. To this was
fir ly bound the tube A which was furnished with a glass stopcock
at 1. A piece of cork on the rod gave support to the stopcock.
The tabe A was furnished at the upper end with a heavy rubber tubs
which had been boiled and paraffined, and had rings of glass tubing
(B, Cand D inserted in it at intervals with just room for screw
clamps (3,5,4 and-5) between. This rubber tube was ligatured with
copper wire to the tube A and also at each glass ring. The lower

end of. A was connected by smaller rubber tubing to the ..ercury cup



which was supported, by a clamp and could be raised and lowered on
the stand.

In making a determination the mercury cup was raised to po-
sition |, such that the mercury just rose to the top of the opposite
tube above 5 (all cocks from 1 to 5 being open). A siphon of water
from the experimental dish was then inserted in the top of A tube,
being careful not to include any air. When the mercury cup was
lowered to position 11, Afilled with the watel
next closed and 36 cc. of water were ready for the oxygen deter-
mination. The water was emptied from the upper part of the tube
(B to D). B was filled with the first solution (manganous chloride)
a glass bead added for a mixer, and clamp 3 closed. Any surplus
solution was rinsed out with distilled water. The second solution
(potassium hydroxide and potassium iodide) was added tc C and
clamp 4 closed. The tube was emptied, rinsed, and D filled with
concentrated hydrochloric acid. Clamp 5 was closed. Then clamp 2
was removed and the first solution allowed to mix with the contents
of A. Clamp 3 was opened and the second solution mixed with A The
glass bead was useful here in breaking up the precipitate and mix-
ing the liquids. If the solutions were slow in leaving B and _C
pinching the rubber between acted as a punp and forced the mixing of
the liquids. Clamp 4 was removed and the acid dissolved the pre-
cipitate, freeing the iodine. The contents of A was emptied and
titrated against approximately N/40 sodium thiosulphate which was
frequently standardized with N/40 potassium dichromate. The amount
of oxygen was calculated in cc. per liter according to the formulas
given in Birge and Juday (’'Il).

A Control of Conditions,
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A number of workers in the last twenty five years have tried
varying the acidity and bacisity of water and studying its effect on
organisms. They have used distilled, fresh and sea water. Coventry
('), Sumner .('97} and Wells ('15) used distilled water hut failed
mo state.the total solids present. Jenkinson used tap water, the
salts of which are an unknown quantity. Icore, Rcaf, and "hitley
('05) added acids and alkalis to sea water figuring molecular solu-
tions without correcting for the carbonates present. In working
pith-s...all amounts cf acid of low normality there uay be enough car-
bonates or bicarbonatee in the water to neutralize all the acid
added so that the end result is merely a lessened alkalinity. In
this way animals may appear to tolerate larger amounts cf acid than
is really possibl . With this in view | have worked out the data
in Table IX. Definite amounts of acid of known normality have beer.

to 250 cc. cf the- boiled water used in all these experiments,
at that time the water had a pH of 9,0 and an alkali reserve of
11.66 cc. of IT44 hydrochloric acid or an alkalinity of 133.46 parts
Ber million calcium carbonate. The normality of the 'water in cal-
cium carbonate was calculated and also the normality of each concen-
tration cf acid used for acetic, hydrochloric and sulphuric. The
|E was determined immediately for each concentration. From the
normalities of the acids used and of the carbonates in the water the
residual normality cf the bicarbcnates has been determined and stated
in parts per .. calcium carbonate. .For hydrogen ion valu
low 8.0 this is all bicarbonates. The amount cf carbon dioxide
liberated in parts per million was determined for the sulphuric acid
series by titration with sodium carbonate.

From the mass law equations the amount of c”roon ciioxime



which might he liberated by the acid added << calculated as a check
bn the titration .ethed. Using this calculated carbon dioxide the pH
Iras then determined by the formula of Greenfield and Baker (’30) to

see hew the theoretical pH would compare with'the determined pH.

"Hydrogen ion concentration = Il.-l - + 1 x 10
(pH) HCO3

where the free carbonic acid is stated in parts per million of Qg
and the bicarbonates in parts per million of calcium carbonate."
Or when both free carbonic acid and bicarbonates are expressed in

either parts per million OGO or cc. per liter of G33 the equation

hec ernes:
Hydrogen ion concentration = 3.5 X 1077 x &% + X -€
(pH) HC03
Per acid values 5.8 to 8.5 both pH values and carbon dioxide

volumes check but as we approach neutrality and the buffer action dis
appears the results do net check. 'Tore work is needed to find out
why values do net check at this point. It is interesting to note
that the series of jars used for the whltefish-expert ents which were
run cn a neutrality basis show wide fluctuations for pH in most cases
but where neutrality was maintained for a period of time quite un-

favorable development resulted.
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111. BEXPERIMENTAL DATA

A. Toad Eggs.

In the work on toad eggs several types of experiments were
performed. () Keeping the pH constant (8.0) the oxygen content was
varied, four concentrations, .4 cc., .9 cc., 1.41 cc., and 4.64 cc.
per liter being used. (2) Keeping the oxygen about the same in all
dishes, .4 cc. to .8 cc. per liter, the pH was varied from 6.1 to 8.0
(3) Eggs were sealed into known quantities of water with differing
oxygen content and the time and extent of development noted.

In the first type of experiment eggs were put into the ex-
perimental dishes at different stages of development and the effects
as shoivn by retardation, acceleration or death noted. These results
were tabulated in Tables | to Ill, the A series and the same results
shown graphically in Figs. 3 to 8. In making the graphs normal
development was taken arbitrarily as a straight line from fertili-
zation at 0 hours to the internal gill stags at 196 hours. Time in
hours was plotted as ordinates and the stages of development, or ab-
scissae, were obtained by dropping perpendiculars from the normal
development line to the x axis according to the number of hours re-
quired to reach that development. AIll experimental curves were then
drawn with both time and period of development fixed by the normal
curve. When the experimental curve rises above the normal line this
denotes retardation, when it drops toward the normal or below it,
acceleration. Curves parallel to the normal denote normal rate of
growth.

Using a pH of 8.0 and four concentrations of oxygen, .4 cc.,
.9'cc., 1.41 cc., and 4.34 cc. per liter, we find that there was a

certain degree of development attained regardless of the concentratio i,



death not occurring in any of the experiments short of the yolk plug
stage even when the oxygen was as low as .4 cc. per liter. Eggs put
in before the first cleavage (Fig.3-1) show marked retardation up to
the late blastula stage then some acceleration so that further
development approaches normal. Eggs exposed to the experimental con-
ditions between the first cleavage and the late blastula stage (Fig.
3 and 4) show a period of eighteen or twenty hours with little or nc
retardation and then a period of quite marked retardation occurring
in the blastopore or yelk plug stages. Later development for the
higher concentrations of oxygen again approaches normal. Eggs put

in after the late blastula stage (Fig.5) show general retardation for
the lower oxygen concentrations but fairly normal development for the
higher concentrations.

The results of this type of experiments show that where the
eoxygen was as low as .4 cc. tc .9 cc. per liter death occurred in
part of the experiments out at higher concentrations only retard-
ation showed the effects of exposure. At the late olastula and
blastopore lip stages the higher concentrations even caused accele-
ration of growth. The most sensitive stages appeared to be fertili-
zation tc the first cleavage, and the gastrulation stages.

The second type of experiment was where the oxygen was low
(.4 to .8 cc. per liter) and the pH varied, 6.1, 6.4, and 7.0 to 8.0.
The stages reached in development are shown in Tables Il and 11l (0O
series) and graphs in comparison with the normal in Figs. 3 to 6.

Exposure made before the four cell stage gave death with
retardation in all ca,ses. The same effect is seen in eggs put in
after the eight cell stage. Those exposed between the four and

eight cell stages show the greatest development. With small amounts
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of oxygen the effect was much more rapid and deadly with a pH of 6.1
tc 6.4 than with a pH of 8.4 tc 3.8 (compare C-l with £-3, Tables 11
and 111).

In the third type of experiment a dozen eggs were placed in
an eight dram vial (about 26 cc. of water) supplied with a two-hcled
stopper having the inlet tube extended to the bottom of the vial and
the outlet tube even with the stopper. Both tubes ended outside the
stepper in snort rubber tubes. Water of the desired oxygen content
was run through the bottle until all oxygen due to air was flushed
out and then a clamp cn the two rubber tubes sealed the bottle.
Development was watched by means cf a dissecting lens until growth
stopped. The oxygen content was then determined by adding the chemi-
cals through the inlet tube being careful to avoid air bubbles when
inserting the pipettes in the rubber tube. Table IVa shows the re-
sults of these experiments; the stage at which the eggs were put in,
the number cf hours to death, and the stage at which death occurred.
Fig.7 shews the same graphically. The number cf hours on each line
was obtained by subtracting the initial age of the eggs from the time
to death, giving the number of hours they were confined in the bot-
tles. The cleavage of a dozen eggs proceeded to the late blastula
stage regardless'of the period of development when put in or toe
amount of oxygen present (.1 - 5.7 cc. per liter). Further develop-
ment was roughly propcrticnal to the amount cf oxygen present, as
was also the time to death.

B. Whitefish Eggs.

In the work on whitefish eggs more apparatus was set up so
as to get a wider range of conditions. Three sets cf apparatus

(Fig.1) with a pH of 6.4, 7.0, and 8.0 - 9.0 respectively were used.
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The oxygen content of the three jars in each was approximately 1 cc,,
3 cc.,, and 4.5 cc. per liter. In such a set of conditions one could
compare the effects of differing pH at a constant oxygen content and
also the effects of varying the oxygen content at a constant pH.

The eggs were obtained from the hatchery in four lets. The
first lot, spawned December 2nd, was in the thirty two cell to early
germinal cap stage when received at the Vivarium, December 3rd. The
second lot, spawned December 5th and received December 24th, had the
tail just elongating and the fin buds starting. The eye vesicles had
formed but no pigmentation had cocurred. The third lot, spawned
December 7th and received January 31st, were only slightly farther
along in development than lot two. They had just begun to shew the
pigment, in the eyes. The fourth lot received March 12th were fully
developed and started to hatch immediately.

All the experimental work was done at 10°C to 11°C. The
first experiments were conducted at the U.S. Fish Hatchery at Put-in-
Bay, Ohio. First an attempt was made to test the length of life of
the eggs and sperm. For this three sets were run, one with dry eggs
and sperm, a second with dry eggs and sperm mixed thoroughly with
lake water to a uniform milky fluid, and a third using dry sperm and
eggs standing in'lake water. Table Y shows the time during which
fertilisation would take place. With wet eggs and dry sperm eight
minutes was the latest time at which fertilization was positive. With
wet sperm and dry eggs nine minutes showed a very small number of
fertile eggs, about 1%. But with both eggs and sperm 'dry fertili-
zation took place at seven and a naif hours and | feel may have been
possible after longer times. The experiment using a longer time was

accidentally destroyed and there was no opportunity to try again.
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In the early development experiments (Table VI) the eggs were
exposed to water of constant oxygen content (4.08 cc. per liter) but
with varying pH. Normal lake water had a pH of 7.0. Acidity (pH of
8.2 - 6.6) was produced by adding sulphuric acid and a bacisity (pH
of 8.4 - 8.6) by adding sodium hydroxide. As running water was not
available dishes of standing water were used and the solutions
changed frequently. Eggs fertilized for thirty minutes dry and then
put into the solutions were still developing normally at four days.
Eggs fertilized directly in the solutions were normal at the end of
the first twenty four ftcurs (33 to 64 cell stage). This experiment
was then repeated using lake water which had been boiled until the
oxygen content, after running it into the dishes, was 3.3 cc. per
liter. Table VII shews the results of this treatment. Fertilization
and development occurred in all the dishe3 but there was a marked
difference between the acid and alkaline waters. With a pH of 6.2
and 6.6 80% and 25 @ertilized and developed, with pH of
and at a pH of 8.4 but Ifc.

In the work on later stages with treated running water at
the University of Illinois special attention xvas paid (I) to keeping
conditions as near constant as possible from day to day, (2) to
watching the stage cf development reached in each concentration and
comparing these with each other and the control 3tock, (3) to work-
ing tut the death rate and percentage hatching for each concentration,
and (4) to testing the vitality and reactions of the larvae hatching
from the different stocks.

Table X shows the conditions of pH and oxygen content in
the individual dishes for the entire period of the experiments.

These are shown graphically in the lower half of Figs. 8 to IS.
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From December S tc 15 the set-up was different from the rest cf the
period in that it was attempted to keep the oxygen constant and vary
the pH by adding a little alkaline water to jars 6 and 7 (Fig.l).

It was impossible to keep conditions constant so December 16 the ap-
paratus was remodeled according to Fig.l. This gave quite constant
results.

Table VIII shows the number cf days required to reach the
different stages of development in the various concentrations. Four
series of experiments were run using the first two shipments of eggs.
Series Il was run with the first type of apparatus and consequently
conditions varied within rather wide limits in all the dishes. With
a pH around 3.3 - 6.4 we find that a set of eggs put into the three
dishes, A, B, and C-1 on the seventh day varied in both amount cf
development and length cf life roughly in proportion to the amount
cf oxygen supplied. This was .1 cc., .3 cc., .6 cc. per liter re-
spectively. This amount was net enough to carry development beyond
the elongation of the tail bud tc one fourth of the body length, and
proved lethal in every case. This sa e oxygen effect seemed to hold
with higher pH as is seen fra a study of dishes A, E, and C-2 and
C-3. This amount of oxygen was evidently below the threshold for
the whitefish.

In series 11l therefore the oxygen content was raised some-
what so that the dishes 1 had about 1 cc. per liter, dishes 3 about
2.5 cc. per liter, and dishes 3 about 4 cc. per liter. With this
increase In oxygen concentration the more alkaline water favored the
farthest development. The eggs lived as many days in the acid and
neutral waters of high and low oxygen content as they did in the

alkaline water but development was retarded. It is interesting tc



note that these eggs in neutral waters were more retarded than in
either the aoid or alkaline medium. This set (Series I1l1) was the
only one in which true neutrality was approximated as the pH fluctu-
ated greatly in all later experiments. Where neutrality was main-
tained, as in this set, a detrimental effect is noticed in develop-
ment. This set of eggs put in at the early pigmentation stage of
the eyes lived nearly to the time of hatching, the period where the
tail has grown past the median line of the head and around to the eye,

Series IV and V were run with eggs from the second stock.
The experiments were started three days apart and ran simultaneously
sc that conditions were identical except for the time of entering the
experimental waters, The average oxygen for the different dishes was
slightly higher than in Series 111, but the relative values of the
dishes were the same. The eggs of series IV were put in at the time
the tail was one fifth to one fourth of the body length and the fin
buds were just starting. A distinct oxygen differential was estab-
lished; the low oxygen eggs (1.4 - 1.8 oc. per liter) developing to
the point where the tail reached the median line of the head, the
medium oxygen eggs (3.3 - 3.2 cc. per liter)' having the tail develops?
past the head and around to the eye, while the high oxygen (4.6 -4.7
cc. per liter) had the tail reaching to the ear in the acid and
neutral pH. This alkaline content did not seem enough lower in oxy-
gen (4.13 cc. per liter) to aocount for .the retardation which oc-
curred and | believe it was due rather to the pH,

In Series V (eggs put in three days later at the early pig-
mentation of the eye stage) more difference in development is ap-
parent between the different dishes. The greatest amount of retard-

ation occurred in the low oxygen jar3 and in the high oxygen of the
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neutral series (pH fluctuating). The eggs lived longer in the low
oxygen of the neutral series "but were retarded in development. Two
eggs hatched in the medium oxygen of the neutral series but all
others died when the tail was around to the eye. These xyere the
first individuals to hatch in the experimental dishes though a few
hatched in the stock (pH 7.8 and oxygen 3.3 cc. per liter).

Hatching occurred in the experiments run with both the third
and fourth stocks. As these stocks were older when they arrived the
time of exposure to the experimental waters was later and a different
physiological reaction resulted. Series VI and VIl were started two
days apart but were run simultaneously. There was no hatching in the
low oxygen (.8 - 1.4 cc. per liter) of acid or alkaline sets and but
four individuals in the low oxygen of the neutral series. In the
medium oxygen (1.7 - 2.5 cc. per liter) there was hatching in the
acid and neutral sets, and in high oxygen (3.8 - 4.7 cc. per liter)
in the neutral and alkaline sets. The hatching extended over several
days, the beginning and duration of the process being recorded in
Table VIII. The percent hatching and the corresponding pH and oxygen
averages are shown in Table XII.

Series VIIlI was started just as the eggs of stock three were
ready to hatch, to test the effect.of different concentrations on
this process and on the life of the larvae. Hatching occurred in all
dishes beginning on the sa. e day. Maximum hatching was two days
later in the acid 'medium' oxygen and in the acid and neutral high
oxygen, showing seme retardation for these concentrations. The ap-
parent earlier maximum for alkaline high oxygen was due to the small
number hatching and early death of the eggs. The percent hatching

and the average pH and cxy .en concentration for these is shown in
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Table XII.

Series IX is the result of the exposure of eggs reared for
the entire time of development at the hatchery in lake water. It
shows the relative sensitivity of the hatching period and the newly .
emerged larvae. The first hatching occurred in the acid and neutral
slov oxygen an hour or two after putting the eggs in the water. A
few also hatched in alkaline ‘low and emediuml oxygen the same day.
Tables VIII and Xl shew meximum hatching time and percent hatched.

The eggs of these different series (Il to IX) were counted
and the dead recorded from day to day in the course of the experi-
ments. From this data the percent of deaths day by day was calculat-
ed for each dish of each series. This is given in Table XI. Tables
X and XI are combined graphically in Figs. 8 to 16. Here the death
rate may be compared with the pH and oxygen content of the jars and
the effect of these concentrations on the steepness of the death rate
curve observed. The sensitivity of the different stages of the early
life history may also be compared as each series was for eggs put in-
to experimental conditions at a little later stage of development.
The stages from early formation of embryo and ring seemed very sensi-
tive as in all concentrations the death rate was 100$ and the curve
very steep. From the time of closure of the posterior ring and bep
ginning of elongation of the tail and fin buds sensitivity decreased,
as conditions which were quickly fatal at earlier stages here were
less toxic. The curves from this point on become flatter and concave
showing more resistance. As the eggs of the earlier stocks approached
hatching a quick rise of the curves shows a heightened sensitivity.
The amount that these fell short of the 100$ mark shows the amount of

hatching. The last series put into the experimental dishes just at



hatching time show very short and flatly concave graphs since the
number dying was much less than the number hatching. The fact that
the last stock was less sensitive at hatching was caused, | believe,
by the greater vitality of the eggs due to their normal development.
The eggs exposed to the different concentrationsor a period of
time before hatching lost their vitality and therefore their resist-
ance was lowered at that time. Another measure of the resistance of
eggs at different stages was shown by the mortality ensuing when the
water accidentally stopped running through the dishes. From the
time cf early elongation to nearly hatching time a stoppage cf a few
hours was not fatal but the last day or two before hatching a very
short stoppage would kill the whole set of eggs. Immediately after
hatching, however, the young larvae could be put into standing water
with no ill results. They would live as long there as a similar set
in running water.

Another factor which entered into the problem with the
whitefish eggs was fungus growth. This fungus growth was in direct
proportion to the amount of oxygen present (Figs, 8 to 16), there-
fore, was most detrimental in the high oxygen concentrations. The
pH seemed to have no differential effect. An attempt was made tc
sterilize eggs to see if this could be eradicated. Some were treated
with corrosive sublimate, one part in a thousand, applied for one,
two, and four minutes, others with seventy percent alcohol for one
and two minutes. These were all fatal to the fish rather than the
fungus, so the attempt was abandoned. The fungus grew very rapidly
on dead eggs but also entangled live ones and seemed to smother them
to death. Fungused eggs left in the dishes would mat dozens of eggs

together and kill them in a day or two. A small rise in temperature
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was highly favorable to the fungus growth which was probably the
reason that it grew worse in ny experiments than at the hatchery.

The experimental temperature was about two degrees centigrade higher
than that at the hatchery.

As all these experiments were run using sulphuric acid tc
liberate the carbon dioxide and give the desired pH, it was thought
desirable to run a check experiment with other acids to see if the
effect would be the same regardless of the type of anion present,
sulphate, chloride, or acetate. Accordingly a series of finger
bowls was prepared such that a pH of 6.3, 7.0 and S.O was obtained
for each acid. It is a well known fact that salts such as sodium
chloride antagonize the acid which may be present in water (Lceb '13,
Sumner '07, Osterhcut '14), and therefore a duplicate series was made
up in which one third of the volume of water was substituted by M3
sodium chloride. The solutions were all made up using the propor-
tions of acid and water for each pH as given in Table IX. The same
amount of mixing was given each solution as it was made up to insure
a uniform oxygen content, for the series. This was 1.5 cc. per liter.
The. finger bowls were filled full and a cover put on. The readings
were taken without removing this. Table XIIl shows the time to
death in the different concentrations. In the acetic and sulphuric
acid (no salt) death occurred in pH of 7.0 first, S.O second, and
6.3 last, but for hydrochloric death in S.3 preceded 7.0. Neutrality
was most quickly fatal and alkalinity more toxic than acidity. In
the series to which salt was added we find a very much lengthened
life, though here we find 7.0 more toxic than 9.0 or 8.3. The sul-
phuric plus salt was least toxic of all with a pH of S.3 as these

larvae were still alive at the end of twenty three days. The differ-

sncs j.n the reactions to the three acids was so small that it seemed



31
to be the variation in amount of the positive ions- the hydrogen ions-
which was influencing growth rather than the negative- ions- sulphate,
chloride, or acetate.

The normal time for the development of these eggs at the
hatcheries was four to five months. When ny first stock began hatch-
ing at thirty two days it raised the question as to whether the vi-
tality of such fry would differ from that of hatchery fry and where-
in would lie the difference. Would such individuals be as large as
later ones? Would the length of life of early hatched fry be longer
or shorter than later stock? Would their reactions be different?
Accordingly the newly hatched larvae from each of ny four stocks were
measured for body length and size and shape of yolk, the length of
time fro.,, hatching to death recorded, a comparative study of the
length of life in high carbon dioxide content made, and gradient ex-
periments run.

Only a few individuals were measured in stocks one and two.
In stock one the fry were eight to eleven millimeters in length with
round yolk sacs two millimeters in diameter. These lived only two
days. In stock two the fry hatched were eleven to eleven and a half
pillimeters long and had round yelk sao3 two millimeters in diameter.
These lived sixteen days with no food but the yolk. The last indi-
vidual to die measured fifteen and two tenths millimeters and the
yolk was nearly absorbed leaving only the large clear globule of the
anterior part which measured about five tenths of a millimeter. The
third stock averaged eleven and one tenth millimeters in length.
These yolks were also round and two .millimeters in diameter. These
lived at least ten days and | believe several days longer. Stock

four, raised in the lake water gave fry of a distinctly different
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type. They were thirteen and four tenths to fifteen millimeters long
on hatching. Although the yolk sacs were oval they were about the
same in volume as the earlier stocks being,two and a half by one and
a half millimeters in the two axes. These were extremely active.
This stock lived without food for 35 days and at the time of death
measured fifteen millimeters in length. Some of these fry were place<
in an aquarium which had become balanced and had algae and small
crustaceans growing in it. The larvae began eating and seemed to
thrive there. Growth was rapid, the larvae after 44 days measuring
thirty four millimeters in length.

Shelford (’'31 unpublished) has studied the effect of carbon
dioxide in both high and low oxygen water and made a comparison of
the time to death in the different concentrations. It was thought
advisable to try such experiments on the whitefish larvae from differ-
ent stocks and see if the same laws held true for larval as for adult
for.s. Table XIV shows the results for newly hatched larvae of
stocks three and four. When carbon dioxide was added to the practi-
cally oxygen free water until a pH of 6.5 was reached larvae of stock
three lived for two hours and twenty five minutes and two hours and
thirty minutes, while larvae of stock four lived four hours and twen-
ty minutes, three hours and forty minutes, and fenjr hours. Larvae of
stock three, put into the same water but with no carbon dioxide added
(pH S.0), lived for three hours and forty five minutes while those of
fetock four lived five hours. This would seem to indicate a differ-
ence in the vitality of the two stocks. When larvae of stock three
were put into water with some aeration (3.8 - 3.0 cc.per liter) with
a pH of 6.4 one set was still alive and active at theend of five

lours, another at twelve hours, and a third at eighteen hours* This
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last set was interrupted, having nine hours at 6.3, eleven hours at
9.0, and then nine hours at 6.3. The larvae in aerated water of pH
9.0 lived a week

As each of the stocks hatched gradient experiments were run
with the larvae to see if the environment during the early embryonic
life had any effect on the pH range which they would choose. A
gradient tank suited to the size of the animals was used. This tank
was twenty and five tenths centimeters long two centimeters wide and
one and five tenths centimeters deep with screens one and five tenths
centimeters from each end and outlets at both sides of the middle.
Water was introduced drop by drop behind the screens at the ends and
flowed out at the center. Tne end thirds were thus very nearly the
same as the water introduced there while the center third was a
gradient of the two. The experiments were run using as light a forty
watt mazda lamp thirty inches directly above the tank. Light is an
important factor with these fish as their first reaction on hatching
is positive to light and negative to gravity, a reaction which brings
them to the surface where their food supply of microscopic plankton
is found.

Stock one and two were reared from the early germ cap stage
and the beginning of the tail elongation, respectively in the viva-
rium waters. Both of these stocks then lived through the period of
heart and blood formation in the experimental waters. Would this
relatively constant experimental pH exert any influence on the blood
and body fluids thereby changing the pH which the animals would
naturally choose in a gradient of waters? Probably the pH chosen by
the gravid adults for the e”gs to develop in is about 7.0 as this

was the pH of the waters in November at the hatchery and in the lake
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inearby. The e are laid in the shallows ; the islands where
the hatchery is situated. Of course the pH at the bottom on the
shoals may be different from that cf the water nearer shore from
which the hatchery supply was pumped. To draw definite conclusions
one should know the pH on the spawning grounds throughout the winter
season when the eggs are developing.

The results of the gradient experiments are suggestive, how
ever. The graphs in Fig. 17 show the choice made by the larvae from
these stocks. No larvae hatched from the experimental dishes of the
first stock, but those hatching in the control (pH 7.8) gave such a

Fig. 17a when given a choice cf 6.6 to 3.0. The animals
were fairly active out they stayed within the central’ third of the
tank, a range of 7.6 to 8.8. Fig. 17b and c show the reactions of
larvae of the second stock to control water (pH 7.8) both with run-
ning water and standing water. Some effect of current is noticeable
in the running water but no preference for one end is established.
When given a gradient of 3.4 to 8.3 a very definite choice of one
and is seen. Larvae reared in water of low hydrogen ion concen-
tration (pH cf 9.0) choose the alkaline end of the tank but contrary
to expectation those from the high hydrogen ion experiments (6.4)
mlso choose this 'end. None of the other larvae reared in any cf the
later stocks or experiments cheese this low hydrogen ion concentra-
tion if there is water of higher acidity available.

The third stock of eggs were received when the larvae were
in the stage of early eye formation. In these the heart and blood
system was formed and the heart beating. Fi .18 and la show the re-
actions of these larvae hatched both in the controls and experimental

dishes. AIll of these fishes whether reared in high or low pH had a
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tendency tc choose waters on the acid rather than on the alkaline
side cf neutrality. There were individual variations. Seme such as
Fig. 19b and d showed this preference immediately. Others such as
Fig.18a and b and Fig.l19£ took a period cf ten to fifteen minutes of
wandering before the preference was established. Animals hatched in
water with a pH around neutrality gave the least decisive graph.
Such larvae chose first one end and then the ether, seemingly find-
ing it hard to make a choice (Fig.lISe and f, Fig. 19a). In graph 19d
during the nineteenth and twentieth minutes the larva was put from
the acid end where it had been active into the alkaline end of the
tank. Here it lay motionless and would not even contract on stimu-
lation. Two minutes after replacement in the acid end it again re-
sponded to stimulation and became active. This seems tc be the type
cf response to acid and alkali, acid waters stimulate and make active
while alkaline waters cause sluggish movements or quiescence.

In stock four the eggs were raised to hatching at Put-in-Bay
and so began hatching a few hours after they xvere put in the experi-
mental waters. These therefore passed the tine of blood and body «
fluid formation in the lake water. Animals hatched on the 14th and
16th of March were kept in the experimental waters and gradients run
with them on the 17th and the 23nd (Fig.30 and 21). Nearly all of
these showed the characteristic exploration of the whole tank for
from three to five minutes, then preference for one end. The turn-
ing back occurred at a very definite place and the avoidance was
from either side, for often when an animal entered tho unfavorable
water it stayed there turning back from the changing point to again
enter the unfavorable end several times before it escaped to the

more favorable water. We therefore find the point of preference

clearly marked.
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The fish hatched and kept in water of a pH of 6.3 show a
preference for the acid end cf the gradient (Fig.30a, b, eg and d).
Those hatched and kept at 9.0 at first seemed to choose this end of
the gradient but they gradually worked dom into the acid end (Fig.
20f and Q) .

Wells (’15) states that if a gradient is entirely confined
mto pH above neutrality, £.0 to 3.0, that fish will choose the wore
alkaline end even though preferring an acid pH when given a choice of
8.4 to 3.0. I found that this was true of the whitefish larvae (Fig.
21b* jc, d and €. The larvae fron acid water (b and c chose ..ore
exclusively the part from 8.8 to 9,0 than these hatched in 3.0 water,
although these turned at 8.4 and spent most of their time in the 3.0
end.

i D Reaction of eggs to Hydrogen Peroxide as development progresses.

A quite universal property cf protoplasm (both plants and
animals) is the ability to liberate oxygen from hydrogen peroxide.
What this property is due to is a debated question at present but in
general it is ascribed tc an enzyme called catalase. Several theo-
ries have been advanced as to its significance in animal life. Ref-
erences are given to these in the bibliography (Becht, Burge and

ge, Levine and Morgulis, Loew, and Stehle). As a measure of the
sensitivity cf the developing egg at different stages in the early
life cycle the reactions to oxygen and carbon dioxide (acidity) have
Been discussed. It was thought that a study cf the amounts of oxygen
liberated from hydrogen peroxide at various periods cf development
might be cf significance. Accordingly a series cf determinations was
mede with the toad egg using the method cf procedure outlined by

-- (lie). Table Xlva and Fig.33a. A second eerie .cr
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the toad eggs the following spring using eight dozen eggs instead of
one dozen and shaking the material by machine instead of by hand
(I—Is XYb and Fig. 22b). A comparison cf and B shows a striking
parallelism and the two curves seem to confirm each other. Deter-
minations were also made for various stages in whitefish development
and these show a similar type of reaction (Table X Vc).

From a study of the curves (Fig.22) it may be seen that ther<
was An increase in the power of liberating oxygen from hydrogen per-
oxide for the stages from fertilization to the early blastula, a de-
crease from the early blastula to elongation cf embryo, and from this
point to twenty one days a steady increase. The stages most sensi-
tive to low oxygen and high acidity were (1) fertilization "So first
cleavage, and (3) the gastrulation stages. These were the lew points
on this curve. |Is there a correlation between sensitivity and a
lowered power of liberating oxygen from hydrogen peroxide?

Winternitz and Rogers ('10) have shown a definite increase
in what they call catalase for the different stages of the hen’'s egg
as development proceeds. Burge and Burge ('31) have shown an in-
crease in this power from egg to adult for the Colorado potato beetle
Sieger ('15) has found a definite rythm for catalase in the insect
1- history, reporting tout the power is high where ap growth or
metamorphosis is going on (early larval stages, pupal stages7 and lew
during resting stages. Child ('15) has shown that metabolism is high
during the more sensitive stages. Burge believes that increase in
metabolism brings about an increase in catalase or the power cf lib-

erating oxygen from hydrogen peroxide. This curve for the toad egg

seems to be a contradiction of one statement or the other since it

shows the power of splitting oxygen from hydrogen peroxide to be low
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at the sensitive stages, ’'lore work is needed on complete life his-

tories before definite conclusions can be drawn.



V. GENERAL DISCUSSION

The length of life of eggs and sperm as tested by the power
of fertilization accords with the work of Quatrefages (53), Coste
(’59), and Reighard (’'93). Quatrefages found the tie during which
fertilization is possible to be 8 minutes 10 seconds for the Pike,
3 minutes 10 seconds for the Carp, and 3 minutes 40 seconds for the
Perch. Coste found it impossible to fertilize Trout eggs with sperm
which had been eight minutes in water. Reighard attributes this
long time of Quatrefages (8 minutes) as due to Iimproper mixing of
the milt with the water thus leaving sperm in the middle of the
pieces untouched by water. He gives the time for the walleyed Pike
as between 1 and 3 minutes, and suggests that since the sperm of the
whitefish are motionless at the end of two minutes in water their
time for fertilization is also extre ely short. He did net check
this experimentally, however. In my work on fertilization where the
milt was mixed with lake water a thin suspension of uniform consis-
tency was prepared and great care taken that no lumps be present.
Fertilization took place at the end of eight minutes indicating that
though the time for this process is extremely short when compared
with some marine forms such as the sea urchin, still it is quite
long as compared with other lake fish such as the walleyed Pike.
It indicates a wide range of variability for the fishes in similar
habitats.

In studying the effects of environment on development the

results of exposure to acidity, neutrality, and alkalinity have

been noted and the sensitive stages in the early life history ie-n -

mined. In sone respects these results agree with those of other

workers but in sc.,, e ways they differ.



30

The most sensitive stages in both toad and whitefish are the
first early cleavages and the gastrulation cleavage-.' Whitefish
eggs raised in the various solutions up to the tl. e of batching show
a drop in resistance at this point, but eggs raised in lake -.rater to
the time of hatching show a high percentage of larvae when hatched
under experimental conditions. This would seem to show but a slight
|]i..2 in sensitivity at this point under normal conditions. Soilman
(’06) in his study of the effect of the alkaloid poisons, barium
chloride, sodium fluoride, and potassium cyanide on the developing
fundulus eggs found that the period from the one cell stage to early
embryo formation on the shield was very sensitive. The period from
heart formation to hatching was much mere resistant but there was a
sharp rise in sensitivity at hatching time. His embryos were in the
solutions throughout the whole period of development. Stccbard
("’ 21) working on fundulus development fro... the standpoint of tempera-
ture and lack of oxygen reports similar results as to sensitivity.
He exposed eggs at different stages and found that those vf/hich were
retarded during the first cleavage and gastrulation stages form a
high percentage of abnormal individuals. Eggs exposed after gastru-
lation suffer little. He reports no drop in resistance at the time

of hatching. The production of twins must take place at the time

:cf gastrulation, or budding of the germ shield. This is a very com

non result in developing trout eggs. In normal development of the
embryo from the germinal shield the first growing point is dominant
over all other points which might grew much as the terminal bud of
a twig is the dominant one. Adverse conditions may destroy this
dominance thus allowing other points to start at the same time. The

extent of this twinning is dependent on the distance apart these
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points may be cn the shield. [If 180° apart two perfect individuals
are forced joined by the yolk sac but as the points approach, ..ore
and more of the two buds appear as a single individual thus forming
double headed monsters. According to his theory such twins cannot
be formed after gastrulation. The fact that | found no double mon
sters or twins in ny experiments may be due to the high sensitivity

j of the gastrulation period, all the eggs started at that time having
died rapidly. Twins and double embryos are reported for the white-
fish eggs at the hatchery and are thought to be due to overcrowding,
I the same reason that Stockard reports.

As to the effects- of acidity, neutrality and albalinity on
animals different workers disagree. J. Lceb was one of the earliest
workers cn the chemical environment in levelopment and regeneration.
In his wort on Arbacia ('38) he added hydrochloric acid and sodium
hydroxide to the sea water in which the eggs were developing and
from a study of their subsequent behavior decided that acid delayed
|development through lowering the oxidations, but that alkali hastened
;growth by aiding oxidations. He considered sea water neutral, a re-
sult of the fact that at that ti.. e neutrality was determined as the
lehd point of phenolphthalein. In his later work (‘04-'13) he has
[ studied the effect of various salt solutions, isotonic as well as
|hypo- and hypertonic with sea water, on development and regeneration
Jand finds that the cations or substituted hydrogen ions are most in-
fluential in changing growth, calc ram,sodium, and potassium being
.necessary in definite concentrations sometime during the life cycle
for normal individuals to result. He believes that any substance
|]such as alkali or alkali salts (carbonates, phosphates) hasten or

Jaid the growth process by neutralizing acid products formed in the



organism, that is, by their buffer action.

Osterhout's idea cf salt action and antagonism between salts
and acids is that of a change cf per.eability in the cell wall. He
believes that if alkali aids development by hastening oxidations it
is because the alkali reacts with the cell wall increasing its per-
meability and allowing more oxygen to enter. His theory rests on a
series of experiments with Laminaria saccharina, a arine alga. He
has found that the electrical resistance of living tissues is a
measure cf their per.eability, an increase in -eri.eability- being
shewn by a decrease in resistance and vice versa. By this method he
has shown that NaeOH and NaCl increase permeability but CaClg and HCl
decrease it. Antagonism is due to the presence of two substances
having opposite reactions on the protoplasm, NaCl and CaClg or NaCl
and HC1. The amount of antagonism between two substances nmay be
predicted, if we knew the degree cf increase in permeability which
may be induced by each separately. (Osterhout '14, 'l14a, °’14b).

A comparison of the chemical analyses Of the lake water and
the boiled University water is quite interesting in the light cf
this discussion and the experimental results on the whitefish.

lake water boiled water

pH(COs) 7.0 ~ 9.0
acs 54 ppm 250 ppm
SH 10 ppm trace
Cli 5 ppm 1 ppm
Ca 27 ppm 33 ppm
Mg 7 ppm 27 ppm
Na; K 5 ppm IS ppm

Total Solids 112 ppm 348 ppm
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Addition_of acid would have as its first effect a reaction with part
of the carbonates to 'era free CO, and raise the pH  Then according
to Osterhout's theory the acid present (as mineral acid or CQOg)
would tend to antagonize the higher concentration of salts in the
boiled water.

Jenkinson ('10) and Coventry (’'ll) have worked on the vv.ri-
[ability induced by sodium chloride on frog tadpoles and the effects
Jof hydrochloric acid, acetic acid and sodium hydroxide on toad tad-
poles. Their method has been to Lake up solutions in distilled cr
tap water, put in the eggs and leave them a certain length of time.
The material was then preserved and studied. They do net take into
consideration the 'composition of the water employed ncr the fact thal
such solutions may change markedly in the course of animal growth
both in chemical composition and amount of dissolved gases so that
the final result nmay be due to several factors. Jenkinson finds
that the mortality increases and body length decreases as the
strength of sodium chloride increases. Coventry found that of the
three reagents used tadpoles in sodium hydroxide solution were the
only ones to hatch in any number and here the mortality was high
(32% - 54%). A few hatched in the .0016%$ hydrochloric acid but
these were smaller than the individuals in the alkaline solution.

Moore, Roaf, and Whitley (’05) in working with'marine eggs,
Echinus esculsntus, also report acids as more aeadly than alkalis.
They state the limits of acidity and alkalinity in which growth may
take place to be small, .0015 k sodium hydroxide or .001 hydro-
chloric acid causing death. Whitley (’05) has extendedthis work
to include the plaice eggs. He suggests that the -.ess harmful

effects of adding alkali may be due tc its being thrown out as



#insoluble hydrates and carbonates. He notes that there is a direct
increase in the power of resistance with the advance cf development
gwithout a drop at the time of hatching. These workers all believe
:that an excess cf CH ion cr of seme basic salt that will absorb
carbon dioxide (that is, lower the hydrogen ion concentration) is most
beneficial to growth and development in-marine forms.

Other workers, Wells, Shelford, and Allee believe that a
mcertain amount of dissolved carbon dioxide is beneficial to the
|development of fresh water forms. Weils ('15) states that fishes
[when given a choice will choose the acid side of neutrality rather
Ithan the alkaline. In all his work he regards neutrality as the end
point of phenolphthalein which we now know to be a pH of 8.0 or one
unit on the pH scale on the alkaline side cf neutrality. According-
ly his experimental fish shew a preference for waters between 7.0
land 8.0 or r. slightly alkaline waters. These waters however
contained free oarbon dioxide to the extent of 18 to 36 parts per
Imillion. He concludes that different species have a definite carbon
I'dioxide optimum and this may vary from a very slight concentration,
IpH near 8.0, to 18 parts per million, pH cf 7.3. If this definite
I concentration is necessary for normal development to occur hew could
|whitefish eggs develop, hatch, and live fc-r several weeks in water
wita w i-H of b.C, »trongiy alkaline with carbon.., .ith no free
; carbon dioxide? Welle believes that these fishes are avoiding neu-
trality (pH of 8.0) and"states further that if given a choice of
ineutrality and alkalinity (pH 9.0) they will choose the latter. This
m8sens to be a quite general reaction. Plankton studies cf vertical
|distribution shew the smallest number cf individuals at the thenmo-

leline (pH 8.0) with increasing numbers each side of it, in either
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acid cr alkaline waters. The whitefish larvae hatched either in pH
,6.4 cr 9.0 (both normally choosing the mere acid end of a gradient
fowhen it varies from 8.4 to 3.0) all choose a pH of 8.6 to 9.0 when
mthe gradient is 8.0 to 9.0. In low oxygen waters acidity, was more,
ifavorable to fertilization in the whitefish eggs than alkalinity.
mThese, facts confirm Wells' observations.

However, the question as to which of the other pH ccncen-
|trations is best for development should be considered further.
I Development and hatching occurred in all the solutions, acid, neu-
|tral, and alkaline. 2ith low oxygen content (.4 - 1.6 cc. per liter]
la pH fluctuating around 7.0 shows the highest percent hatching
1(Table XIl) as well as the flattest death rats curves (Fig,8-16).
FFith a medium oxygen supply (1.7 - 3.7 cc. per liter) the acid series
IpH 6.4, shows the highest percent hatching and the lowest death rate,
Juith high oxygen (4—5 cc. per liter) the highest hatching rate is in
i 'the alkaline and neutral dishes. The best hatching occurs where the
I oxygen is of medium concentration rather than high probably due to
mthe rapid fungus growth which tends to smother the eggs. The growth
lof this fungus is in direct relation to the amount of oxygen present

The-question is then raised as to which is the more effec-
Itive in development, variations in oxygen content or in hydroen ion
i concentration. From these experiments | believe that pH is more ef-
fective though oxygen changes do also cause variations. Eggs
|develop normally at the hatchery with an oxygen content of 4.08 cc.
| per liter and a pH of 7.0. Under experimental conditions they
mdevelop into normal embryos with a much lower oxygen content and pH.
mof 7.0. Much greater variations were produced in percent hatching

land in length of time for development by varying the pH toward the
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acid or alkaline end cf the scale than by changing the oxygen. This
is in accordance with the Idea of Powers ('30). He concluded from
his reconnoissance cf the pH of the Puget Sound waters under varying
conditions cf tides, weather, etc. that pH has more to do.with the
Borr.patibility of ha it t than oxygen content. He cites barnacle
distribution in support cf his view. Shelford and Powers ('15) words
Jcut the pH reactions cf the herring. They found that this fish
chooses a pH cf about 8.0 regardless cf whether this was offered them
fin fresh cr salt water. Shelford ('18) shewed that herring recognize
the difference between 8.0 and 8.1 (unccrrected for salt error which
would make it approximately 7.75 and 7.95). Powers (’'31) found that
herring chose a pH of 7.6 - 7.7 (corrected for salt error) and in
following up the schools in Puget sound observed that they continual-
ly chose this same pH, a fact which is at least very suggestive.
micClendon also believes that pH is an important factor in animal
life. He has done a great deal of careful work on the determination
lof pH in sea water both colorimetrically ana electrometrically. He
'has then varied the pH cf the water with which he perfused the heart
Icf the conch ana found that it stopped in systole with a pH of 3.7
and in diastole with a pH cf 5.8.

Fishes from different habitats are affected by change cf pH
as is shown by the time to death of several marine species, Sh-elfcrd

1(’18). The following table shows the results cf his work.
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Species pH Time to death
Herring 7.25 Lives indefinitely

6.85 480 minutes

6.3 60 minutes
Viviparous perch 6.85 Lives indefinitely
6.3 300 minutes
5.5 40 minutes
Flat fish 6.3 Lives one day
4.35 137 minutes

These pH values are net corrected for salt error of .15 or less, but
fthis ak littl difference in their comparative value.

The effect of direct addition of carbon dioxide to water of
high and low oxygen content was studied in relation-to length of
life of whitefish larvae. In low oxygen the larvae died more rapid-
ly in acid water (pH 6.5) than in alkaline (pH 9.0). With high oxy-
i.gen content (3 cc. per liter) a pH of 6.3 did not kill though the
exposure was for the greater part of two days. This is in accord-
ance with Well's statement that large amounts of oxygen antagonize
the detrimental effects of high concentrations of carbon dioxide. He
found that with low oxygen content,fish lived longer in slightly
acid water than in alkaline. My results seem at first glance to
contradict this. However, his slightly acid water had a pH around
«7.5 and would in all probability shew a much lower toxicity than 6.3
Shelford ('21) has also.done some experiments on adult forms. These
die more rapidly in pH of 6.4 - 6.6 than in a pH of 6.6. when the
oxygen content is lew. Rock bass in a pH cf 6.5 lived 350 minutes

and in a pH cf 5.2 lived but 60 minutes. The oxygen was lev, for
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=both being about .37 parts per million. When oxygen is high acidity
is not so rapidly fatal.

Can one then change the pH requirement of an organism by
changing the environment during the early formative period cf heart
and blood development? Ehelford believes that each species has an
optimum pH which it will choose so definitely that we can use this
as a mark of identification as to its habitat relations. All the
work on post embryonic fishes seems tc uphold this theory. The pH
Requirement of the herring and its relation to habitat choice shows
this. The difference in the power of resistance of fishes from
punas and from clear swift streams, is marked. But experiments with
embryonic forms are very suggestive. Allee ('13) working with iso-
pods has been able to change the rheotactic response cf young stream
forms by keeping them in high oxygen. C.R. Griffith*, in subjecting
white rats to a revolving environment during the period from gesta-
tion to adulthood has sc changed their equilibratcry reactions that
many can net live normally in what we consider a normal world but go
to pieces nervously if deprived cf their revolving world. The white-
fish larvae, reared through the period cf heart and blood formation
in experimental eeraters (pH of 6.4, 7.0 and S.0). behave differently
in a gradient than do fish reared in lake water but hatched in exper-
imental waters. This difference lies in the direction of breaking
up the preference, otherwise shown, for acid rather than alkaline
waters, causing all larvae to prefer a pH of 7.2 to 8.3. If the
hydrogen ion concentration of an animal's blood determines the pH
which will be most tolerable in the adult environment, may not the

eUnpublished results from the Psychology Laboratory, University of
. Hlinois-.
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pH of the embryo's environment at the time of blood formation deter
mine what the pH of the blood will be? elLarvae whose bleed system

was formed while in lake water showed a preference for the acid end
:Of the gradient when the pH varied from 6.4 to 3.0. Larvae hatched

in experimental waters, however, showed a choice for the alkaline

end.



V.  SUMVARY AND CONCLUSIONS
The length cf life of egg and sperm is very short, eight minutes
after entering the water being the limit of viability for both.
Fertilization and early cleavage occur normally in acid neutral
and alkaline waters if the oxygen is high (4 cc. per liter) but
the acid waters (6.2 - 3.6) are much more favorable than neutral
and alkaline water (7.0 and 8.4) when the cxvgen is lower than
3.9 cc. per liter.
The most sensitive stages see.- to be first cleavage and early
gastrulation with somewhat of a drop at the time cf hatching
when the-eggs have been in the unfavorable solution fcr a long
period. Eggs raised at the hatchery to full development shew a
high percentage of hatching for ail concentrations except alka-
line low oxygen.
Fungus, which thrives best with high oxygen content, is a detri-
mental factor for whitefish development in the high oxygen con-
centrations of these series, as it materially raises the mor-
tality. The most favorable oxygen content then fcr 119 Centi-
grade is 2.5 - 3 cc, per lifer.
There is a definite increase in the power of liberating oxygen
from hydrogen peroxide as development proceeds. There are two
low points in the series coincident with the sensitive stages
of development.
Fry hatching at one, two, and four months after spawning differ
in size of body but not in size cf yolk, those hatching at four
months being four to six millimeters longer than these hatching-
earlier. They also differ in vitality, the later fry living

longer than the earlier in spite of having the same amount cf
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yvelk available.
Eggs raised through the period of heart and blood formation at a
pH differing from their natural environment show a different type
of gradient reaction. Such larvae raised in both acid (6.3) and
alkaline water (9.0) choose the alkaline end of the gradient
when 6.3 to 9.0 is offered. Larvae raised to hatching in lake
water and then hatched in acid or alkaline water all prefer the
acid end of the gradient.
When exposed to water with a pH of 6.3 obtained by adding carbon
dioxide directly, the larvae died earlier in the acid water than
in the alkaline (9.0) with a low oxygen content. A high oxygen
content antagonizes the carbon dioxide present prolonging the
life of the larvae.
In a gradient of 8.0 to 9.0 larvae of both acid (6.3) and alka-
line (9.0) hatching environment choose the alkaline end, 8.8 to
9.0 in most cases (8.4 - 9.0 in others).
When compared with the development in the toad eggs we find the
sensitive stages corresponding, first cleavage and gastrulaticn,
but the whole levellfor toad development is lower for oxygen and
higher for acidity a result one might expect from the difference
in habitat, the whitefish requiring a clean aerated bottom free
cf decaying organic matter and .with a lew constant temperature,
while the toad develops in small stagnant pools free of growing
vegetation, often with decaying material present and subject to

wide limits of variation in temperature.
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TABLE 1 Time for normal development of toad eggs

at 16° centigrade.

Fertilization ... hrs _
First cleavage (2 cell)...3 * 20 min.
R =N I T 30

8 Ce oo, .

12 to 16 cell..renies ..8

Early blastula............ “ 30 -
Late" blastula. ... o300 "
Blastopore lip ..cceceeunee. 28 "

Yolk plug - large........ .31 " 30
Yolk plug - medium............ 41 "

Yolk plug - small......... "

Early neural folds......... t

Late neural folds........ E

Out of ;elly.

Tail differentiating.... t
Tall 1/4 length of body. 114 ©
] Il " « 123 tt

n 2/3 " " M 143 ©
equal to body........ 168 :

Tall
Tall longer than body... 192
(gills-three)



IABLE IITIme in hours for reaching various stages of development the Toad experiments. 44

Series |. Put in at one C%I_Ll_stage,zs minutes before |

.............. - e,
pH 870~  TTICT . 526 ATk 6,91 Q2  a z A-1 A2 A3 A-4 0-1 c-2 c3
Oxygen content .4 9 141 A.64°8g 000448068 8.0 8.0 8.0 870 578-6.6 6.0-6.4 8.0-6.8
'II'}rre 1I‘rom fert.to?; . —_— J-,41 4.64 1G 5
t cleavage : 3.5 3.5
4 cell 3.5 3.5 3.5 35 3.5 3.5 3.5 3.5 3.5 3.5 3.5
8 cell
12-16 cell
Early biastula 23 24 24 o 5
Late blastula 24 54 56 56 24 4 23
Blastapore lip 56 56 gg gf ég gg ég 24 56 56
Yolk plug large 56
1 " med 22 73 LL_ uL
" " small
Early neur.fold 72
Late neur.folds 73 73 gg 88 3. 3
Elongation % % 9% 73
ongal 95 73 123 J22 123 123 123 95
Tail differ. 95 (ibost) 95 143 143 143 123
Tail 1/4 body 123 123 192 168 143
L
143 -
273 192 16 192 168-192
192
Series 111. Put in at the 4 cell stage just after I, cleavage, Series IV. Put in at 8 cell stage,just after Ill.cleavage
Tine from fert.to:
4 cell 5 5 5 5 5 5 5
8 cell 6 6 6 6 6 6 6
12-16 cell
Early blastula
Late blastula 27 27 27 27 %ﬁ 27 27 28 28 28 28 28 28 28
Blastopore lip 58 62 58 61 59
Yolk plug large 58 58 58 59 59
" med. IS 59 59 28
" M small 75 76
Early neur.fold 75 75 97 76 76 76 98
Late neur.folds 75 75 97 76 98 98 127
Elongation 97 97 97 75 126 126 98 147 98 76 127
Tail differ. 126 ill 171 195 127 127 111
Tail 1/4 body 146 126 12S 147 147 127
A /3 " 171 146 126 172 173 147
12 " 195 195 146 196 172
2/3 " 195 196



TABLE 111 Time In hours for reaching various sta6es of development In the Toad experiments

Series V, Put in at the early blastula stage. . .
Series VI. Put in at the late blastula stage.
A a2 MW A e e

* N
Bygen consent .4 9 141 464 28 66 b0-6480%8 g 0§70870 O  5.8t6.6 6.0-b.4 8.0-6.8
Time from fert.to: < 141 4,64 8
Early blastula *4 14 14 14 14 14 14
Late blastula 18 18 18 18 18
Blastopore lip 28 29 28 28 28 8 18
Yolk plug lar 28 40 40
olk plug large 28 40 40 40 68
. meet* 59 59 59 59 40 69 40 69
w small z6 59 59 59 69
Early neur.fold 76 65 P 82
Late neur.folds 76 76-98 76-98 67 89 82
Elongation 76 98 76 127 J2z 89 Hi 69
Tail differ. 98 127 98 Jiz HS8 89
Tail 1/4 body 127 147 127 114
" « 147 172 147
2 172 196 138
2/3 " 196 172
196
Series VII. Put In at the blastopore lip stage. Series VIII, Put in at the medium yolk plug stage.
Time from fert.to:
Blastopore lip 24 24 24 24 24 24 24
Yolk plug large
" " med. 38 41 38 38 41 41 41 41 17 41 41 41
" " small (gone) 1 a1
Early neur.fold 69 69 61 61-89 61 61
Late neur.folds 69 £2- 69 61 89 61 61 109 89-109 89
Elongation 89 69 69 89 89 129_ 89 89 134 10Q
Tail differ. 156 89 89 114-138 109 109 109 158
Tail 1/4 body 114-138 114 134 134 134
"o1u3 " 138 158 158 158
1/2

1 2/3 H



TABLE IV Time for the

No.

indiv.

6 doz.

6 doz.

first cleavage of Toad eggs under varying

conditions of pH and Oxygen,in open dishes and sealed

bottles.

dish

bottle pH

dish

bottle

NNNONNNO OO OO0
O DO © 0w

Initial
02

.64

.64
1.18
1.18
3.75
3.75
1.20

5.79
41

1.02
1.23
2.05

final
°2

.09
.36
.43
.98

use% 1st cleavage

.32
.66
.80
1.07

Time for

4hrs.50 min.

RNNDNWWW W bW

30
30
30
30
30
20
30
25
20
10
55

TABLE IVa.Amount of development possible when a number of Toad

No.
indiv.

2 doz.

eggs are sealed
stage age

put in put in pH
fert. 0 hrs. 8.0
I.Cleav 3.3 "

4 cell 4.5

early 105 "
blast

early

elong. 72

initial

°2
4
.8
1.61
6.15
42
1.41
2.12
5.95
3

.81
1.61
6.15
.42
1.41
2.12
5.95
4
.3
.81
1161
6.15

fin

o

whhovogoowPrwWNoooONNRE

al
2

°2
used

.3
T
1.41
5.9
42
1.41
2.12
5.95
1

.51
1.51
6.

42

1.41
2.12
5.95

?

in a restricted amount of Oxygen.

Time to:
early late vyolk
blast blast plug
19 D
19 D
19 48
10 36
20 27 D
18 27 46
18 27 46
20 27-46 76
27D
27 D
27 56
20 56
27-34D
27 53
34
27 53

D

000

early

folds N.folds elong.differ.

54

53 D

late

71

79

86

tail

89 D

115 D

95 D
95-135 D
95-135 D
95-135 D
95

tall
1/4 body

135 D



TABLE V.Length of life of Whliteflsh eggs and sperm
when kept 'dry’' and when exposed to water.

Time Dry 9 Dry# Dry $ Wet<? Yet 9 Dry <&
1 min, fert. - f(ﬁrt. 4 fert.

2 " » - »

3 ¢ ¢+ M o+ I

4 " » + i I

5 " " + « t LI

6 n + 'ﬂ t ‘*

7 '+ « +

8 " + t f
" e 1 %+

TR A

t hour " + n — . —

1.5 -h

2.5 " t

4 n '.M _t

7.5 " T

TABLE VJ Whlteflsh eggs exposed to waters of varying
pH before first cleavage.02 same as lake water.

Stage exposed pH oy Development
Pert.dry 30 min. 6.4 4.08 Normal ai 4 days.
it tt tt tt 6 7 it t 4 It
tl tt tt tt 7_'0 tt tt 4 t
tt tt tl tt 78 tt tt 4 tl
t t tt it 8 0 it t 4 it
Pert.in dishes 6.2 4.08 Normal at 64 cell
tt it t 66 tt it it it
tt tt tt 70 « it If it
tt t tt 8 1 it it tl tt
t tt it 84 t tt ft tt

TABLE VIIWhitefish eggs exposed to waters of varying
pH before first cleavage.Boiled lake water.

Stage exposed pH 02 Development
Pert.in dishes 6.2 2.9 80% fert.and devel.
t it it 66 25% " " tt
t| tt ft 70 B)A) " t
it it f[ 84 \% 1] tt



Series |1#
pH range
dH mean
Oxygen range
Oxygen average
12/2
Rec.at Vivarium 12/3
Exp, started 12/6
Cp small cells
BErbryo forming
xost rins large
" small
Be vesicle forming
Tail flat
Tail starting
Tail elongating 1/5
Tall 1/4 body

Series 111#
pH range

H mean
Oxygen range

uxygen average
Spawned 12/2
Rec#at Vivarium 12/3
Exp.started 12/17
Be pigmented-lens
Fin rays short
Fin rays 1/2 fin
Tail almost to head
Tail to head
Tail to eye
Tail to ear
Hatching

TV-
pH range
WH mean
Oxygen range

uxygen average

Rec.at Vivarium 12/24
Experiment started 27
Tail 1/5-1/4,fin buds

Be pigmented ring

Be lightly pigmented

Fin rays-short

Fin rays 1/2 fin
Tail almost to head
Tail to head

Tail to eye

Tail to ear

Tail past ear
Hatching

48

stock and experiments..

Al B-1 c-1 A2 B-2 G2 A B
3 c-3 Stock
6.2-"#5 5#6-6#9 6.4-6.1 6.2*fc 9
&5 5 . 20 . 75‘6 706566836%827%89 7.8
0-#3  9-1.04 0-2.06 0-1.24 <01-37 0-9  0-1.7 .01-1.7 1.8-3.3
. - .1 2 of *1 2 .9 2.5
4 zé ] 4 4 4 4 4
: 5 5 5 5 5 5
i 6 - 6 6 6 6
7 7 7 7 7 7 7 10 o
io 9-5 £ 10 10
12 11 11 10 11 9
13 13 13 u 11
13 13
9-6-9 6.8-7.0 6.8-9-0 5.9-6.9 6.8-7.0 6.8-9*05.9-6.9 6.8-7.0 6.8-9.0
6.4 85 - 6.4 85 - 6.4 8.5
4-2.4  4-2.2 .2-1.7 1.3-3.1 1.9-3.( i.7-3.2 3.2-5.3 3.3-4.S 3.0-4.8
1.65 .88 1.07  2.32 2560 249 437 3.96 |y
15 15 15 15 15 15 15 15 15 15
19 19 17 2 12- 17 19 17 17 17
21 21 21 21 21
26-27 26 26 26 26 26
27 £L 21 21 27 27
- s2_
32
_* — ——
6.0.86 6.8-9.0 86.92 G086 6890 «6926.086 6890866092 78
90 6.4 9.0 6.4
2:19 8-27 1.0-27 1.8-4.2 2.4-4.9 1.4°4,4 3.5-56 3.5-5.6 3.8-4.8 1.8-3.3
1.43 1.67 1.82 327 3.92 3.27 4.7 4.6 4.1 2.5
99 22 22 22 22 22 22 22 22 22
23 " 23 3 24 23 23 23 23 23
32
32 32 32 82
gg 6 36 32 32 -
36 3b 36 32
36 36
43
45



TABLEVIII Continued.

Series V.
plTrange

nH mean
Oxygen range

Oxygen mean
Spawned 1z/5
Rec. Vivarium 12/24
Exp.started 12/31
Eye pigmented-lens
Tail almost to head
Tail to head
Tail to eye
Tail to ear
Hatching

Series VI*
H range
Oxygen range
Oxygen average
|s_«pwh_SrV\_/?_ :
ec. Vivarium 1/31
Exp. started 2/1
Be pigmented-lens
Tail to ear
Hatching-1st
Mex. hatching

SeriesVII.
Exp.started 2/3
Fin rays short
Tail to ear
Hatching-1st
Mex hatching

Series VIII.
pH range

pH mean
Oxygen range

Oxygen average
BEp. started 2/21
Ready to hatch
Hatching- 1st
Max hatching

Series IX.

H range

pH mean
Oxygen average
[panred 12/
Rec. Vivarium 3/12
B started 3/12

Ready to hatch
Hatching-1st
-Hax.hat.nMng

49

A-1 B-1 c-1 A-2 B-2 c-2 3
- - - 3-6.5 0.i-g.0 8.7-9.2 .
b.3-6.5 6.1-9.0 B.7-9.2 6 D 0109 6.3%6,5 6.1«*9%*0 8,7%9-0
6.4 6.8 9.0 6.4 6.8 0.n ons A 9 0

1.5*1.9 1.9-2, f 1.5-2, 2 2,4-4.9 1,b-4"2p ' '
3.5-5.6 4.3-5.8 3.9-4.5
1.76 2.22 2,08 3,74 3.98 3.2Q " 7 4 0 7 o
26 26 26 26 26 26 26 26 26
36
32 36 36 35
Pi_ 32-36 36 34 36
32- 32. 36-22_ 32_
3512
6.0-6.6 6.4-9.0 7.2-9*0 6.0-6.6 6.4-9.0 7.2-9.C 6.0-6.6 6.4-9.0 7.2-9.0
>0 6.4 7.0 9.0
1.0-1.4 2-1.2 .8-2.4 1.6-3.3 ..7-3.2 .8-3.43.4-4. 2.5>3 4.1-4.;
1.22 .64 1.4 2.46 1.7 2.5 3.5 4.7 4.C8
56 56 56 56 56 56 56 56 56
68 68-77 68 lost 71 lost 68
69 68 68 - 69
72-75 69-72
58 58 58 58 58 58 58 58 58
72 72
71 71-79 72
71 69 68 68 68
172-79  69-76 71-74  71-74
6.1-7.2 6.2-y.u 6.1-7. 2-9.0 9.0
6.1-7.2 6.2-9.0 H 6.4 7.6 9.0 g.A fA R —
6.4 7.6 910 428
2-1.1 -3 4.28
o 16 26 2.12 3.82
76 76 76 76 76
76 76 6 ZS 78 78 78 78 78
7B 78 8 g1.s3 79-82  79-81 81-83  81-83 79
79-82 79-82 79 -
. . . N Ho 6.0-9.0 b.8-9. 6.2-8. .0-9.0 6.8-9-0
6.2-8.0 6.0-9.0 fc.e-y. * 0.0 6.3 7.0 9.0
rov 70 0.0 60 [ I J— FUER Py tr-gi XTg—
95 95 95
95 95 05 95 95 92 96 96 96
977201 07-18 QSQ-i01 97%58_22:SI 98 101 ,21i28.
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TABLE IX Normalities and corresponding pH values for acetic,

cc acid
250 cc * re

boiled

hydrochloric,and sulphuric acid.

in

water norm.acid s

()

C

Iﬁ##ZIQQTﬁ»

acetic .529N
sultant
.00189 5.3
.00168 5.9
.00147 6.0
.00126 6.1
.00105 6.2
.00084 6.3
.00063 6.4
.00042 6.6
.00021 6.7
.00019 6.8
.00017 8.2

HCl .442N

resunant
norm-.acid

.00167
.00158
.00123
.00105

.00053
.00035
.00033
.00032
.00028

.00025
.00023
.00021

pH

2 XX 131
N = O

oo ~No (e)Jerle)Neplep]
(@} ell{e) ool ~hw

H?S04 . 485N
resultant
norm.acid pH

.00155
.00136
.00116
.00097
.00077
.00058
.00039

OO OO OYO1 U1
rwWN—OWO®

.00029 6.6

.00019 6.3

.00015 7.0
.00014  7*1

.00012 8.3

* boiled water had pH of 8.9 and total alkalinity of 132 parts
per million calcium carbonate.

cc .485N

HpS04 in
100 cc result,

waters norm,

(1)

35 cc .001697
3 % .001455
25 001212
, % 000970
15 ¥ .000727
09 f .000436
08 ® .000388
.07 Y .000339
5 " .000243

hicarb.alk. COpcalc. (
in ppm CaCO3from react.tifrat.

acid react,

(2)

37.6
57.2
76.8
96.4
116.1
139.6
143.5
147.4

148.3

bicarb.

(3)

60.1 ppm
495
389 °
2
1

N PR~
RO OON
=

CO? by

after total H2S04 and with

PH calc.
from C02(3)

pH and

NaoCO_ observ.bicarb.(2)

t4)3  (5) (6)
66.Sppm 5.9 6.16
54.4 t 6.0 6.45
486 Y 6.3 6.6
33.8 ¥ 6.5 6.9
276 * 6.6 7.15

5.7 % 6.7 7.63

4. U 6.8 7.75

35 % 7.0 7.S
8.4

# water had pH of 9.2 and total alkalinity of
million calcium carbonate.

172 parts per



Conditions ot pH and Oxygen content in the experimentaldishes during the

TAHEE

Whitefish experiments.
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table X..Continued
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pH
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TABLE XI.Comparison of the death rates in
of development.
Series Il. Early gastrulation
Date Al B-1 Cl A2 B-2 C2
26 0% o%  o%
7 100% /o 1006 o%
8 100% "40% % 100% *75%  so%
100% 100%
0% 84%  75% 0% 50%  66%
]3 100% 100%
% 100% 100% 100% 100%
Series 1V. Tall
n % 0% 0% W 0o O
1/2 % 5% 5% 5%  50% 5%
3 10% 10% 10% 10% 75% @ 10%
4 1% 15% 15% 15%  92% 15%
75%(aoid)
9 8% 20% 30% 30% 94% = 40%
to 8% 22% 33% 95% 52%
12 91 26% 49% < 6% 8
15 100% 979% 100% I( 1002) 100/(0)
17 100%
Series VI. Eye pigmented,
Date A1l B-1 C-1
dead fung. dead fung. dead fung.
2/1 0% 0% 0% 0% 0% 0%
4 1% 2% 12% ' 5% 2%
8 5% 2.0% 14% 5% 20% .8%
12 100% 4.4% 24% 1.0% 100% 2.0%
13 26% 1.0%
15 2% 2.0%
t6 41%  3.0%
18 65% 8.2%
21 100% 22.4%
Series VII. Fin rays short.
0% % 0% Uo 0%
92% % 5% 1.0% 5% 1.5%
98% 9% % 7% 2.1
9% 12 23%
100% 2% 2.8% 5% 5.8%
28%  3.4% 100% 11.8%
56% 5.2%
88% 13.1%
100% 16.8%

53 EN3~ jSerieslll, Eye pigmented,lens showmg
‘Date  ATT ~ECT fTH AT2 'Esl-—-C-2 1T * AT
0% 0% 0 0 0 0 0 C-3
w1217 o% o% o% %  o% % T 0w  ow o
1009 o5% 5000 23 ! 0% ]Dy 1%
26 20% 20% 10% 50% 100% 5% 10% 500 g
28 100% 0%
1004 55% 29 100% 100% 100% 100k 1000 100k 95%
' 3L 100%
100%  100%
] SerlesV pigmented,lens showin
AR A 0 O or w or 0w
8% 18%  10% 1/3;, A S L I v O - L N
0 (1] (0] 0,
15% 29% 1% 2 By 1% T TR L /) il
A% 40%  48% 452@ ]%’/o 15% 243/0 27% gg;/o 35% 100%  37%
1% 0, 0 .98% 98%
4% 50%  68% 5 1o 1?3{(} B 1B 5% e 16 o
0
100% 100¢ 100%
A-2 B-2 G2 A-3 B-3
dead fang. dead fung. dead fung. dead fung. dead fung. dead fung.
0% 0% 0% 0% - 0%~ % —0%— N e
11% A% oy 3% 18% .5% 11%
18% 1.4% 11% % 52% 15.0% 15%  1.3%
21% 20% 3.0% 91% 36.0% 20%  4.7%
22% 28%  4.5% 92% 36.5% 38% 8.0%
27% 4.8% 54% 17.5% 100%  41.0% 85% 40.0%
35% 6.8% 72% 23.3% 97% 46.0%
75% 9.6% 97% 25.9%
94% 30.0% 99% 26.7%
0% o% 0% o% “ 0%' 0% T 0% 0% 0% 0%
5% 7% 5% 1.0% 1P 7A PR 2.%/0 6% 2.7% 5 2.0%
7% ™ 15% 20% 9.C 50% 20.0% 11% 3.6% 6 3.5%
7% W6 2.0 9% 89% 23.0% 20% 5.2% 1%
16{/0 2.0% 23% 10.0% 100% 29.0% 37% 21.0%  46% 21.0%
22% 2.5% 43% 200% 51% 34.0%  57% 27.4%
69% 26.0% 95% 48.0% 87% 68.0% 77% 43.0%
79% 89% 69.0% 84% 45.0%

81% 26.5%
86% 28.0%
88% 28.5%

Whitefieh eggs exposed tojvarjring pHand 02 contents at different stages



TABLE XI1*Continued.

Series VIII* Fish ready to hatch(stock three)

Date A-1 B-1 K2 ~E .
dead fung. dead fung. dead- fung. dead fung. dead A?WX%TGQ_EHC%UM;- dead-A_:f),uns deadBk?ung deado?cmg
O% % Ob  Oh  OF v Ok

w 0 ~W Y
23 133 17% 36% 16% 13% . 30% 13% o 20%0 21%
5% 278 0% 37% 2% 2.0% 28% 4.0% 49% 2% 6.0% I? 57% 5%
26 6l%  6.0% 65% 73% 43h 11.5% 56% 24.0% 85 13.0% 5506 17.0% 58% 21 0% 82%
28 8% 90w 77% 1.6% 8% 4.0% 60% 16.2% 34.0% 8% 28.0% 72% 30.0%
/2 9% 83% €°% 8%

Series IX. Pish ready to hatch (stock four),
3/12 0% o% 0% 0$ 0% 0$ 0% b Obh ~05 o o3 o3 0$ 0% 0$ 0%

14 W 98% ” 2% - 2% 3%

15 ™ b

18 5% o % 278 17% 20$ 8 17$
19 3% 165 17% 23%



TABLE XI11 Percentage of egga hatching in the Whitefish experiments
with the corresponding pH and oxygen content.

Series VI. Series VII. Series VIII. Series IX.
Dish pH 02 $hatch pH 02 $hatch pH Og $hatch pH 0g $hatch
A» 6.4 1.2 0$ 6.4 1.2 0$ 6.4 6 1$ 6.3 1.9 .
B-1 7.0 .6 2E 7.0 .6 6% 7.6 4 13$ 7.0 1.6 §4$
C»l 9.0 1.4 0%$ 9.0 1.4 O# 9.0 1.6 18 9.0 .6 2%
A-2 6.4 2.5 6# 6.4 2.5 12$ 6.4 2.6 18% 6.3 3.8 .
B-2 7.0 1.7 6$ 7.0 1.7 5¢ 7.6 2.1 16% 7.0 3.7 8%
C-2 9.0 2.5 9.0 2.5 1$ 9.0 3.0 15$ 9.0 3.8 77%
A-3 6.4 3.8 0% 6.4 3.8 0%$ 6.4 3.5 8% 6.3 4.0 80%
B-3 7.04.7 7.0 4.7 11$ 7.6 3.8 17$ 7.0 5.0 °
cC-3 9-0 4.1 3% 9.0 4.1 1 6%90 4.3 12$ 9.0 3.0 83%

TABLE X |11 Resistance of Whitefish larvae to acidity,neutrality
and alkalinity in fresh and M/6 salt boiled water.

Exp. Composition of medium PH _0g_ ) Time to death

1 .8 cc .529 N acetic in fish 29 hrs,
500 cc boiled HgO 6.3 1.5 1 :t g? M 30 M
2 .8 cc .529 N acetic in 10 75 "
500 cc M/6 NaCl sol. 6.3 1.5 3 " 87 " .
3 .18 cc .529 N acetic 3 " 20 " 30"
500 cc boiled HoO 7.0 1.5 1" 30
~~sr ,18cc ,529 N acetic in 1 © 75U
500 cc M/6 NaCl sol. 7.0 1.5- 3 87 e
no acid 1" o 307"
500 cc boiled HgO 9.0 1.5 % ) %g " 30
— 6" no acid .
6500 CZ42ME| Hg?l_sol. 9.0 1.5 4 * 87
‘ 6 cc . in
7 500 cc boiled HnO 6.3 1.5 4 " 20 " 30 "
.6 cc .442 N HCI In 1 :: 75 "
500 cc M/6 NaCl sol. 6.3 1.5 3 9 days
9 126 cc .442 N HCL in “ 45 nrs 30 nim.
500 cc boiled Ho0 7.0 15 7 69
— re- .26 cC 442 Nwcl m 2 A
500 cc M/6 NaCl sol. 7.0 15 2 = 69
11 .6 cc .485 N H2S04 in 2 'n 20 n 3o
500 cc boiled H20 6.3 1.5 % . gg M
12 .6 cc .485 N HgSON. in 1 ° 54 "
500 cc M/6 NaCl'sol. 63 15 2 v s dars days
.16 cc .485 N HgSO.in 2 * 20 hrs 30min
: 500 c¢ boiled HgO 70 15 2 0 34 T
14 .16 cc .485 N HgSO. in T ays
1

500 cc M/6 NAC! sol 7.0 1.5 te a|i2\;1e g/lt 24 days



TABLE XIV Length of "time to death" of newly hatched
Whiteflsh in waters whose pH is varied by

No.Ind.
9
15
15
15
18
15

15

16
14

Time exposed Time to death

2 hrs.25 min. 2 hrs.25 min.

adding CO02.
°g  pH
1 6.3

2

9.0 3

s 0.4 5

12

3.0 18

9.0 2

1 6.3 3

4

4

1 9.0 )

H 30 - 2 - 30
" 45 . 3 " 45 "
. Mot dead

1 tl ik

" (11 hr 9.0)" °

da.to a week - n

hrs.40 min. 3 hrs. 40 min.

ft 4 N
" 20 . 4 . 20

ft 5 "

Stock
3



TABLE XV Amount of oxygen released "y toad eggs at different
stages of development, a six individuals,hand shaken

1920; b eight dozen individuals,machine shaken 1921.

Stage of a cc Op b cc Op
development released released”
Ovarian eggs 7.1 cc 136
1 cell 3.34 84
8 cell 3.6 85
12-16 cell 4.04 U
32 cell 4.03 ¢ 89
Early blastula 4.2 T 105
Blastopore lip 3.69 *

Yolk plug large 103

" small 112
Early neur.folds 3.4 © 89
Late neur.folds 3.8 90
Elongation
Tail differen. 557 ° 98
Tail 1/4- body 108

"o2/3 0 586 " 108

1-1/4 . (8da) 6.3 " 121
12 days 354
21 - 16.03 “

¢ Amount’ of oxygen released by whitefish eggs at different

stages of development.

Stage of c cc O
development released
Unfert.eggs 18 cc
Eye lightly

pigmented 41 "

Hatching 112 "
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Figure 1.

Apparatus for the control of experimental conditions.
Method of varying hydrogen ion concentration and oxygen
content. J. N/4 sulphuric acid* 2 cock for control of
acid by drops at 2; 4 mixing bottle for acid and boiled
water from W, 5,6,and7 jars to which air from A is

added in varying amounts;C cocks for control of air flow;
8,9,and 10 half pint sedimentation glasses for eggs*

M mercury manometer for keeping air flow constant.
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Figure 2. Apparatus for measuring the oxygen content of small
amounts of water by the winkler method. Dimensions of part
A large tube 2.2 om diameter by 6.5 cm length,
small tube ,8 nmmdiameter.
Jotal length from 1 to 2 -—17 cm.
Capacity 26 cc.

B glass ring 1 cm outside diameter,.6 cm inside diameter.
lemgth 1 cm.

C same as B.

2 same diameter as B length 3 cm.

R to R heavy black rubber tubing enclosing glass rings B
C and D diameter 1 cm outside, .6 cm inside.

2 to 5 screw clamps.
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Figure 8 to 16. Rate at which whitefish died under experimental

conditions. Lower half,pH and oxygen content plot-

ted for entire period of experiments. Upper half,

number dead each day plotted as percent of the

total number o4 eggs in the dish at beginning of

experiment.

Il eggs of stock 1 put in
stage.

[1l1 eggs of stock 1 put in
pigmentation with lens

IV eggs of stock 2 put in
of body.

V  eggs of stock 2 put in
pigmentation with lens

VI eggs of stock 3 put in
pigmentation with lens

VIl eggs of stock 3 put in

at early germinal cap

at the stage of eye
formed.

when tail was 1/4 length

at the stage of eye
showing.
at the stage of eye
showing.

two days later than VI.

VIIl eggs of stock 3 put in just at hatching time.

IX eggs of stock 4 developed to hatching at the

hatchery and then put into experimental conditio






























17. Gradient reactions of larvae of stock 1 and 2.
a larvae hatched in pH of 7.8 from stock 1.
b and c¢ gradient controls,running and standing water,
from stock 2.
d to g gradient reactions of larvae of stock 2
raised through the period of heart and blood formation
in experimental waters. A-3 had a pH of 6.4,C~3 had a
pH of 8.6-9.0.
A long narrow tank was used with water of the desired
pH entering at each end,making a permanent gradient
for the entire period of the experiment.The fish swam

freely in the tank for the time recorded in the mar*,

ginal figures.



£U0.
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Figure 18 and 19 Gradient reactions of larva® of stock 3-
A-2 had a pH of 6.4-; B-2 around 7.0; and C-2
of 8.6-9.2. The stock had a pH of 7.8.
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Figure 20 and 21.

Gradient reactions of larvae of stock 4.

A-2 had a pH of 6.4; B-2 around 7.0;
of 8.6«9»2* The stock had apH of 7.8,

andC-2






Dm kit i
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