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DIURNAL AND SEASONAL CHANGES IN THE DIS-
TRIBUTION OF THE LIMNETIC CRUSTACEA OF
LAKE NIPISSING, ONTARIO

ABSTRACT

An investigation of the limnetic crustacea of lake Nipissing was made in
1934 and 1935. The following species were obtained in sufficient abundance to
determine their distribution.

Cladocera
Daphnia longispina (Miiller)
Holopedium gibberum (Zaddach)
Copepoda
Epischura lacustris (Forbes)
Diaptomus oregonensis (Lilljeborg)
Diaptomus minutus (Lilljeborg)
Limnocalanus macrurus (Sars)
Cyclops group.

The horizontal variation in numbers of each of these groups of organisms
was determined. Some, notably Dephnic and Epischura, were found to be nearly
uniformly distributed. Others, the Diaptomus and Cyclops populations, were
definitely ‘‘bunched” in that they showed marked variations in abundance
laterally. These variations necessitated a modification of the treatment of the
discussion of seasonal changes in abundance.

The diurnal changes in vertical distribution during the twenty-four hour
cycle were analysed. This was necessary to interpret changes in such distribu-
tion resulting from differences in absolute light intensity at the time of sampling
on the different dates during the season. The movements resulting in the diurnal
differences in distribution were correlated with changes in light intensity. There
were also specific differences in response to changing environmental conditions,
and the type and extent of the diurnal migration of any one species differed at
different periods during the season.

The seasonal changes in the vertical distribution of individual species were
analysed and a determination of the factors responsible for those changes was
made. Field observations and experimental evidence showed that the factors of
light, temperature, oxygen, and carbon dioxide were important in determining
these changes in vertical distribution, The reaction of the limnetic crustacea to
the above-mentioned factors was modified by age, sex, and specific differences of
individuals.

In the case of immature Diaptomus oregonensis, individuals were found con-
Centrated near bottom in the deepest water of the lake in June. This concentra-
tion moved progressively higher in the hypolimnion, correlated with oxygen

epletion and the increased carbon-dioxide content of these strata in July and
August. Experimental evidence was obtained indicating the extent of change
In the content of each of these gases separately, causing comparable avoidance
Teactions in populations of Cyclops and Daphnia.
. .. The seasonal changes in the abundance of the different species of Copepoda
Indicate that the population undergoes two complete reproductive cycles and
€ production of a third brood of nauplii between April and mid-September.

11



12 TuE LiMNETIC CRUSTACEA OF LAKE NIPISSING

INTRODUCTION

The plankton crustacea are in a large measure responsible
for the transference to the higher organisms, of the food ma-
terials synthesized by phytoplankton. The present investiga-
tion in lake Nipissing has been directed towards a clearer
understanding of the distribution of these intermediate links
in the chain.

The point of attack has been through a quantitative
analysis of the distribution of the individual species of plank-
ton crustacea wherever practicable. The causal factors de-
termining the abundance at any one place have been sought
through an analysis of the environmental factors responsible
for diurnal and seasonal changes in distribution.

ACKNOWLEDGEMENTS

During the course of the limnological investigation of lake
Nipissing carried out during the period from 1928 to 1935
inclusive, by the Ontario Fisheries Research Laboratory, a
large body of physical, chemical, and ichthyological data perti-
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during the summer of 1933. The adoption of methods and
technique in use there was a direct result of their generosity in
giving of the wealth of their experience.

The physical and chemical data discussed throughout this
paper have been taken from the original data obtained by
Dr. G. H. W. Lucas and Dr. J. M. B. Corkill, and from Dr.
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THE LiMNETIC CRUSTACEA OF LAKE NIPISSING 13

Corkill’s manuscript, which will be published in the near
future in the Biological Series of the University of Toronto
Studies.

GEOLOGY OF LAKE NIPISSING

Lake Nipissing, Lat. 46 N. Long. 79 W., has an area of 345
square miles, and lies at an elevation of 640 feet (Barlow,
1907). During the early period of lake Algonquin, the area
occupied by the present lake Nipissing was covered by a re-
treating lobe of the Labrador ice sheet which blocked all out-
lets for the lake to the north-east. The final retreat of the ice
from this region opened a new outlet lower than the St. Clair
river, previously in use, and the Nipissing Great Lakes which
resulted drained through lake Nipissing and the Mattawa
valley to the Ottawa river. As a result of the continued retreat
of the ice, the rise of the land in this area and to the north-cast
finally turned all the water southwards through the St. Clair
river. The North Bay channel dried up and the present lake
came into existence, draining through the French river to
Georgian bay (Coleman, 1922).

The present lake lies in an area of Precambrian rock,
covered in large areas by glacial deposits of sands and clays.
Several small streams and three rivers of considerable size
drain the surrounding area to the lake.

MORPHOMETRY OF LAKE NIPISSING

The lake is long and narrow, the long axis extending some
80 miles from east to west. The width averages approximately
12 miles, and few relatively small islands break the broad
expanse of open water. Prevailing westerly winds result in
severe wave action in the unprotected areas.

In general the lake is rather shallow. The map (figure 1),
showing the depth contours at intervals of 15 feet, indicates
that over the major area of the lake the maximum depth is 45
feet. The proportions of the different 15 foot depth zones,
together with the percentage of the area within each contour,
are given in the following table.
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TaBLE 1.—The surface area of lake Nipissing divided by 15 foot contours.

Stratum Percentage of total Percentage of area
area within each contour
feet
0-15 32 68
15-30 34 34
30-45 22 12
45-60 10.2 1.8
60-75 1.34 0.46
75-105 0.19 0.27
105-150 0.18 0.09
Below 150 0.09 0.00

Two-thirds of the area of the lake is less than 30 feet in
depth, and only a half of one per cent. is deeper than 75 feet.

This restricted area of deep water has been found to be of
extreme importance in the biology of the lake, and has, there-
fore, been drawn on a much larger scale in figure 2. Reference
points are given as in figure 1. Near the south shore there
exists a valley-like depression leading towards the source
of the French river. It is in this region, and at the source
of the river itself, that the only water over 75 feet in depth
has been found in the lake. A still greater enlargement of
the deep water area just to the east of Frank's bay is given in
figure 3. It is clear that organisms limited to depths below
60 feet would be restricted to this region of the lake, and
migrants to the deepest of this area would tend to become
greatly concentrated.

PrysicAL AND CHEMICAL CONDITIONS IN THE LAKE

The results of the extensive physical and chemical study
of the waters of the lake, from 1929 to 1934 inclusive, are to
be published by Dr. Corkill. Some general statements perti-
nent to the problem at hand may, however, be made here to
provide a background for the discussion which follows.

The lake is usually free from ice by the end of April, and
spring warming is quite rapid. The extensive area of shallow
water which is exposed to wind action, becomes warm, and
is well oxygenated throughout all strata during the summer.

THE LIMNETIC CRUSTACEA OF LARE NIPISSING
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16 THE LmMNETIC CRUSTACEA OF LAKE NIPISSING

The more protected deep area becomes stratified in early
summer and the hypolimnion remains comparatively cold
throughout the season.

The character of the thermocline varies from year to year.
In most years it is depressed to within 45 feet of bottom by
mid-September. Oxygen depletion and a corresponding in-
crease in carbon-dioxide content occur in the lower strata of
this restricted hypolimnion ; bottom water (3 feet above mud)
usually having only 1-2 cc. of oxygen per litre and 12-14 p.-p-m.
of carbon dioxide by mid-September.

The lake may then be divided into two quite different
areas with respect to physical and chemical conditions. The
major portion of the lake (88 per cent.) of less than 45 feet in
depth is warmed and remains well oxygenated at all depths
throughout the summer season. The very restricted area of
deep water which is thermally stratified, remains cold through-
out the summer, but loses much of its dissolved oxygen and
becomes highly saturated with carbon dioxide resulting from
respiration and decomposition.

APPARATUS AND METHODS OF COLLECTION

When the plankton investigation was begun in July, 1932,
the available apparatus consisted of small closing nets of No.
20 silk bolting cloth patterned after the small net described by
Juday (1916, p. 569). It was realized that this type of
sampling was inaccurate, in that the whole column of water
above the net is not strained during a haul. The efficiency
factors of similar nets used by workers have been compared
(Ricker, 1932) and a great diversity of values was found. It
appears that when long hauls are taken to determine a net’s
efficiency, the value obtained is very much lower than when
such a test is made by short hauls. This is especially true
when large numbers of algae are present in the water (Birge,
1897, p. 284). There must, then, be large differences in the
efficiency of a net in taking stage hauls in different concentra-
tions of a plankton population, or in different populations.

THE LiMNETIC CRUSTACEA OF LAKE NIPISSING 17

As an attempt was being made to study the vertical dis-
tribution of the plankton, it was clear that results obtained
in sampling with a fine meshed tow net were subject to severe
criticism. Since Drs. Birge and Juday had discontinued the
use of the closing net and had designed a plankton trap
(Juday, 1916) and later evolved a continuous C('éntrifuge
(Juday, 1926), it was considered advisable to investigate the
merits of these newer methods. Through the kindness of
Drs. Birge and Juday, the author was enabled to spend the
summer of 1933 at their Trout lake limnological laboratory
and study the methods in use there.

During the season of 1933, a comparison was made be-
tween the plankton trap and the nets used in 1932. These
data are discussed elsewhere (Langford, MS.) but table 2 and
figure 4 show some of the results obtained. The most striking
difference is that of the greatly increased efficiency when
sampling by short hauls. Secondly, a variation in the efle—
ciency of catching particular organisms in certain strata is
noted. This is no doubt due in part to errors in sampling the
very small numbers of the organisms under consideration
(Ricker, 1937a).

TABLE 2.—Percentage efficiency of closing net compared to plankton trap,
Trout lake, Wisconsin, 1933.

Depth Diaptomus Cyclops Nauplii Daphnia Mean
Metres Per cent. Per cent. Per cent. Per cent. Per cent.
25| 640 | 635 55.0 84.5 65.0
2.5-5 : o 36.6 38.5 36.0
5 -10 9.9 8.9 9.2 13.5 10.0
10 -15 15.0 18.3 19.8 13.6 17.0
15 -20 17.0 16.8 9.5 20.3 13.5
20 -29 12.5 8.6 4.8 6.7 11.6

As a result of the above comparison, a plankton trap of 10
litres’ capacity was purchased and used for all quantitative
Samples in 1934 and 1935. The efficiency of this method of
Sampling compared with pump methods is discussed in con-
Dection with the trap and net comparisons (loc. cit.).

Light measurements were made at the time of sampling
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wit_h a modified “metrophot”’ photoelectric exposure meter,
calibrated to read in foot candles. Samples were taken so far

80 !
7z \
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7 \
soL CLOSING NET-~~- ] \
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Fioure 4 —Comparison of the efficiency of net and trap, Trout lake, Wisconsin
1933. :

as it was possible when conditions of light were stable. This
was done in order to avoid changes in distribution while
sampling.

COLLECTIONS

Two stations were selected as representative, respectively,
of the deep and shallow areas of the lake. These stations were
marked by observing the position of salient features of the
shore line. Station I was situated near the south shore, three-
quarters of a mile east of Frank’s bay (figures 2 and 3).
Depths of 40 and 45 metres were regularly obtained at this

THE LIMNETIC CRUSTACEA OF LAKE NIPISSING 19

station. Station II was situated some three and a half miles
from Frank’s bay in the direction of the Goose islands
(figure 2). Depths of 10 and 12 metres were found in this
region of open water, which was subject to considerable wind
action.

In 1932 samples were taken with the closing net at bi-
weekly intervals from July till October at both stations. The
stage hauls subject to such variations in the efficiency of the
net have not been included here. The seasonal variation in
numbers, determined from total vertical hauls only, is com-
pared with that for 1934 and 1935, at station I, using an
efficiency factor of 6.6 for the tow net. Absolute abundance
is, therefore, not to be compared, but rather only the relative
changes during the season.

In 1934 trap samples from station I were taken weekly
from May 16 until the end of June, bi-weekly during July, and
weekly until the middle of September. The series of depths
sampled was 0, 3, 5, 8, 10, 15, 20, 25, 30, 35, and 40 metres.
Trap samples were also taken from station II at approxi-
mately bi-weekly intervals from May 19 until the end of
August, the series of depths sampled being 0, 3, 5, 8, 10, and
12 metres.

In 1935 samples were taken with the plankton trap from
station [ at weekly intervals from May 18 until September
18. Samples were taken at 1 metre and 45 metres in addition
to the series given for 1934. The value of the 1 metre sample
may be seen from the graphs of many of the organisms, which
show wide differences at depths of 0 and 3 metres. Station II
was sampled only irregularly during 1935, and the 1 metre
level was added to this series as well. :

It will be noted that plankton samples have been taken at
depths measured in the metric system in order that results
may be easily compared to those of other plankton workers.
It has been necessary to include certain data and maps in-
volving the English system of linear measure. The error is
slight if 1 metre is considered equivalent to 3.3 feet wherever
Comparisons are necessary.
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In addition to the routine sampling, certain special samples
were obtained for specific investigations. In 1934 a diurnal
series of samples was obtained at station I; the regular series
of depths being sampled at critical periods during the diurnal
cycle.

In 1935 midnight series, as well as daylight series, were
obtained on the dates on which oblique settings of gill nets were
made for ciscoes. The data from the enumeration of these
are used in comparing the plankton food present at the
different levels with that taken by ciscoes caught in com-
parable strata.

ENUMERATION AND EXPRESSION OF RESULTS

All individuals of each species of the plankton crustacea,
with the exception of nauplius and metanauplius stages, were
enumerated in the total trap collection. A large counting cell
was employed, on which the sample was distributed by stir-
ring. A Leitz travelling binocular microscope was used in
observing the plankton, and numbers were recorded by
“counters’’ and later tabulated on suitable forms. The ease
with which the objectives could be changed from low to high
power proved valuable in determining the Diaptomus species.

The numbers of individuals given in the tables, and indi-
cated in the graphs of this paper, are in all cases one-tenth of
the count, 7.e., numbers per litre. In the case of the diurnal
migration study, since there was a certain variation in the
total of the vertical series of collections, the data are con-
verted to percentages of the total in constructing these
graphs. The actual numbers per litre of all counts are, how-
ever, given in the respective tables.

SAMPLING ERRORS

Introduction

Rick_er (1937a) has shown that estimates of a plankton
population, made from individual samples, are subject to

THE LIMNETIC CRUSTACEA OF LAKE NIPISSING 21

statistical errors of considerable magnitude. When the popu-
lation has a random distribution throughout the whole or
part of a lake, it can be shown that a series of samples taken
simultaneously from that part will const'tute a Poisson fre-
quency distribution. Following the methods of Clopper and
Pearson (1934), Ricker calculated tables of confidence or
fiducial limits, which yield a measure of the accuracy of small
samples as an estimate of the population (Ricker, 1937b).
For larger samples (i.e., counts of over 50) the standard error
is equal to the square root of the count, and the probability
that the population lies between given limits may be obtained
from the table of the normal probability integral.

It must be emphasized that these statistical limits are ac-
ceptable only when the distribution of plankters is proven to
be random. This involves the determination of the horizontal
distribution of each plankter considered in the individual lake.

Variation in horizontal distribution

(e¢) Historical. From the time of Hensen (1895), who
believed his results showed a uniformity of distribution of the
oceanic plankton, the subject of horizontal variation in dis-
tribution has received a great deal of attention. The question
is still, however, far from being satisfactorily settled. Apstein
(1892), Reighard (1894), and Ward (1896) have all contended
that the plankton studied in their investigations was distri-
buted with great uniformity. Imhof (1892), Zacharias (1894),
and Marsh (1897) state that such was not found to be the case
In their studies. Birge (1897) agrees with Apstein that two-
to four-fold variations are not to be counted as swarms, and
hence states, “‘while therefore I find swarms occasionally
Present, I find also that the Crustacea of Lake Mendota are
In general distributed with marked uniformity’’.

An analysis of these early reports, and of the results of
fecent studies, indicates that probably three factors were
feésponsible for these differences of opinion. Firstly, the indi-
V}dual lakes studied probably differed with respect to the
distribution of the plankton population therein. That this is
Possibly true of Cultus lake (Ricker, MS. 1) and lake Nipissing
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will be shown later. Seccondly, methods of collection and
analysis very likely gave different results from this stand-
point. A third reason for these differences of opinion, may
have been the fact that no exact measure of the variation in
distribution was available, and considerable diversity of
opinion existed over the definition of what was meant by a
“swarm’’.

(b) Statistical analysis. Ricker (1937a) has shown that:

(i) If the plankton population is randomly distributed, the
counts of a series of samples at point of time will comprise a
Poisson frequency distribution. The mean will in this case

i f i ="
equal the variance ( i ) :

(ii) If the population is bunched together in places, scarce
in others, the variance of a series of counts will exceed their
mean.

(iii) If the population is ‘“‘spaced”, 4.e., if the individuals
have a tendency toward remaining a definite distance apart,
then the variance will be less than the mean.

The significance of these differences from the mean may
be determined by the x? test: “when testing agreement to a
Poisson distribution, since the variance should equal the mean
xt=3(x—%)%/%. Reference may then be made to the x? table
to determine whether or not the value obtained is unreason-
ably large or small. Such tables are to be found in Pearson
(1924) table 12, or Fisher (1934) table 3" (Ricker, 1937a).
We have, therefore, a means of determining with exactitude
the type of distribution exhibited by any plankter, provided
that sampling methods give results suitable for analysis.

(c) Horizontal distribution in lake Nipissing. An at-
tempt was made in 1934 to determine whether or not the
population was more variable from station to station laterally
than at one station in lake Nipissing. Plankton trap samples
were taken at a series of depths at ten different stations,
within a radius of three-quarters of a mile. Ten samples were
also obtained from 8 metres at one station. The samples were
all taken between 10.00 a.m. and 1.00 p.m. on July 4, and

i
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light conditions as measured with the photometer remained
practically constant during that time. There was no wave
action to change the penetration of light, so that there should
have been no vertical migration resulting from change in light
intensity. The counts of the ten samples at 8 metres together
with the mean, the variance, and the x® value are given in
table 3. Similarly the series at each of the ten stations is
given in table 4.

TaBLE 3.—Variation in the number of organisms taken at 8 metres, in ten samples
taken at one station, July 4, 1934.

@

o

SAMPLE &

Organism Mean| -

1/2)13]4|5|6|7]8|9]10 = foXxt

Diaptomus. ........ 140(222(185/173(163|185[134]141/178|164|168.5| 703 [37.6
@yelops. - . ... ...... 22| 35| 35| 32| 25| 35| 18| 21| 30| 20| 27.3| 52 |[17.1
Epischura. ......... 5/ 11 7| 8 5| 3 1, 6 7 7| 6.0 7.6/11.3
Metanauplii........| 5 12/ 12| 2| 3| 9| 0| 5 5 2/ 5.5 18 |28.7
i 569|575|589|555|483436(423|471|490|514(510.5/3485 161.9
Daphnia. .......... 31| 37| 45| 30| 25| 30| 31| 35| 33| 40| 33.7| 33.1| 8.9
Bosmina........... | 4 5| 2| 8 6/ 1] 1] 4 4| 5 4.0 5 [11.0

From the consideration of the ten counts at one point, 8
metres, it is clear that there was considerable difference in the
type of distribution exhibited by the different organisms.
Diaptomus, Cyclops, and their metanauplii and nauplii were
definitely bunched, although Cyclops were not greatly so.
Epischura, Daphnia, and Bosmina appeared to be randomly
distributed at 8 metres at this station, with a variance not
significantly different from the mean. The influence of errors
arising in the transference of samples from the trap to vials
has been neglected. It is felt that such errors have not caused
the large fluctuations in the numbers of certain organisms
since the bunching is evident only in certain species, not in all
groups represented in the samples. The 0.05 probability has
been taken as the limit of significance.

If we inspect table 4 we find a marked difference with
regard to laterally spaced series. In only one case does the
variance approach the value of the mean. In this case from a
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comparison of the x? value with a table of the same, Daphnia
is found to have been randomly distributed at 8 metres over
the lake. At 10 metres it was bunched, although but slightly.
In all other cases the variance is significantly higher than the
mean, and Cyclops, Diaptomus, Nauplii, and Daphnia, with
the exception noted, were definitely bunched in their hori-
zontal distribution at all depths sampled.

TaBLE 4.—Horizontal variation in the number 'of plankters, 1934. Figures
given are in all cases actual counts of plankters in the 10 litre trap samples.

Depth Bam. a
Metres o
112(3(4|5 6718 9 |10 | Mean| = p &

Cyclops

0 11} 14] 18| 37| 21| 35| 12| 7| 11| 32| 19.8! 121! 55.2

3 45| 36| 32| 35| ? 23| 62| 35| 30| ? | 37.3| 138/257.0

5 311 30| 14| 53| 20| 15| 55/ 40, 25| 50| 33.3| 239| 64.8

8 22! 27) 11) 20| 20| 30| 45| 50 15| 25| 26.5 154/524.0

10 16/ ? | 20; 25| 20| ? | 10} ? 15] 10 16.5| 306|111.5
Daphnia

0 5| 15| 9/105/ 60| 115| 43| 36| 55106 54.9| 1725/283.0

3 110115) 35/155] ? | 100/227} 30| 127/ ? |112.4] 4015/250.0

5 35| 75| 40 85‘ 32| 40[157| 40| 45| 63| 61.2| 1454/213.0

8 27| 43| 45| 40] 38| 35| 52| 43| 30| 35| 38.8 55| 12.7

10 31 ? | 42 40; 500 ? | 32 ? 52| 22| 38.4| 117/ 18.3
Diaptomus ’

0 63(170(215(345/180( 280|175(220| 270(359(227.7! 7917|310

3 285|215 86:560| ? | 275(465/200] 486| ? ‘321.511684 255

5 160|235 95325 80| 145 410!145 1401304{203 .9|12031 (532

8 65| 95| 80| 90| 67/ 95/145/160| 50/230/107.7| 30331252

10 60| ? | 70| 60| 70| ? \)125[ ? 50(160] 85.0| 1692(119
Nauplii 151

0 4611537|742(9751912/1350(802!680!1185{980{862.4| 7657|884

3 426/464/415/627| ? | 670|815/497| 658| ? |571.5/20330/249

5 538(480/3711522(339| 440(805/525| 490,683/519.3/19113/331

8 317|272/1438/437300| 390/478/563| 286|578|405.9|12571|280

10 202| ? [222(258|230) ? ‘310‘ ? | 296|400{274.0] 4622|101

Even though Epischura and Bosmina were randomly dis-
tributed at 8 metres at one station, this distribution was not
found to hold true laterally at other depths over the lake. It
is again possible to compare these types of distribution by a
statistical method.

If we wish to compare the variation in distribution
laterally with that at one station, a test of the significance
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of the differences between their variance will tell us if one
distribution is more variable than the other. ‘“‘In testing the
difference between two estimates of variance, s; and s, from
two small samples of N, and N, the index z=14 (lo'ge .s:—
log. s, ) may be used. Fisher's table 6 shows the distribu-
tion of z for probabilities (P) of 0.05 and 0.01 and for various
small valuesof n;and n, (=N, —1,and N,—1)"" (Ricker, 1937a).

The following example, table 5, illustrates the application
of the treatment discussed above to the Daphnia population
at 8 metres.!

TaBLE 5.—Comparison of the numbers of Daphnia at 8 metres in ten samp}es
taken at one station, with ten samples distributed within three-quarters of a mile.

Haul 1 2 3 4 5 6 7 8 9 10 Mean
One station 8l 37 45 B0 25 '8¢ 3L 36 3 40 33.T
Horizontal 27 43 45 40 38 35 52 43 30 35 38.8
One station Horizontal

Number of samples 10 10

Degrees of freedom 9 9

Variance (s?) 33.1 55

loge (52) 3.50 4

difference (logesi?—loges:*) =0.50
z=14 (loges:’ —loges»?*) =0.25

Entering the table of z (Fisher’s table VI) we find for 9
degrees of freedom for P=0.01, z=.8494, for P=0.05,
2=.5862. The value of z here, 0.24, is much smaller than the
value corresponding to the 0.05 level of significance, and hence
the variation at 8 metres over the ten laterally spaced stations
Was not great enough to be demonstrated by this small
number of samples.

A comparison of the variance of the other organisms
Studied (as indicated in table 6) yields the following results:
Diaptomus, nauplii, and metanauplii were more variable
hOrizontally at 8 metres than at one point, their z values

eing greater than the value of z corresponding to the 0.05
level of significance. Cyclops, Epischura, and Bosmina were
0t so much more variable horizontally at this depth as to be
shown by this comparison.

At this date Epischura, Daphnia, and Bosmina appear to

'Example comparable to one given by Ricker (1937a).
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have been nearly randomly distributed at 8 metres, at one
point and laterally. Cyclops was slightly bunched at 8 metres
at one point, and from this comparison was evidently not
more variable laterally. Diaptomus, metanauplii, and nauplii
were definitely bunched at 8 metres at one station and show
significantly greater bunching horizontally.

An attempt was made in 1935 to determine whether there
would be any trend observable if the ten series of samples were
taken in a line. That such was not found to be the case is

TaBLE 6.—Comparison of variation in the numbers of plankters at 8 metres in
ten samples taken at one station, with ten samples distributed within three-
quarters of a mile.

HavuL é,;’ °"'>u
Mean| § & Diff.| “3z"’
1(2|3|4|5|6]7]8]|9]10 > =

Diaptomus
Station 1I...|140|222|185|173|163|185/134(141/178(164/168.5, 703)6.55|
Horiz.. ..... 65| 95 80| 90| 67| 95/145/160| 50/230/107.7| 3033,8.01/1.46/0.73
Nauplii
Statit:)n 11...|569|575589|555|483(4361423!471|490(514/510.5| 3485|8.15
Horiz....... 317|272/438(437/300(390(478(563(286|578|405 . 9|12500/9 . 431 .2810 . 64
Metanaupliz
Station II...| 5| 12| 12{ 2| 8 9 0| 5 5 2| 5.5 1812.89
Hopiz. . - oq -+ 2! 6 1; 10| 5| 10| 20| 30| 10| 15| 10.9| 76/4.33/1.44/0.72
Cyclops
Station II...| 22| 85| 35| 32| 25| 35| 18 21| 30| 20} 27.3 5213.95
Horiz....... 22| 27| 11| 20| 20| 30| 45| 50| 15| 25| 26.5 1545.04(1.09:0.54
Epischura |
Station II...| 5| 11} 7| 8 & 3; 1| 6 7| 7 6.0/ 7.62.03
Horiz.......| 1| 1| 1] 0 5 5| 10| 5| 12| 6| 4.6 15.1j2.71/0.68/0.34
Bosmina
Station II 4 5 2| 8 6/ 1| 1l 4 4 5 4.0/ 5.0/1.60
Horiz....... 7 4, 1| 8| o0 2 5 5 7] 5 3.9 5.6{1.72/0.12/0.06

indicated in table 7. The statistical analysis yields results
quite similar to those found in 1934, with the exception of
Daphnia which is found to have been randomly distributed
at the surface, and not greatly bunched at 1 metre.

When we compare this to the results obtained by Ricker
on Cultus lake, we find very marked differences. Ricker
(1937a) finds that Epischura and Bosmina are randomly dis-
tributed at a point, Cyclops and nauplii are ‘“‘spaced’, and
Daphnia are definitely “bunched”. In comparing the hori-

-
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zontal variation of these organisms with that at one station,
he concludes (MS. 1): “In most cases their horizontal
distribution is approximately the same in the immediate
vicinity of the central sampling station as over the entire
open water of the lake. In only one case has a more variable

TaBLE 7.—Horizontal variation in the numbers of plankters in 10 litre samples
taken at ten stations in a straight line, 1935.

HavL l 2
Depth - . - Mean £ X
Metres 112] 3 |4 5‘6!78910 ]
Daphnia ‘
0 of 21 7| 8 2 5 7 7 8 7 4.8 7.4 14
1 1 of 3 1 of 6 2| 5 6 5 2.9 5.8 18
3 27| 17| 5| 13| 10| 12| 20| 10| 20| 10| 14.4] 42.5
5 40| 40| 20| 29| 30| 20| 65| 12| 40| 50| 34.6 248.7
8 16| 37| 20| 23| 11! 25| 52| 25| 23| 30| 26.2| 132.5
10 22 40, 25! 40| 15| 45| 32| 25 38 25| 30.7| 94.7
12 45 40| 30| 32| 20 35 25! ? | 15| 17| 28.8| 67.3| 21
Diaptomus [ i
0 14| 10| 12{ 25 1! 10| 20! 30| 20| 30| 17.2| 89.3! 47
1 15| 8 4 10/ 12 6| 17/ 17| 10| 12| 11.1] 23.2] 19
3 50 10| 8| 54| 40! 80! 35/ 25| 50| 10| 36.2| 547.2 136
5 86| 10| 42{ 65 18(145| 30| 95150 43| 68.4| 2480 | 326
8 72| 47| 43! 50, 47(130| 65| 60(100! 25! 63.9] 941 | 132
10 80[210] ‘75| 80| 65(195| 90| 70| 75 20{ 96.0| 3490 | 327
12 130/480! 130| 70| 85/120/150] ? | 25| 17/134.1/19030 |1136
Metanauplii | ‘
35| 90| 130! 65 50/125/195/240/1205/310|144 .5 8350
1 130!155! 145/145! 165(255230]240/205(225(189.5| 2120
3 260,345 360(270| 465(255415325355(450/350.0| 5740
5 245(380| 690|270, 285|310(470520/405(390/396 .5 9580
8 290{370/ 290 245} 2181355!355/325(395/340/318.3| 4790
10 2401255/ 220/240| 205/285(320/270/325240260.0| 1600
12 195(175| 240|280 370(315/280| ? |250|195(255.5| 4725
Nauplii |
0 165!385| 450/525| 405 685/680/630(720/805545 .0[36477
1 310[465| 455(490| 535|565(695/625/730|646|551.6/16177
3 660[610| 795/660/1225445|550|550|780|875(715.0/48972
5 48014401355(433] 435|320/440|350/595/425|527 . 3|14544
8 370(250| 370/345| 285/365/290/250300(205(302.0] 2040
10 325(205| 255230| 155|175|280|180|262(310|237.7|36750
12 185/100| 165125/ 105 90‘225 ? (245/242(148.2| 4294

distribution over the greater area been demonstrated with

Certainty, that of Cyclops in one of the tests, and the differ-

€nce was not great.” .
Whether or not this great difference in the type of dis-
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tribution is a result of inherent differences in the two lakes, or
whether it is an apparent difference due to difference in
sampling methods, is not known. Ricker’s samples for com-
parison were all taken with a Juday closing tow net. The first
group was taken with a No. 20 silk net for which he gives net
factors of 15.3 on March 17 and 5.9 on October 12. Later a
second group was taken with a No. 10 silk net for which he
gives a factor of 1.10 (loc. cit.).

(d) Conclusions. The data presented above are so perti-
nent to the question of seasonal and yearly fluctuations in
abundance, and of comparisons of productivity from lake to
lake, that when taken into consideration in such studies they
must modify significantly conclusions reached. With regard
to seasonal fluctuations in abundance, it should be pointed
out that even in spite of horizontal variations, seasonal trends
are still noticeable and must be significant. Even though the
absolute numbers making up seasonal maxima and minima
are subject to large errors, still the trends are so definite, and
the differences between such maxima and minima are so
great, as to make their existence quite certain. Since the
statistical significance of these differences is not known, it will
be necessary in the future to modify sampling methods to
obviate these fundamental errors when present, if accuracy is
required.

In order to overcome the effect of these horizontal varia-
tions, both from the standpoint of seasonal abundance and
comparative productivity studies, it will be necessary to take
anumber of duplicating series. Counts of a smaller number of
organisms from each, or a fraction of mixed samples from one
depth, will yield greater accuracy than is possible from single
samples.

In the present study, the extent of horizontal variations
was not known until the field work was nearly completed;
hence no attempt is made to compare the productivity of lake
Nipissing with other lakes, from the standpoint of plankton
production. The section of this paper dealing with seasonal
abundance contains only a general comparison of the modes
in the distribution curves, and no conclusions are drawn as to
the relative production in different years.

A |
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Throughout the investigation, emphasis was placed upon
a study of variations in the vertical distribution of individual
species. It was realized that samples must be obtained at
short intervals of time, since conditions change rapidly at
certain seasons. In the final year (1935), the analysis of a
large number of cisco stomachs, in addition to the enumera-
tion of weekly series at station I, and midnight series in con-
nection with food studies, precluded the possibility of attempt-
ing more than one series at each sampling date.

In the study of vertical distributions, care has been ex-
ercised in analysis in the case of those species which were taken
in small numbers. Only outstanding ditterences have been
considered to be at all significant. Minor differences have
been disregarded in the analyses.

THE PLANKTON CRUSTACEA OF LAKE NIPISSING

Six species and one group of entomostraca were taken in
sufficient abundance to determine their distribution. These
are listed below.

Cladocera
Daphnia longispina (Miiller)
Holopedium gibberum (Zaddach)
Copepoda
Epischura lacustris (Forbes)
Diaptomus oregonensis (Lilljeborg)
Diaptomus minutus (Lilljeborg)
Limnocalanus macrurus (Sars)
Cyclops group.

Of the Cladocera, Diaphanosoma leuchtenbergianum
(Fisher), Bosmina longirostris (Miiller), and Leptodora kindti
(Focke) were taken in such small numbers that distributional
studies were impossible. The same was true in the case of the
malacostracan Mysis relicta (Lovén).

The family Cyclopidae is represented by three species in
lake Nipissing. These three species, Cyclops bicuspidatus
(Claus), Cyclops viridis (Jurine), and Mesocyclops obsoletus
(Koch), were too difficult to separate in enumecrations, and
have therefore been combined under the genus Cyclops.
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Part I: DivrRNAL MOVEMENTS OF LIMNETIC CRUSTACEA

It has for many years been recognized that plankton
crustacea react to changes in light intensity. This results in a
difference in their vertical distribution at different times of
the twenty-four hour cycle. In the studies of vertical dis-
tribution of the lake Nipissing plankton crustacea, collections
were made so far as possible at times when light conditions
were similar, yet light measurements indicated the existence
of different light intensities on different dates. In order
properly to understand and interpret the results of this
vertical distribution study, it is desirable to have definite
information on the diurnal movement of the plankton
crustacea occurring in lake Nipissing. The results of a study
of their movements throughout the day and night of June 27,
1934, is therefore given, and those movements occurring
during the cyclic changes of daylight and darkness are here
considered as diurnal movements.

Vertical series of trap hauls were taken at critical periods
of the day and night beginning at noon on June 27, 1934.
The thermocline was not well marked at this date, the steepest
gradient (1.5°C.in 2 metres) occurring between 13 metres and
15 metres. The temperature from surface to 13 metres de-
creased gradually from 17.8° C. to 16.6° C. The diurnal
variation in vertical distribution of the different plankton
crustacea is indicated in figure 5, and the numbers of organ-
isms involved is given in table 12 (p. 121). The lowermost
panel represents on a logarithmic scale the differences in the
light intensity at the surface throughout the period.

In 1935, midnight series of trap samples were obtained in
connection with the study of the utilization of plankton
crustacea by the cisco. Comparable samples were taken the
previous day in each case, and these permit a comparison of
diurnal movements at different dates during the season. The
actual numbers involved are given in table 13 (p. 124).
Table 9 (p. 117) records the light intensity values at the time
of daylight sampling. Temperature relations at different
depths during 1934 and 1935 are indicated in table 10 (p-
118) and figure 12 (p. 51).
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Daphnia longispina (Miiller)

(a) Diurnal movement on June 27, 1934. The only
abundant cladoceran in the open water of lake Nipissing is
Daphnia longispina. The lower panel of figure 5 indicates the
changes in distribution of this form during the day and night
of June 27, 1934.

The daytime distribution of Daphnia in the lake was
characterized by fairly large numbers in the epilimnion, a
marked scarcity in the region of the thermocline, and at times
an abundance below that level. This large population in the
hypolimnion was predominantly of the larger and older indi-
viduals. The species was definitely scarce at the surface and
the young forms predominated in the upper strata during the
day.

When the light intensity had decreased to a value of ap-
proximately 2,000 foot candles by 6.00 p.m., a very definite
maximum occurred at 3 metres and a second mode was found
just above the thermocline. Very few individuals were taken
at any level in the hypolimnion at this time of day. At 8.00
p.m. when twilight conditions prevailed, there appeared to
have been a definite movement downwards. A maximum was
produced at 8 metres and numbers of individuals were taken
throughout the hypolimnion. Subsequently, darkness ap-
parently caused a migration to surface and fairly large num-
bers were found in the upper 5 metres at 10.30 p.m. By
midnight a very definite maximum was found at surface and
fewer individuals were taken below that level. The change in
distribution at 3.00 a.m. and 4.00 a.m. is characterized by an
apparent movement downwards to produce a mode at 5 and
8 metres, although the mode at surface continued until dawn.
By 6.30 a.m. a fairly typical daylight distribution was found.
At 10.00 a.m. large numbers were taken below the thermo-
cline and a definite maximum was produced at 3 metres. By
noon this maximum was found slightly lower, at 5 metres.
During the morning from 3.00 a.m. onwards, there was a
gradual evacuation of the surface stratum, and between
10.00 a.m. and noon the 3 metre stratum was affected
similarly.
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(b) Seasonal differences in diurnal movements, 1935.
From figure 6, which gives the various daytime and midnight
distributions throughout the season, we observe that at no
time was there such a definite maximum at the surface as dis-
cussed above. If we consider the nocturnal distribution to be
a result of movement from the position of occurrence during
the day, the following movements appear to have taken place
as the light decreased in the evening, or after darkness set in.

On June 22 the movement was apparently downwards
from zero and 1 metre levels and upward from lower levels to
produce a maximum at 5 metres at midnight. On July 5 a
slight movement took place into the 1 metre stratum. On
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FI1GURE 6.—Seasonal differences in diurnal movement of Daphnia, 1935 .

July 27 the individuals in the hypolimnion (below 12 metres)
pPenetrated the thermocline to form a definite maximum at
9 metres. Contrary to this, on August 24 and September 1,
the daytime maximum in upper strata disappeared and a
more or less even distribution occurred at night. On Septem-
ber 1 the population of the zcro and 1 metre strata did not
appear to be materially affected.
g _(C) Conclusions. Juday (1903) says of Daphnia hyalina:
With one exception [in nine lakes studied] the young did not
show so great a movement as the adults, for they were nearer
the surface in the daytime.” The difference in distribution
€tween young and adult Daphnia noted in lake Nipissing is
Similar to that found by Juday, but Southern and Gardiner
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(1932) and Worthington (1931) have found the exact opposite
in Lough Derg and lake Lucerne respectively. Dice (1914)
with regard to the question states: ‘‘young individuals of
Daphnia pulex are more strongly positively phototactic and
negatively geotactic than adults. They also sink less rapidly
in water. For these reasons they are usually found nearer the
surface than the adults. There is a downward movement
(i.e. in distribution) due to the ageing of the individuals.”

The differences in the movement of Daphnia throughout
the season do not appear to have been generally observed.
Juday (1903), in sampling ten lakes at different times during
the summer, mentions no differences for D. longispina cor-
related with seasonal differences. In eight of the lakes a
nocturnal movement to the surface was found, the range of
the extent of movement being from 14 metre to 7 metres.
No great difference in migration is reported by Burckhardt
(1900) who sampled lake Lucerne in March and Worthington
(1931) who sampled the same lake in September, both finding
a migration of some 30 metres through the thermocline to
surface. Kikuchi (1931) makes the statement that: “In
Japanese lakes Daphnia longispina is generally distributed
below the thermocline. It apparently shows a tendency to
move upward at night, but not a single individual was found
above a depth of 5 metres or in the epilimnion at night.
However, D. longispina came up near the surface in winter,
when the temperature of the water decreased.”

From the above it is evident that D. longispina reacts very
differently in different lakes, and it is therefore not surprising
to find that its reaction in lake Nipissing varied under the
changing conditions of the season.

Epischura lacustris (Forbes)

(¢) Diurnal movement on June 27, 1934. Panel four
of figure 5 represents the percentage distribution of Epischura
at different periods during the day and night of June 27, 1934.
Numbers taken in any one sample were small, so that too
much reliance must not be placed on individual counts. Cer-
tain trends are, however, quite evident and are taken as
significant, since several samples are involved in each case.
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The daytime distribution was characterized by a bimodal
curve, one maximum occurring near surface and another in
strata below the thermocline. It is questionable whether or
not the marked congregation of individuals occurring at 6.00

.m. was significant, since with continued decrease in light
intensity the typical daylight distribution was observed at
8.00 p.m. Throughout the hours of darkness, however, maxi-
mum numbers were taken in upper strata and no individuals
were obtained below the thermocline. Two hours after dawn a
downward movement was observed, and later the species was
again taken below the thermocline. The individuals found
below the thermocline in daylight definitely moved through
the thermocline to upper layers at night. Whether or not this
was a result of a change in geotropism is not known.
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FIGURE 7.—Seasonal differences in diurnal movement of Epischura, 1935.

(b) Seasonal differences in diurnal movements, 1935.
Figure 7 indicates the differences observed in the diurnal
movements of Epischura in the summer season of 1935. On
June 22 there was no definite movement of the species. On
J_Llly 9 a downward trend was evident in the epilimnial popula-
tion, and on July 27 and August 24 there was a definite up-
Ward movement at night.
o (C_) Conclusions. Marsh (1897) says of the species:
Epischura prefers warm water but avoids bright light. In
the daytime during the hot months it is most abundant in the
Upper layers, but not at the immediate surface. In the dark-
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ness of the evening however, it is no longer repelled from the
surface by the light.”” From night hauls in late August, 1893,
he observes: ‘‘In these three night hauls, there was an average
of 82 per cent. in the 0-5 metre stratum, while the average in
the day hauls in the same stratum was 33.32 per cent.”
Again he states: ““On the contrary it appears that in October
nights it migrates to greater depths. It appears to be prob-
able that temperature is the controlling cause of both the
diurnal and seasonal migrations.”

It is true in the case of lake Nipissing that in June when
the temperature was approximately 16°C. from surface to
20 metres, no nocturnal movement was noticeable in 1935.
In 1934, on June 27, when the upper 10 metres of water were
definitely warmer than those below, there was a movement
upward at night. On July 27 and August 24, 1935, there was
also an upward migration into regions of warmer water, but
on July 5 the movement was in contrast, from regions of
warmer to colder water. It is believed, then, that no one
factor is at all times the controlling agent in this case, but
rather an interplay of factors is responsible for the reactions
exhibited. The explanation for the change observed on July 5
must, therefore, be sought through experimental investiga-
tion.

Diaptomus oregonensis (Lilljeborg)

(¢) Diurnal movement on June 27, 1934. The second
panel of figure 5 represents the distribution of copepodid
stages of D. oregonensis which were taken near bottom in deep
water. Small numbers of adults did occur above the thermo-
cline but were relatively of slight importance in this study.

It is clear that the copepodid stages did not exhibit any
marked diurnal movement at this time.

(b) Seasonal differences in diurnal movements, 1935.
The copepodid stages below the thermocline did not exhibit
any marked diurnal movement on any of the dates when day
and night series were taken (figure 8). This is in conformity
with the data from the diurnal study on June 27, 1934. Con-
siderable difference was, however, observed in the movement

-
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of the adults above the thermocline. On three of the dates,
June 22, July 27, and September 1, a definite upward move-
ment was observed at night. On the other two dates, the day-
light and midnight distributions were not greatly different,
and there was apparently no diurnal movement of these
mature individuals.
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FIGURE 8.—Seasonal differences in diurnal movement of Diaptomus group, 1935.

No correlation exists between the light intensity at the
time of daylight sampling and the subsequent nocturnal dis-
tribution, nor was there any observable difference in light
intensity between the nights when movement was observed
and those nights on which adult D. oregonensis failed to
migrate towards surface. Other factors, the nature of which
are not known, must at times limit the response of this species
to diurnal changes in light intensity.
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Diaptomus minutus (Lilljeborg)

(a) Diurnal movement on June 27, 1934. The upper
panel of figure 5 represents the changes in distribution of
adult Diaptomus throughout the diurnal cycle. The diagrams
can be taken as indicative of the movement of D. minutus, for
it was the abundant diaptomid taken in the epilimnion at this
time. Although D. oregonensis adults occurred in this region,
their numbers were negligible.

The daytime distribution of Diaptomus, when the light
intensity was high (approx. 10,000 foot candles), showed a
definite maximum at 3 metres. The form was evidently posi-
tively phototropic to bright light, but not to the intense light
at surface. When the light intensity decreased to approxi-
mately 2,000 foot candles at 6.00 p.m., the distribution became
bimodal, part of the population leaving the 3 metre stratum
and descending to 8 metres. As the light decreased still
further, the distribution again changed, greater numbers being
taken at the zero and 3 metre levels; later at 10.30 p.m. and
12.10 a.m. maximum numbers were definitely at surface. Co-
incident with this latter movement to surface, part of the
population tended to settle to lower strata, so that there was
an even gradation in distribution from the maximum at sur-
face to a minimum at 15 metres, the region of the thermocline.
At 3.00 a.m. the distribution again changed and although
maximum numbers were still taken at surface, a second con-
centration was found from 10 to 15 metres. Just at dawn,
4.00 a.m., numbers decreased in the zero and 3 metre strata,
and a fairly even distribution was found from 5 to 15 metres.
A light intensity similar to that found previously at 6.00 p.m.
failed to produce a bimodal distribution at 6.30 a.m. This
was possibly because the light was increasing rather than de-
creasing. By 10.00 a.m. a unimodal distribution was again
produced, the maximum occurring at 5 metres, and by noon it
had become bimodal once more, maxima being found at 3 and
8 metres as at 6.00 p.m.

It is, therefore, clear that the population of D. minutus in
lake Nipissing does react to changes in light intensity, in that
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its distribution changes markedly throughout the cycle.
Marsh (1897), however, found no such reaction for this species.

The bimodal type of distribution suggested a difference
in the composition of the population at the two modes, certain
individuals reacting differently from others to existing con-
ditions. A determination of the sex ratio at certain depths
suggests a possible explanation. The problem is, however, so
complex that its ultimate solution is impossible from the
series of small samples resulting from the final subdivision to
sexes. This greatly lessens the significance of the differences.

(1) Differences in the diurnal movement of the sexes. Table
8 gives the percentages of the males and females of Diaptomus
minutus in samples from certain of the depths referred to

TaBLE 8.—Percentage sex ratio of D. minutus at different depths, June 27, 1934.

Depth [12.10] 3.30 | 6.00 | 8.001 10.30| 12.10| 3.00| 4.00| 6.30 | 10.00| 2.115
metres| p.m. | p.m. | p.m. | p.m.| p.m. | a.m.| a.m.| a.m. | a.m. | a.m, | p.m.
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above. For the most part, only in samples containing large
numbers of individuals were sex determinations attempted.
It was, however, considered necessary to obtain an approxi-
mate value of the ratio between the sexes in certain of the
samples of special significance, even though the numbers
were smaller.

The maxima observed at 3 metres at 12.10 p.m. and 3.30
P.m. when light intensity was high were apparently composed
of fa&irly equal numbers of males and females. Above these
maxima the surface population was made up of more females
than males.

In the upper maximum at 6.00 p.m. females predominated
to a marked extent, whereas in the lower maximum at 8
Inetres, the reverse was true. At 8.00 p.m. the females still
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remained predominant in upper layers, while males pre-
dominated at the 5 metre level.

At 10.30 p.m. a definite change occurred; males became
more numerous at surface and numbers of males and females
became equalized at 10 metres. This condition became more
marked at the surface by midnight and the proportion of
males at 10 metres became slightly lower. The distribution
of the sexes at 3.00 a.m. and 4.00 a.m. was apparently quite
similar to that at 10.30 p.m.

By 6.30 a.m. a radical change again took place and females
predominated at the surface and males were again pre-
dominant at 10 metres.

At 10.00 a.m. the maximum at 5 metres was made up of
fairly equal numbers of males and females, as were similar
maxima at 3 metres the previous day; at 8 metres there oc-
curred a slight predominance of males.

In the mid-day distribution, which was bimodal, the upper
mode was predominantly composed of females, the lower pre-
dominantly of males, as was observed in the other bimodal
distribution at 6.00 p.m.

(2) Summary. Both males and females appeared to be posi-
tively phototropic to bright light. Females were taken in
greater proportion at the surface since they were not sensitive
to the same intensity of light as males.

With declining light intensity, when the value reached
some 2,000 foot candles, some males separated from the rest
of the population and congregated at levels slightly lower,
producing a bimodal curve for the total population. Females,
on the other hand, showed a slight tendency towards an up-
ward movement, numbers at the surface having increased
slightly and males having in part moved downward. Females
remained in surface layers when the light intensity decreased
still farther and twilight condition existed. Males, however,
dispersed in layers slightly lower than where they were previ-
ously taken in maximum numbers.

After an hour or more of complete darkness, males defi-
nitely moved to the surface, since total numbers at the surface
did not change appreciably, and the ratio of males to females
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became 3:1 as compared to 1:9 at 8.00 p.m. Similarly it was
evident that females must have settled away from surface.

This condition, with slight variation, continued until
dawn, at which time fairly large numbers of females were
taken at the lower levels near the thermocline, and males still
predominated at surface.

Two hours after dawn, with light intensity increasing, the
distribution showed the result of an active migration of
females towards surface, and males had again moved down-
wards.

After light conditions had become stable by 10.00 a.m.,
equal numbers of males and females occurred at the 5 metre
maximum, with a predominance of females in the population
above that level.

The distribution at mid-day, with a light intensity of
4,000 foot candles, was again of a bimodal type, with a maxi-
mum of males at a lower level than that of the females. The
distribution at this time is not understood, but may have
been a result of variations in light intensity previous to
sampling, and hence not observed since light measurements
were taken only at periods of sampling.

(3) Conclusions. The movement of the population of D.
minutus in lake Nipissing, throughout the diurnal cycle, ap-
pears to be the result of a complex movement of the two sexes,
for the differences in sex ratios at different depths have been
found to be statistically significant. The distribution under
conditions of intense light was unimodal, with a maximum
near surface, in which the ratio of the two sexes was approxi-
mately 1:1. The movement of males downwards under de-
creasing light intensity caused a bimodal type of distribution,
the upper mode of which was predominantly of females, the
lower of males. Females apparently did not react actively to
decreasing light, or in darkness, as they only gradually left
the upper layers and by dawn were found in largest numbers
near the thermocline. Males did react actively in the absence
of light, and large numbers occurred at surface shortly after
darkness set in, and remained until dawn. When light in-
tensity had increased after dawn, males at first actively
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moved downwards and females actively came to the surface.
Later the unimodal distribution was produced, in which the
sexes were equalized at 3 or 5 metres, depending on light in-
tensity. Above this mode females predominated and below it
males were predominant.

Southern and Gardiner (1932) state for Diaptomus gracilis
in Lough Derg: “The adult males and females do not differ
in their vertical distribution.” In the population of Cyclops
strenuus in the same lake, males predominate at the bottom
at all times, the preference for the lowest layers being most
marked from sunset to midnight. Females of Cyclops strenuus
predominate at levels above the male population, and are
apparently the most active in performing the diurnal migra-
tion. Kenzo Kikuchi (1927) shows in the diurnal distribution
of Diaptomus pacificus in Kizaki lake that females had their
maximum at lower levels than males and were more active
in performing the diurnal migration. Males and females of
Cyclops strenuus in the same lake were both most abundant at
bottom, 28 metres, but males predominated at 25 and 20
metres. It is evident that in each lake, each species, and the
sexes of each species, show an individuality in their reactions
to environmental conditions.

(b) Seasonal differences in diurnal movements, 1935.
The diurnal movements of D. minutus also differed through-
out the season (fig. 8, p.37). On June 22 the individuals from
the daylight mode at 3 metres, immediately above the ther-
mocline, evidently scattered out towards surface at night.
Certain individuals producing a maximum just below the ther-
mocline apparently did not change their position greatly. On
July 5 certain individuals in the daylight maximum at 3 metres
moved to the 1 metre level at night, and others scattered
downward producing a gradation in concentration from the
maximum at 1 metre to a minimum at the thermocline. A
similar change took place on the nights of July 27 and August
24, although in these cases the maximum abundance was
found at surface. In these three cases males were predomi-
nant at the upper mode and females at the lower limit at
night. This change is quite similar to that observed in the
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diurnal study on June 27, 1934. On September 1 there was a
nocturnal movement of males to the surface, and a concentra-
tion of females at 8 metres. Detailed temperature relations
in this region were not obtained on this date, and the cause
of this concentration is not known. It is evident that
factors other than diurnal changes in light were affecting
the migrations of this species as well. Juday (1903) also
found considerable variation in the movement of Diaptomus
spp. from lake to lake, and in certain lakes at different times
during the summer.

Cyclops group

(¢) Diurnal movement on June 27, 1934. The third
panel of figure 5 indicates the diurnal movements of Cyclops,
as observed over a twenty-four hour period on June 27, 1934.
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FIGURE 9.—Seasonal differences in diurnal movement of Cyclops group, 1935,

It is clear that on this date there was no definite trend to
C'hanges in distribution throughout the diurnal cycle. A pos-
sible exception was the slight downward movement in upper
!eV{f]S. during the night. Daylight apparently attracted some
Individuals to maxima near the 3 metre level.

(b) Seasonal differences in diurnal movements, 1935.

Ontrasted with the above lack of movement, we observe
Mmarked differences in diurnal changes at different times during
the 1935 season (figure 9). On June 22 the most important
change was a loss at night of the 8 metre maximum, which was
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immediately below the thermocline. On July & we note a
definite nocturnal movement downward from upper strata
and the formation of a maximum at 10 metres. On July 27 a
concentrated upward migration from 15 and 20 metre levels
resulted in a definite maximum at 3 metres at midnight. On
August 24 the daytime maximum at 3 metres changed to a
fairly uniform distribution from surface to thermocline region
during darkness. On September 1 another upward movement
resulted in the production of a maximum at 5 metres at night.

(¢) Conclusions. The changes exhibited by the com-
bined species of Cyclops are indeed diverse. It is quite prob-
able that the separate reactions of the three species is in a
large measure responsible for the great difference in behaviour
exhibited from time to time. It seems likely also, in view of
the comparisons of other specific groups, that even the species
are not constant in the manner in which they react to diurnal
changes.

It seems obvious also that factors other than light must
play an important part in these reactions.

Nauplii

(a¢) Diurnal movement on June 27, 1934. In figure 5
the diagrams representing the distribution of nauplii at difter-
ent periods during the day and night show but little difference.
No attempt has been made to separate the nauplii of the
different species. There was apparently no movement of
nauplius stages correlated with changes in light intensity at
this date.

(b) Seasonal differences in diurnal movements, 1935.
From figure 10 which indicates variations in day and night
distributions throughout the summer of 1935, we observe that
this stage was, as was the case for adult copepods, not constant
in its reaction to changes of light. On June 22 there was 2
slight concentration in mid-hypolimnial layers. On July 5
there was a movement away from surface at night and the
formation of a bimodal distribution. On July 27 a more even
distribution was produced in the upper 3 metres, as con-
trasted with the daytime maximum at 1 metre. A second
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mode also formed at 10 metres on this night. On August 24
a definite settling downward occurred at night, producing a
fairly uniform distribution from surface to 20 metres, the
region of the thermocline. On September 1 a similar rrylove-
ment took place, but maximum numbers continued to remain
at upper levels, although not in the surface stratum.

(¢) Conclusions. The daytime distribution of nauplii
in lake Nipissing as indicated in figure 10 and figure 26
(p- 84) tended towards maximal numbers at or near surface.
This was definite after July 1. The nocturnal movement ap-
peared to be away from the upper levels, although this was
more or less imperfectly expressed at times. It is believed
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FIGURE 10.—Seasonal differences in diurnal movement of nauplii, 1935.

that the dgylight distribution here was the result of a positive
phototropism, the lack of which allows the individuals to
settle slowly during the night. The sensitivity to bright light
appeared to be stronger at that time, when the upper water
had become quite warm.

That the above type of distribution and subsequent noc-
turnal movement is not constant for larval forms of copepods
In gener?l, is evident from the following, although Marsh
§1918) gives the general statement that “most of the larval
t<_)rm,s, of cppepods are found close to the surface in the day-
me”. Blrge (1897) states: “In all lakes which I have ex-
amined in summer, the great majority of the nauplii have
been found in the region of the thermocline. I infer therefore
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that this distribution is the common one.” Kikuchi (1927)
finds for the nauplii of D. pactficus a “plurimum’’ at 8 metres
in the day and a nocturnal migration to surface. In.1_929
Kikuchi makes a general statement that nauplli.are “twilight
migrators”, i.e. they migrate to surface in evening and early
morning during rapid changes in light intensity, but are away
from surface during the hours of daylight and darkness.
Juday (1903) states that in several lakes examined, nauplii
exhibited no diurnal movement. From even these few. refef-
ences and the distribution found in lake Nipissing, it is evi-
dent that no general positive statement concerning the dis-
tribution and nocturnal movement of nauplii is of universal
application.
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FIGURE 11.—Seasonal differences in diurnal movement of metanauplii, 1935.

Metanauplic

(a) Seasonal differences in diurnal movements, 1935.
Metanauplii were not enumerated in 1934 but a comparison
of the nocturnal changes in distribution at different times
during the summer of 1935 may be obtained from figure 11.
No marked diurnal changes are exhibited by the metanauplius
stages at any time during the year. A slight downward move-
ment from the upper 10 metres occurs on the night of June 22.
On July 5 and July 27 the daytime maximum in the upper
epilimnion disappears at night, although on the former date
some individuals appear to congregate at 1 metre. On August
924 some individuals settle from upper strata and others appear
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to scatter into the surface layers in the absence of light. On
September 1 there is a slight tendency toward an upward
movement at night, larger numbers being taken in the upper
10 metres than during the day.

Summary of Diurnal Movement

Five groups of the plankton crustacea of lake Nipissing
were of sufficient abundance that the diurnal changes in their
vertical distribution could be detected by 10 litre plankton
trap samples. The changes in distribution of each of these
groups throughout the diurnal cycle as determined on June
27, 1934, are indicated in figure 5. In 1935 five daylight and
midnight series were obtained, and considerable variation in
the diurnal changes of the individual groups is apparent
throughout the season. These variations are indicated in
figures 5-11 inclusive.

Diaptomus minutus exhibited a complex diurnal movement
which is in part clarified when the distribution of the two
sexes is determined at different periods in the diurnal cycle.
Great variation in the extent and type of migration occurred
during the season. At times no change was found between
daylight and midnight distributions, whereas at other times
there is a definite movement to surface at night.

Diaptomus oregonensss in late copepodid stages of develop-
ment were found in the lower hypolimnion and exhibited only
a slight tendency to change their distribution at night.
Adults, on the other hand, were found only above the thermo-
lC'IiEe and differed in their response to changed conditions of
12ht.

~ The Cyclops group, consisting of the combined popula-
tions of Cyclops bicuspidatus, Cyclops viridis, and Mesocyclops
0bsoletus, showed no diurnal change on June 27, 1934, but did
show marked differences in their midnight distributions during
the season of 1935. Movements away from upper layers,
movements producing an extensive maximum at 3 metres by
midnight, and movements resulting in uniform distribution in
the epilimnion were expressed.
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Epischura lacustris, although rather scarce, showed a
definite migration on June 27, 1934, but practically no change
was observed on June 22, 1935. Later in the season a very
definite movement to upper warm strata occurred at night.

Nauplius stages of the above copepoda showed no migra-
tion on June 27, 1934. After the upper water had warmed to
over 20°C. in 1935, there was a tendency for the nauplii to
concentrate at surface in the day, and settle downward at
night. This movement was imperfectly expressed at times.

Metanauplii showed no marked diurnal changes in distri-
bution.

Daphnia longispina exhibited a definite nocturnal move-
ment to surface on June 27, 1934, some of the older indivi-
duals moving from 15 metres through a rather poorly defined
thermocline. During the summer of 1935 considerable varia-
tion in the type and extent of diurnal movement was
observed.

Discussion

It is not considered advisable to attempt to discuss the
many hypotheses involving a great variety of factors that
have been put forward in explanation of diurnal migration.
Welch (1935), in reviewing the literature, considers light,
temperature, food, and gravity to be the important factors
involved, but states that: “It is also possible that still other
factors may sometimes influence the reactions.” Light ap-
pears to be the most important factor in this connection, but
its effect is without doubt modified by other existing en-
vironmental factors. That these are of great importance is
clear from the variation in response exhibited at different
times during the season in lake Nipissing.

It is because of this great complexity of inter-acting
factors that it has been impossible to assign causal factors
to the variations in type and extent of diurnal movement €Xx-
hibited in the lake. It is believed that comprehensive experi-
mental investigations, based upon the field observations of the
many workers in this field, are of prime importance in further-
ing this study. The data discussed above also lend force to 2
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statement made by Juday (1903) which is in part: *“. . . di-
arnal movement is not a simple phenomenon, which may be
attributed to a single factor. On the contrary, the movement
in each lake presents complexities which can be solved only by
complete observations that cover a considerable period of time"
(italics are present author’s).

Welch (1935), in discussing the dependability of predic-
tions of diurnal movement in uninvestigated lakes, says:
“with knowledge of these phenomena still incomplete, the
only safe procedure is to make an actual examination of any
new situation.”” The variations in diurnal distributions ob-
served in lake Nipissing illustrate the necessity of considering
even different periods of the season as ‘‘new situations’’, and
indicate the value of these night samples in the productivity
work discussed in a later paper. It is realized that samples
taken only at midnight and mid-day do not give a complete
picture of diurnal migration. They do, however, serve the
purpose of showing the great variations in this phenomenon
during any one season. These day and night samples were
primarily taken as indicative of the nocturnal distribution of
the plankton crustacea, in an attempt to determine the
utilization of the different forms by the cisco population.

Conclusions

There are definite diurnal migrations exhibited by the
Dl.ankton crustacea of lake Nipissing, which are correlated
with changes in light intensity. Light appears to be the most
Important causal factor, but its effect is modified by other
environmental conditions.

. The diurnal movements of the various plankton crustacea
lndl‘cate marked differences in the response to changes in
enVlf‘onmental conditions. This is noticeable among different
SPecies, between the sexes of a species in one case, and among
different developmental stages of an individual species, or of a
8roup of species.

The type and extent of diurnal migration of any one
Species are not constant during the season.
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The diurnal migration results in differences in the density
of individual species at different levels in the lake, and is of
importance in their availability to plankton feeders.

These changes in the concentration of the various species
of the population, at different depths, must be taken into ac-
count in considering the seasonal differences in their vertical
distribution.

PART 11: SEASONAL DIFFERENCES IN VERTICAL DISTRIBUTION
OF THE LIMNETIC CRUSTACEA OF LAKE NIPISSING

In view of the marked horizontal variation in distribu-
tion, and the differences in diurnal migration exhibited during
the season, it may appear futile to attempt a discussion of the
seasonal differences in the vertical distribution of the plankton
crustacea. But differences in the numbers of an individual
species at different depths are so marked, and trends in the
changes from depth to depth so noticeable, that their sig-
nificance must be appreciated. Trends in the changes of
vertical distribution during the season also lend significance
to the differences observed. Even though there are marked
horizontal variations in distribution, it is believed possible to
observe real differences in vertical distribution by taking a
number of vertical series of samples at one station, at weekly
intervals. It is also believed that these differences can be
correlated with changes in physical and chemical conditions
in the lake.

The diurnal movements previously discussed are pri-
marily a result of reactions to changes in light intensity. The
effect of this factor in the study of vertical distribution has
been minimized by sampling whenever possible, on bright
days between 10.00 a.m. and 2.00 p.m. Between these hours
light conditions were relatively stable, and, as shown by the
diurnal migration study, the plankters do not migrate to any
great extent at this period. Since the absolute light intensity
has some effect on the vertical distribution of these forms, the
light intensity was measured at the time of sampling and will
be discussed in the analyses below. Table 9 (p. 117) indicates
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the light intensity measurements at time of sampling both in
1934 and 1935. Table 10 (p. 118) and figure 12 indicate the
temperature relations at different depths during the summer
seasons of both years.

Vertical Distribution—Station I

Daphnia longispina (Miiller)

The vertical distribution of Daphnia throughout the sum-
mer seasons of 1934 and 1935 is represented in figure 13 and
the numbers obtained are given in table 14 (p. 126). Few
individuals were taken in May, and the form was practically
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restricted to the upper strata at that time. In June, as
numbers increased, they were present in maximum concen-
trations in the upper warmer layers, but were evidently re-
pelled from the immediate surface by intense light. On June
22, 1935, when the light intensity was only 1,800 foot candles,
quite large numbers were taken in the surface catch. It was
noted during the enumeration at this time, and subsequently,
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that the smaller individuals made up the population in the
upper 10 metres, and large individuals predominated below
this depth.

During the month of June the water was well populated to
the thermocline region. On July 12, 1934, when Daphnia in-
creased to an early summer maximum in both years, the
major portion of the population was still found above the
thermocline. There was a definite decrease in the region of
most rapid change in temperature, and a second concentra-
tion in deeper strata.

In 1934 the maximum persisted until July 24, but the
distribution was markedly different on July 12 and July 24.
As opposed to few individuals at the surface and a heavy
population to a depth of 15 metres on July 12, extremely large
numbers were taken at the surface and a definite concentra-
tion existed above 8 metres on July 24. The concentration in
the hypolimnion was also 10 metres higher on the latter date.

Two factors are apparently responsible for these differ-
ences. (1) The light intensity on the earlier date was the
highest observed at any time throughout the summer, having
a value of 10,800 foot candles. That measured on July 24 was
7,200 foot candles. The very intense light on the former date
apparently repelled all individuals from- the immediate sur-
face, and forced the hypolimnial maximum to 35 metres. On
the latter date the maximum in the hypolimnion rose to 25
metres in response to the lessened light intensity. (2) A sec-
ondary temperature gradient had been formed between 8 and
12 metres on the latter date. The concentration in the warm
layers above this gradient apparently occurred as a reaction
to these temperature conditions.

In 1935 the maximum on July 12 was not as great as in
the former year, and as the thermocline lay at the 20 metre
level, there was no marked concentration in upper strata.
The light intensity of 8,400 foot candles apparently allowed
the hypolimnial maximum to rise midway between that ob-
served in 1934 on the two dates discussed above.

The decrease from maximum numbers was rapid in both
Years, and the distribution became similar to that observed
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in June. The increase toward a second maximum, however,
occurred fairly soon. This was more marked in 1934, the
interval being of the order of two weeks as compared to a
month in 1935. This second seasonal maximum was in both
cases practically restricted to the epilimnion.

There was a definite difference in the distribution
in August and September in the two years. With the
exception of September 14, the autumnal distribution in 1934
was characterized by the presence of large numbers down to
the thermocline region (below 20 metres). On September 14
Jarge numbers were taken to a depth of 15 metres. Con-
versely in 1935 only small numbers were taken below 10
metres from August 18 until September 18. Again two factors
appear to be of importance with respect to these differences.
(1) As may be seen from the table of light intensities (table
9, p. 117), the light at the time of sampling in each case in
1934 was considerably less than in 1935. As was noted in the
day and night series in 1935 (p. 33), the nocturnal movement
was away from upper strata, thus destroying daylight maxima
near surface. It is possible that the lower light intensities in
1934 did not attract the population to maxima near surface,
as was the case in 1935. The definite concentration on Septem-
ber 14, 1934, noted above as an exception, falls into place
when it is observed that the light intensity was double that
on the preceeding dates of sampling. (2) The autumnal tem-
perature relations in 1934 were characterized by homother-
mous conditions from surface to thermocline, while in 1935
a definite gradient existed from the warmer surface to the
thermocline region. It is quite probable that this, too, played
a part in the concentration of the population in upper strata
in 1935.

Holopedium gibberum (Zaddach)

The cladoceran Holopedium was taken in the upper strata
of lake Nipissing in the spring, as indicated in the right-hand
portion of figure 14. It disappeared from the catches in June,
and was not again taken during the summer or autumn as
may be seen from table 14 (p. 127).
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The disappearance of this form might be accounted for in
two ways. Firstly, the increasing temperature in the spring
might at some critical point inhibit reproductive activity or
prove lethal to the population. In 1934 the form persisted
in fairly large numbers until June 19, but in the next year was
almost entirely absent by June 12. Table 10 (p. 118) giving
the water temperature, indicates, however, that the upper
strata were considerably warmer during the former year,
when Holopedium persisted longer. Secondly, the form may
supply certain food requirements of higher organisms, as the
ciscoes, to such an extent that its reproductive activity is
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FIGURE 14.—Seasonal differences in vertical distribution of Epischura, and
Holopedium, station I, 1934 and 1935.

unable to maintain the population when consumption is at a
Peak. In 1935 when the utilization of the plankton by the
Cisco was investigated, it was observed that large amounts of
Holopedium were taken in the spring, before other food
Organisms became abundant. The form was evidently ‘‘se-
lected” since it appeared in stomachs in greater numbers
relative to the other organisms than in the water. Even if
.Holopedium is subject to definite selection, it is impossible to
Imagine complete extermination by such means. It is possible
that both increased temperature and consumption were re-
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sponsible for the absence of this organism- in the summer
months. It is not known how this organism continues to
appear in lake Nipissing each succeeding spring. Scattered
individuals may live throughout th.e summer e?nd'fall, or
ephippial eggs may be produced dur_mg the decline in June,
to remain inactive until the next spring.

Epischura lacustris (Forbes)

The seasonal change in the vertical (1is.tril?uti()n of Epis-
chura is graphically represented at the left in figure 14 (p. 55),
and the numbers taken are given in table 14 (p: 128). \Ve-al:e
here dealing with a sparse population and det_alled analysis is
not warranted because of errors in sampling such small
numbers. . T A

Epischura, was most abundant in the e'plllmmon in lake
Nipissing a condition similar to that foun(} in Green lake by
Marsh (1897). On June 22, 1935, a considerable concentra-
tion of the form occurred in the surface layer. The light in-
tensity on that date was only 4,800 foot car_ldles as c.ompared
to the 9,120 foot candles on June 29, which definitely held
maximum numbers at 8 metres. 1

When the temperature of the upper levels of the epi-
limnion became greater than 20°C. by mid July, there was an
apparent vacation of these strata. This was most marked in
1935, corresponding with the higher temperatures of the
epilimnion, and a concentration again occurred at depths w:)t7h
temperatures just below 20°C. With the exception pf Jul}i.u ,
these concentrations were just above the thermocline region.
That this vacation of upper, very warm strata was not simply
the result of limiting temperatures was shown by the fact 1.hat1
the population moved into these strata at nig}}t. It appearf
that the form is more sensitive to light when in warm watti
than in cold. No marked difference in the transparency of thb

lake water was noted during the period, and with the excq)-

tion of July 19, the light intensity was comparable through-
the period. :

OUtIn 1{1))34 there were apparently more individuals in lower

strata than in 1935. No factor or factors have been found to0

THE LIMNETIC CRUSTACEA OF LAKE NIPISSING 57

be clearly responsible for this difference in distribution. The
relatively large maximum on June 22, 1935, probably ac-
counts for the greater survival throughout that summer, al-
though too much weight must not be given to apparent dif-
ferences after that date, since the errors of sampling must be
great, due to the scarcity of numbers.

Diaptomus group

(a) Introductory. During the enumeration of Diaptomus
in the plankton trap samples of 1934, it was noticed that
samples from the epilimnion contained adults of both D.
oregonensis and D. minutus, but hypolimnial samples were
almost entirely large immature D. oregomnensis in a late
copepodid stage of development. A study of the food and
feeding of Leuchichthys artedi (Le Sueur) was begun in 1935,
and it was observed that the larger form, D. oregomnensis, was
the only diaptomid taken by the ciscoes studied. It was,
therefore, deemed necessary to obtain a more detailed knowl-
edge of the distribution of the two diaptomid species. Accord-
ingly they were enumerated individually in 1935, and a re-
count of the separate species was made on certain of the more
important series in the 1934 collection.

The changes in the distribution of the combined popula-
tion of Diaptomus at station I, throughout the summer season
of 1934, is shown in figure 15. In each case the region of the
thermocline is indicated by a circle to the right of the dis-
tribution diagram, and a representation of the temperature
relations at different depths over a comparable period in 1934
and 1935 is given in figure 12 (p. 51). The early spring
catches indicate the building up of the population by progeny
of overwintering individuals. After June 14 each diagram of
the series shows a maximum in the epilimnion, a decrease in
t.he thermocline region, and a second maximum in the hypo-
limnion. The vernal increase involves primarily the group
Which inhabits the upper strata, and, correspondingly, the
S€asonal maximum is reached earlier in the epilimnion than
below the thermocline.

In order to compare in more detail the production and
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distribution of the two species in 1934 with those for 1935, the
recounts are represented in figure 16. It should be noted that
the distribution of D. oregonensis is plotted on half the scale
used for D. minutus because of the great concentration of im-
mature individuals of the former species in the lower strata.
The numbers of each species of Diaptomus taken in 1934 and
1935 are recorded in table 14 (pp. 129-30). .

(b) Diaptomus minutus (Lilljeborg) in 1934. D. minutus
differed markedly from D. oregomensis 1n 1ts vertical
distribution. In general all stages of development appeared
to find optimum conditions in the upper warmer l.ayers where
food was abundant. The adults were not restricted to the
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FiGURE 15.—Seasonal differences in vertical distribution of Diaplomus group,
station I, 1934.

epilimnion to the same degree as those of. the other
species, for although maximum numbers were in all cases
taken above the thermocline, they did extend into .the hypo-
limnion to some extent. The number of adult D. minuius was
considerably larger than that of D. oregonensis at all times
during the summer, which might be expected w'ith Fhls form..
which does not lose its progeny to a cold hypolimnion wher-tf
they are consumed in very large numbers, and where, even lf.
they escape such a fate, they develop but slowly. D. nrmu_t‘fib
also reacted more quickly in the spring, in that the population
was built up earlier than that of D. oregomensis.

An explanation of the differences in vertical distribution 15
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greatly complicated by differences in temperature and light
conditions, as may be seen from the following. On July 12,
1934, although there was temperature gradient at 15 metres,
the population extended in fairly large numbers to a depth
of 25 metres. On July 24, under similar temperature con-
ditions larger numbers were found at surface, and the lower
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limit of distribution for the major part of the population
Was considerably higher. The difference is here correlated
With differences in light intensity. From table 9 it may be
Seen that the light intensity, when the samples were taken on
JUIy 12, was 10,800 foot candles at the surface, while on July
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24 it was only 7,200 foot candles. After ‘thc begipping of
August, the species was again taken only in the epilimnion.
With the descending thermocline in late A_ugust, the lower
limit of distribution is extended progr-esswely to greater
depths. From the data at hand, no feasible explanation can
be given for the peculiar maxima observed at 3 metres on
August 13 and August 28. Conditions of light intensity at the
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D. minutus, station I, 1935.

time of sampling yield no correlation, and temperature con-
ditions were uniform from surface to a depth of 15 metﬂres.
(¢) Diaptomus minutus (Lilljeborg) in 1935. From figures
16 and 17 it may be seen that in general the pOpxxlatltgfl
of D. minutus behaved similarly in the two years under dis-
cussion. In 1935 the species again reacted quickly to favour-
able conditions in the spring, and the population soon ros¢ to
a maximum. This maximum was composed of fewerl
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individuals than in 1934 and did not continue as long
as in the previous year. In late August and carly September
a second maximum occurred. The species was largely re-
stricted to the epilimnion, although at times small numbers
appeared below the thermocline. In late August and Septem-
ber the population followed the descending thermocline as in
1934. With regard to the difference in distribution within the
epilimnion, there does not appear to be any correlation be-
tween maximum abundance at or very near the surface,
and light intensity at the surface at the time the samples were
taken (see table 9, p. 117).

(d) Diaptomus oregonensis (Lilljeborg) in 1934. As men-
tioned previously, the specimens of D. oregomensis taken
in the epilimnion were almost all adults, and these were prac-
tically restricted to that portion of the lake. This is in con-
formity with the observations of Birge (1897) who states of
the species in lake Mendota: “In no case do the older indi-
viduals of the species show a tendency to accumulate in the
deeper water of the lake. . . .” Below the thermocline in
lake Nipissing only late copepodid stages were obtained, and
as the season advanced very large numbers congregated near
bottom. It is believed that the very restricted area of this
deep water is responsible for this marked concentration.

The reproductive activity of relatively few adults in the
epilimnion, then, produced large numbers of immature forms
which penetrated to the cold hypolimnion. The fact that few
nauplii or metanauplii were found in bottom strata after
stratification was well established (see figures 26 and 27, pp.
84 and 86) suggests that migration to this region must take
Place at some copepodid stage. During the period of most
rapid growth the immature stages were, therefore, present in
upper strata where phytoplankton food was abundant.

The presence of immature D. oregonensis in bottom strata
Was apparent by June 2 (see figure 16), and a gradual increase
took place until early July. Maximal numbers were taken
during July and at this time they were still most concentrated
Near bottom. By the middle of August, however, the dis-
tribution had changed, and there was evidently a migration
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of part of the population to immediately overlying layers.
This migration may be the result of at least two factors. Ag
will be shown later, the consumption of this form by the cisco
population during July, 1935, was most marked in the lower
10 metres of this deep water area. As this may be considered
the usual occurrence for most years, the consumption in 1934
would tend to deplete the population of D. oregonensis to the
greatest extent in this region. However, it is clear that when
the form migrated to the hypolimnion in spring it became
most concentrated at bottom. If part of the population were
consumed, one would expect a continued migration to take
its place unless some other factor prevented such a migration
in mid-August. This factor seems to be a change in the dis-
solved oxygen and carbon-dioxide content in these lowermost
layers.

The change in the dissolved oxygen content at different
depths during the summer of 1934 is given in table 11 (p. 120)
(data from field notes, J. M. B. Corkill). From June until
early August there was a gradual reduction in the amount of
dissolved oxygen in lower strata, and carbon dioxide increased
gradually throughout this period.

These changes were most marked in the bottom stratum
(45 metres) where the oxygen content fell to 3.6 cc. per litre
and the carbon-dioxide content rose to 10 p.p.m. by the be-
ginning of August in 1934. At 40 metres, the greatest depth at
which plankton samples were taken in 1934, the oxygen con-
tent did not fall below 4 cc. per litre and the carbon-dioxide
content did not rise above 7 p.p.m. until August 9. Between
August 6 and 13 there was a rapid decrease in dissolved
oxygen at this depth, from 4.1 cc. per litre to 3.3 cc. per litre,
and without doubt there was a relative increase in the carbon-
dioxide content. As it was at just this period that a portion
of the D. oregonensis population appeared to evacuate the
40 metre stratum; it is possible that this organism was re-
acting to these two factors.

(¢) Diaptomus oregonensis (Lilljeborg) in 1935. As may
be seen from figures 16 and 17 (pp. 59 and 60), the
most obvious difference between the populations of D. ore-
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gonensis in the two years was the increased numbers in 1935
This was In part due to sampling in 45 metres of water rathe .
than in 40 metres as in the previous year. Itis strikingly e -
dent that‘ this form concentrated in the very deepest \\%a}t,ervo?
the lake- in early July. Even neglecting that portion of th

population below 40 metres, the production in 1935 was stiﬁ
fou{ld to b(:l‘ the greater, and this greater population persisted
untll.\'\’ell Into September. The only apparent difference j

conditions in the two years was the much greater distribution
of heat to lower strata early in the season in 1934. [t is difﬁxf
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their changes were similar to those obs-erve_d in 1934., and lthat
oxygen depletion and the corresponding increase 1n carbon-
dioxide content caused the movement of D; oregonensis from
bottom strata similarly in 1934 and 1935. The- sta_gc;lsﬁ of
oxygen depletion at 45 metres reached at dlﬁefent periods (?1
the summer seasons of previous years are ‘avatllal?le, and are
represented for 1930, 1932, 1933, and 1'934: in hgur& 18 (a
modification of plate 28 given by Corkill, 1935). With th%x
exception of 1933, in which year the temperat_ure of the
hypolimnion was considerably higher than usual,_ the stage of
depletion reached at any period after early July is quite com-
parable from year to year.
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Ficure 19.—Correlation between carbon-dxoxg}e_ content and dissolved oxyg
= in lower strata, lake Nipissing.

Since the stage of depletion reached in early Septeml?er kﬁ
similar in 1934 and 1935, and since the tempcrat_ureho ttw';
lower hypolimnial layers was equal after July 1 in the -
years, it is quite probable ;hat the oxygen depletion p

in a like manner in the two seéasons. ]
gresri«(;lde (r:lorrelation between the carbon-dioxide c_onten;c‘ fir:i
dissolved oxygen depletion in the lq\ver layers of thf—:d ”t))le
limnion of lake Nipissing is given in figure 19. A consl era.n_
aumber of determinations from different years have been 1 ¥
cluded in the comparison, so that an average re}atloqsh:jp -
observed. It is clear that a fairly deﬁmjce rclatlonshlpI Oti;;
exist, although considerable variation is apparent. It
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realized that both reduced oxygen and increased carbon
dioxide may be instrumental in causing the movement of D.
oregonensis from bottom layers. Due to the variation in the
relationship, and to the scarcity of carbon-dioxide determina-
tions, a comparison is attempted between only the depletion
of oxygen and the movement of D. oregonensis.

If the 1934 dissolved oxygen data (Corkill field notes,
1934) are used without modification in 1935, the following
correlation is observed. In 1934 the oxygen at 45 metres de-
creased rapidly after July 11 (table 11, p. 120). On that date
the dissolved oxygen content was 4.5 cc. per litre. Roughly
speaking, the oxygen content at the bottom fell to below 3.5
cc. per litre by the end of July, which is usual in normal years
(see figure 17). On July 25 it was 3.7 cc. per litre, and by
August 2 it had fallen to 3.1 cc. per litre. As discussed previ-
ously, it was at about this concentration of oxygen that move-
ment away from 40 metres occurred in 1934. From the dis-
tribution graphs of 1935 the migration from 45 metres is seen
to occur when the oxygen depletion has reached an estimated
similar stage near the end of July. The further migration from
40 metres occurred on August 18, approximately the same
time it was noted in 1934. A still further migration from 35
metres occurred on September 1 in 1935, and by September 9
the oxygen content at this depth had decreased to 2.5 cc.
per litre.

Concurrent with this upward migration from lowermost
layers, the descending thermocline after August 18 carried
b_efore it the concentration of individuals in the upper hypo-
limnion. By September 9 the stage was reached when the
thermocline lay between 25 and 30 metres and the oxygen
depletion extended from bottom to practically this level. The
Species was at this time proverbially between the “devil and
the deep sea”, and apparently its avoidance of low oxygen
Was the more strenuous, for it penetrated the thermocline to

€Come scattered in the epilimnion by September 18. The
deScending thermocline, resulting in a concentration of the
Ypolimnial population, may have been a factor in preventing
the migration from 35 metres until the oxygen content fell to
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the low figure of 2.5 cc. per litre. In 1934 the depressed
thermocline actually increased the concentration at 40 metres
on September 6, as it did at 45 metres on September 18 in
1935, although the indications are that many individuals had
penetrated the thermocline on these dates. The presence of
immature forms above the thermocline at this time lends force
to this inference, since reproductive activity in these strata
had been slight for some time.

Experimental evidence on the effect of (a) increased carbon
dioxide, and (b) decreased oxygen, On vertical movements of
plankton crustacea

The peculiar movement of immature D. oregonensis from
the lower strata of the hypolimnion of lake Nipissing, and its
correlation with oxygen depletion and related increase of
carbon dioxide, led the author to attempt an experimental
analysis of the effects of these two factors separately upon
such movement. A series of experiments was conducted em-
ploying a vertical gradient tank, designed by Dr. F. E. J. Fry.

The organisms used in this work were Daphnia magna
(Straus) reared in the laboratory and Cyclops bicuspidatus
(Claus) obtained in February, 1936, from Grenadier pond,
Toronto. A few individuals of Diaptomus reighardi (Marsh)
were also found in the Grenadier pond samples, but were sO
scarce that the analysis of their movements was not con-
sidered significant. It is interesting to note that with regard
to the latter species, so closely allied to D. oregonensis, Marsh
(1907) says: ‘It is apparently a rather narrowly localized
species, for although collections have been made quite gen-
erally in the Michigan and Wisconsin lakes, it has so far, been
found only in three localities.” In “Freshwater Biology'’s
1918, he states that the species has been found in only four
Jocalities, in Michigan and New York states.

(a) Apparatus and methods. The vertical gradient tank
consisted of a small aquarium with two glass sides and
two wooden sides. A diagram of this tank is given in the scale
drawing (figure 20). Through corks placed in the wooden
sides, thermometers were inserted at different depths. A cool-
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ing coil_, through which tap water flowed at a temperature of
approximately 10° C., was placed at a height of 7 inches from
the bo~t.tom. The total height of the water column in the tank
was 15 inches. The upper stratum of this column was kept at
a constant temperature by means of an electric rod heater

therxpostatx'cally controlled with a mercury contact regulatorj
The immediate upper layers were kept in circulation by rising
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F16ure 20.—Diagram of Fry's vertical gradient tank.

;g‘sglé%)bles from' an inlet 2 inches below the surface. It was
Culaii e bly]r cooling the bottom water and warming and cir-
gradi(_xngt the upper la_yers, to produce a marked temperature
g bn }?t 111termed1ate depths. By modifying the circula-
b ty c aggmg the c!epth and force of the air jet, it was pos-
oy d().f?ro uce pra_ctlcally any type of ‘‘thermocline region’’
- 1”erent rfflatx\'e volumes of ‘‘epilimnion”’ and ‘“hypo-
nion’’ at variously controlled temperatures.
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By allowing water, cooled slightly bel.ow the temperature
of the lower hypolimnion to flow slowly in through the inlet
manifold at the bottom, water of high carbon-dioxide content
or low oxygen content could be introduced .and w_ould remain
at the very bottom. This produced a g.'rad1e.r1t of thes‘e‘ gases
upward from bottom. An outlet manifold in upper -hypo—
limnial” layers removed the displaced water without dlstu.rb-
ing the system. Water could be removed for chemical
analysis, through outlets at different depths. An aerator was
installed for aerating the hypolimnion, although it was not
used in these experiments. Lighting was obtained by t}_le use
of a large diffused plate of light, some distance to the side of
the aquarium. _

The water used in these experiments was obtained from
a large tank of “conditioned’’ water, in which _ﬁngerling t_rout
were living. The oxygen content was app.rox_lmately 40 cc.
per litre and the concentration of carbon dioxide yaned from
6 p.p.m.to8 p.p.m. The plankton was added'to thisuntreated
water and a thermocline established. A portion of the; plank-
ton not used in the experiments continued to live in this water
for several weeks, which indicates its suitability.

Water taken from the same large tank was also used for
creating the gradients of carbon dioxide and oxygen. C.arbon
dioxide, evolved from sodium bicarbonate by the action of
sulphuric acid, and washed by passing- through water, was
bubbled through this conditioned water, increasing 1ts carbon-
dioxide content. In experiment IV, oxygen was re'moved
from the water used by heating, and by evacuating the air from
above in a large winchester. This evacuation with constant
shaking was continued for four to eight hours. -

The determination of free carbon dioxide was obtained by
using the methods given in ‘‘Standard Methods of \V'ater
Analysis’”’ (1925). Dissolved oxygen content was determined
by the Miller method discussed by DeLaporte (1920).

Counts were made of the numbers of individuals at the
levels indicated in the diagrams. In the case of Cyclops,
numbers of individuals were counted at each level by employ-
ing a large lens, in front of a narrow opening in a mask. Only

TeE LMNETIC CRUSTACEA OF LAKE NIPISSING 69

individuals in focus, and within the limits of the mask were
counted. This obviated certain errors such as the attachment
of large numbers to the glass sides of the aquarium and gave a
better average measure of distribution, since the focal point
of the lens was approximately at the centre of the tank. The
angle iron forming the edges of the aquarium prevented the
enumeration of individuals at the bottom in all experiments.
Several series of counts within the time interval noted in the
figures, were averaged to obtain the values for the diagrams.

(b) Experiment I. (Daphnia under increased carbon
dioxide.) In the first case only Daphnia magna were used to
determine the effect of an increased carbon-dioxide content.
When the thermocline had become well established, and the
plankton had had sufficient time to form a steady vertical dis-
tribution, cooled water of high carbon-dioxide content was
admitted at the bottom. The resultant changing gradient is
indicated by the isometric lines showing carbon-dioxide con-
tent, in the upper panel of figure 21. The thermocline lay at
approximately 4 inches from surface throughout the experi-
ment, as indicated at the right of the graph.

The original distribution of the Daphnia after the tem-
perature gradient had been formed is indicated in the first
diagram, and in the last diagram at the right. The large
numbers at the 14 inch level were predominantly adults, and
the upper mode was made up of only small individuals.
Below the 14 inch level a still greater concentration was noted,
but numbers could not be counted at this depth.

A slight change in distribution was noticeable shortly
after beginning the addition of the water of high carbon-
dioxide content to the bottom. By the time that 12 p.p.m.
of carbon dioxide were determined for the 14 inch level, a
portion of the individuals had moved upward, and only large
Individuals were left. Whether or not these were less sensi-
tive is not known, since they were apparently weighted down,
Carrying eggs.

. The rise in the carbon-dioxide content was so rapid that
It is difficult to ascertain the exact concentration responsible
for the movement observed. That there was a definite up-
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ward movement under the influence of this factor is evident.
Apparently the rise in carbon dioxide from 6 p.p.m. to 10 or
12 p.p.m. caused some individuals to move. It is believed
that this concentration would not have caused the movement
of all individuals even in an extended time. Large females,
carrying eggs, were found at bottom at all times. By the time
that a value of 48 p.p.m. of carbon dioxide was determined
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FIGURE 21.—Vertical movements of Dapknia and Cyclops under conditions of
increased carbon-dioxide content at lower levels.

at the 14 inch level, many of the large specimens appeare_d to
be asphyxiated at the bottom. The continued lack of indi-
viduals under the 48-56 isometric line is to a great extent d_ue
to the asphyxiation of individuals in these strata. Som_e 1n-
crease is, however, noted in upper levels in the 120 minute
diagram.

These individuals in upper strata show a secondary up-
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ward movement as the carbon-dioxide content increases in the
Jower ‘‘thermocline region’. The upper limit of the general
population is progressively forced higher and higher in the
warmer layers at the “thermocline’”’. The upper temperature
limit which they will tolerate under these conditions appears
to be about 20° C.

(¢) Experiment II. (Cyclops under increased carbon
dioxide.) An attempt was made, using Cyclops bicuspidatus
(Claus), to determine with more exactitude than above the
concentration of carbon dioxide necessary to (a) originate and
(b) cause a more general movement of this form from lower
levels. Carbon dioxide was added gradually at first to the
water to be introduced, and later the carbon-dioxide content
of this inflowing water was increased more rapidly. As dis-
cussed in experiment I the isometric lines indicate the chang-
ing carbon-dioxide gradient, and in addition the carbon-
dioxide content of the inflowing water is indicated in the
lowermost circles in the lower panel of figure 21. It should be
mentioned that at the beginning of the experiment a well-
defined thermocline had not been established. This, however,
was soon remedied and has little effect on the results obtained,
as no change in distribution occurred before the temperature
gradient became fixed.

There was at the outset of the experiment an apparently
uniform distribution from the 6 inch level to the 14 inch level.
As indicated by the dotted lines below this level, there was a
Very great concentration of individuals near bottom. Again
as in experiment I, it was impossible to enumerate these.

Very little change occurred during the first hour, except
that a slight increase is noted at the 6 inch level in the last
counts. When the concentration of carbon dioxide had in-
Creased to 12 p.p.m. at 14 inches and incoming water had a
carbon-dioxide content of 19 p-p.m., a definite increase was
noted at the 14 inch level, and at levels above. These increases
must have been due to a movement from the concentrated
Population at bottom.

As the carbon-dioxide content of incoming water was in-
Creased to 28 p.p.m. and an increased concentration was noted
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up to 8 inches, a definite mode was formed at 6 inches. This
mode became much more marked when the carbon-dioxide
content at 14 inches reached 15 p.p.m. and a content of 14
p.p.m. existed to 9 inches.

As the concentration became progressively greater in the
lower levels, a large maximum was formed in the upper hypo-
limnion, but Cyclops were apparently more sensitive to higher
temperatures than Daphnia and did not move into the
thermocline as did Daphnia in experiment I. This was prob-
ably due to the fact that they had been collected from below
the ice in Grenadier pond and had been kept in cold water
until used in the experiment.

From this experiment it is clear that even a slight change
in carbon-dioxide content (from 8 to 12 or 13 p.p.m.) initiates
an upward movement, and a concentration of 14 and 15 p.p.m.
results in a more marked reaction. It might be argued that
higher concentrations than these given (z.e. 19 to 26 p.p.m.)
were the ones responsible for bringing about the reaction, but
it must be understood that incoming water is at once mixed
with water in the lowermost strata, thus having its carbon-
dioxide concentration diluted. It is believed, too, that the
initial stages of this movement were observable after sixty
minutes had elapsed.

(d) Experiment III. (Cyclops under decreased carbon
dioxide.) An experiment had indicated that there was
no upward movement of either Daphnia or Cyclops when
conditions remained stable. However, the question arose
as to whether or not the movements observed in experi-
ments I and II were the result of carbon-dioxide gradients or
of agitation in lower strata. After the Cyclops population had
remained in the gradient tank for twelve hours following the
completion of experiment II, the distribution observed was
that indicated in the first diagram of figure 22. A maximum
abundance was noted in the upper hypolimnion, but large
numbers were found in lower strata as well. An even distri-
bution existed from 8 to 14 inches. The carbon-dioxide con-
tent in all strata was high but the gradient had not entirely
disappeared.
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In order to determine whether or not agitation at bottom
comparable to that involved in experiments I and II would
cause an upward movement of part of the population, fresh
water of low carbon-dioxide content was introduced at the
bottom of the gradient tank when the distribution was at
equilibrium under the conditions mentioned above. The
thermocline lying in the 3 to 5 inch stratum was kept constant
throughout. The numbers determined at different depths
have been converted to percentages of the total counts (mean
count 385) obtained in each series. The change in carbon-
dioxide content at the depths sampled, resulting from the

introduction of the fresh water, is indicated within the circles
in figure 22,
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FIGURE 22.—Vertical movements of Cyclops under conditions of decreased carbon-
dioxide content at lower levels,

_W'hen the carbon-dioxide content became equal at 8 and
13 inches, a significantly different distribution was observed.
Large numbers were noted in the 12 to 14 inch stratum, and
as a decrease in numbers was found at 11 inches, it is likely
th.at movement from the latter level was responsible. A cer-
tain amount of leakage had taken place over night, so that
Inflowing water raised the level of all strata approximately 1
Inch. Tt is believed that this is the cause of the disturbance
In the upper hypolimnion.

Progressive decrease in the carbon-dioxide content in
lower levels resulted in a definite migration to bottom (15
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inches). Since animals at bottom could not be enumerated,
the total numbers counted at all levels fell off considerably,
so that the percentage graph has been constructed. The very
definite movement to lowermost depths is apparent in the
last two diagrams of the figure.

It is clear that the effect of inflowing water of low carbon-
dioxide content did not result in a movement comparable to
that observed in experiment II. Rather the direction of
movement has been reversed by a reversal of the carbon-
dioxide gradient. The movement downward is very likely
expedited by the apparent positive geotropism exhibited by
this species under this series of experimental conditions.
These movements are then, without doubt, brought about by
reactions to carbon-dioxide gradients.

(¢) Experiment IV. (Daphnia and Cyclops under de-
creased oxygen.) The movement of D. oregonensis from
lower strata in lake Nipissing was correlated with both a de-
crease in oxygen and an increase in carbon-dioxide content.
A comparable movement was induced experimentally by pro-
ducing a carbon-dioxide gradient at the bottom of a gradient
tank. In the present instance an attempt was made to de-
termine whether or not low oxygen concentration would cause
a reaction similar to that observed for high carbon-dioxide
content. Water treated as discussed under methods on p. 68,
was found to contain 1.6 cc. of oxygen per litre when cooled.
It was, therefore, necessary to add large amounts of this water
to lessen the oxygen content materially in the experimental
hypolimnion.

The results of this experiment are graphically represente_d
in figure 23. Oxygen contents at different depths are given 11
circles. The numbers counted at each depth are again con-
verted to percentages of the total count (mean totals, Daphmao
48, Cyclops 154) in the column. Three series within each time
interval indicated, are averaged in each case.

Certain variations in distribution occurred within the first
hour, butno noticeable upward movement took place until the
oxygen content at 14 inches decreased to approximately 3.4
ce. per litre. That this is very near the value which initiates
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the movement of these two species is indicated by the definite
m9vement observed when the water of the hypolimnion con-
tained only 2.7 cc. per litre. It would appear from the experi
ment that Cyclops were to a slight degree more sensitivi t_
lowered oxygen concentrations than were Daphnia. i
As has. been mentioned previously, difficulty was en-
countered in .decreasing the oxygen content of the experi
mental hypolimnion, and as may be observed no def?nité
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(f) Summary. By experiments involving gradients of
carbon dioxide and oxygen, it has been shown that Daphnia
magna and Cyclops biscuspidatus moved from a region _Of (a)
high carbon-dioxide content to one of l.ow carbon-dioxide
content, (b) low oxygen content to one of high oxygen content.

These movements were relatively of consuderabk;z extent
and involved a fairly large proportion of the popu_latmn.

In general, the movements counter'acted reactions to fac—.
tors responsible for a definite distribution at (’.‘C]Ulllbl‘lum.. .Ot
these factors higher temperature and an apparent positive
geotropism in the case of Cyclops bicuspidatus may be men-
tioned. In one case the movement into lower strata, contain-
ing lesser concentrations of carbon dioxide, was probably
furthered by the positive geotropism of the form.

The movements were comparable to the movements ex-
hibited by immature D. oregonensis in lower strata of the
hypolimnion of lake Nipissing, the movements 1n th_e latter
case having been correlated with the factors involved in these
experiments. Considering the factors independently, the
critical values for the initiation of these movements appear to
be an increase of carbon dioxide to approximately 12 or 15
p.p.m., or a gradient of from 8 to 12 or 15 p.p.m..carbon
dioxide, or a decrease of oxygen content to approximately
3.0 cc. per litre. '

The comparison of these values, with the correlations
found in lake Nipissing, follow.

(g) Discussion. It was found that in the lower strata of
the hypolimnion of lake Nipissing, a portion of the population
of immature D. oregonensis moved progressively higher from
bottom in late July and August of both 1934 and 1935. This
movement was apparently correlated with oxygen depletion
and the related increase of carbon dioxide in these strata. It
seemed evident that this reaction was brought about when'tht'.
oxygen content fell to about 3.5 cc. per litre and a gradient
existed from this value to a higher concentration in strat?
above. N

In figure 19 (p. 64) it was shown that there is a definite
relationship between oxygen depletion and increased carbon-
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dioxide content in the bottom strata of lake Nipissing. Con-
siderable variation is noted in this relationship, and for the
value of 3.5 cc. per litre of oxygen, we find corresponding
values of 9, 10, and 10.5 p.p.m. of carbon dioxide, both within
the same year at different depths, and in different years at the
same depth. The average value would likely be in the neigh-
bourhood of ¢ p.p.m. of carbon dioxide.

From experimental evidence, it has been shown that
critical values for these two factors, which independently in-
cited comparable movements in Daphnia magna and Cyclops
bicuspidatus, were approximately 12 p.p.m. to I5 p.p.m. of
carbon dioxide and 3.0 cc. per litre of oxygen.

That higher values of oxygen content and lower values of
carbon dioxide, when the factors are acting together, result
in movements of D. oregonensis in the lake is not surprising.
In fact, what was surprising to the author was the close agree-
ment observed between the values causing similar reactions in
Daphnia and Cyclops under experimental conditions, to those
affecting the distribution of D. oregonensis in the lake. It was
believed that specific differences in the reaction to concentra-
tions of these gases would probably yield results not at all
comparable to field observations. It was felt also that the
abrupt change of conditions in the experimental procedure
would probably bring about the reaction before the values
reached the limits indicated. The effect of such an abrupt
change may be an alternate explanation for the difference
between values which cause these reactions in the lake and
under experimental conditions. However, the difference ob-
served is so small as to be only of minor importance. The
time necessary to analyse the water samples during the ex-
Periment would make difficult a comparison of the above data
Wlt_h those obtained from an experiment involving both factors
acting together.

Reference must be made at this point to the comprehensive
Work of Birge and Juday on this problem. Birge and Juday
‘(}911) state in introduction to their study of dissolved gases:

’_rhe animal plankton has not shown any close correlation
With the dissolved gases, considered either with reference to
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kind or quantity. These gases seem to have no chemotactic
effect on the zooplankton, nor do the gaseous products of
decomposition, as they exist in lakes, appear to have any un-
favorable effect on the animals, such as might determine their
distribution in the water of the lake. The zooplankton is ex-
cluded from water whose supply of oxygen is too small; but
sensitiveness to deficient oxygen does not appear until the
supply of the gas is much reduced. These animals do not
begin to withdraw from water, until the oxygen supply is
reduced to 0.2 cc. or 0.3 cc. per litre, a very small percentage
of the normal amount. Few animals remain in water which
has less than 0.1 cc.”

In view of the above statement, it must be stressed that
the movement of D. oregonensis was in no case a complete
evacuation of the strata under consideration, and in the ex-
perimental material it was noted throughout that some indi-
viduals remained under conditions from which others had
moved.

From a consideration of the data given by Birge and Juday
(1911, pp. 116-20 and figures), it is evident that in several
cases fairly large numbers of Cyclops do occupy regions where
oxygen conditions are of the order of 0.3 cc. per litre. It is
believed that in most cases—e.g. Mendota, August 8, 24,
September 14, 1906; Elkhart, October 2, 1906; Mendota,
September 6, 1907; Beasley, August 3, 1908, August 14, 1909;
Knights, August 25, 1909; Silver, August 21, 1907 and August
98, 1908—conditions of light or temperature, i.e. an immedi-
ately overlying thermocline, or both, were holding concentra-
tions in these strata of low oxygen content. The fact that a
temperature gradient or temperature of the order of 20°C. did
inhibit the avoidance reaction to high carbon dioxide in the
experimental work, is clear from figures 20, 21, and 22, and
that the thermocline prevented the upward movement of D.
oregonensis in lake Nipissing until upper strata cooled con-
siderably is in accordance with this view.

In two cases, Elkhart, July 3, 1906, and lake Geneva,
September 25, 1906, modes in the distribution of Cyclops
occur in strata of low oxygen content, and no tenable explana-
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tion can be giyen on the basis of the above hypothesis. In
most cases, with exceptions noted, Cyclops, the only group
which can be compared directly here, showed definitely
smaller numbers in strata having less than 3.0 cc. per litre
of dissolved oxygen than in strata containing more than this
amount.

In Mendota the rapid decrease of oxygen in the hypo-
limnion, and the single or far-separated collections from the
other lakes, prevent the observation of a correlation, such as
was noted for immature D. oregonensis in lake Nipissing.
Only by a closely spaced series of collections can such a move-
ment be followed, when oxygen conditions are changing
rapidly.

It s}}ould be pointed out that the critical values in the
production of movement given above are far from lethal in
effect. The distribution of apparently normal individuals of
.Cyclops, at the beginning of experiment III, in water contain-
ing from 64 to 70 p.p.m. of carbon dioxide, is evidence of that
_fact. These animals lived for several weeks after being used
in that experiment. This bears out the statement, made by
Blrge and Juday (1911), that oxygen depletion to 0.2 cc. per
litre and correspondingly high carbon-dioxide content, had no
unfavour'able effect on the animals. The values give'n then
are not limiting values in distribution but rather are (;riticai
values which incite avoidance reactions.
imn(l};)t Corll;:lusions. From analysis of the movements of
COrrelaltl:rZ . OTegonensis from. lower strata in lake Nipissing,
iy S : \'\{:jth oxygen depletion and related increase in free
b actiofmf eil and from subsequent expgrimental results of
he vertica(l) n‘EOese two gases separately, it would seem that

R i Ofv‘f}inents of immature D. oregomensis in lake
ol t}(-]: nature of avoidance reactions to certain
B e ese gases. A comparison of the field ob-
e oy -xperlmental data ha's led the author to believe
e Ofe n (t))xygel_l to approximately 3.0 cc. per litre or
e car (k))n dioxide to 12‘ p-p.m. or 15 p.p.m. are
B ring al outrthesc reactions, provided that other

s of stronger influence do not inhibit the response. A
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steep temperature gradient, moderately high temperatures,
and possibly light, may be factors limiting the avoidance of
these critical values at times. It appeared that when both
factors, low oxygen and high carbon dioxide, were working
together in nature, the reaction occurred at slightly higher
oxygen and lower carbon-dioxide values th_an when the f.ac-tors
were working independently under experimental condltlgns.
It is possible that the values given are not of umv_ersal applica-
tion, but it is believed that further observations in nature and
more detailed experimental investigation may bear out the
hypothesis given.
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FIGURE 24,—Seasonal differences in vertical distribution of Limnocalanus,
station I, 1934 and 1935.

Lemnocalanus macrurus (Sars)

The vertical distribution of Limnocalanus throughout the
summer seasons of 1934 and 1935 is indicated in figure 24 and
given in table 14 (p. 131). In 1935 both immature and adult
specimens were enumerated and their difference in distribu-
tion is illustrated in the graph. _ y

By the middle of June both adults and copepodid st:lg?f
were found concentrated in the deeper strata. This may have
been a result of the development of the immature stage from
previously unrecognized nauplii and metanauplii, as well as &

THE LMNETIC CRUSTACEA OF LAKE NIPISSING 81

definite concentration in the restricted volume of cold water.
Marsh (1897) states that “In February, March and April
most of the Limnocalani are immature in Green Lake, Wis-
consin”. In May few individuals were taken in lake Nipissing
and these were found to be scattered over a wide area.

The numbers remained relatively the same throughout the
summer and although some were utilized as food by the cisco,
the amount was small and depletion was not noticeable. The
form does not carry eggs so that it is difficult to determine
reproductive activity, yet the above facts indicate that there
must be a slow but steady production throughout the summer.

The errors in sampling a small population such as that of
Limnocalanus prevent any detailed analysis of their distribu-
tion. They were present only in the lower hypolimnion, how-
ever, and a marked concentration occurred in mid-September
when the thermocline descended to 35 metres. As would be
expected the immature forms were considerably more numer-
ous than the adults. The latter appeared to be more restricted
to lower strata than the copepodid stages, but their very

small numbers invalidate any definite statement that might
be made to that effect.

Cyclops group

Cyclops bicuspidatus, Cyclops viridis, and Mesocyclops 0b-
S?letus have been taken in the limnetic region of lake Nipis-
sing. The group as a whole was so poorly represented quan-
titatively that the individual species were not enumerated,
Since numbers obtained would have been practically valueless
n distribution studies.

. The seasonal distribution of the combined Cyclops popula-
tion for the summer seasons of 1934 and 1935 is given by
8ure 25 and in table 14 (p. 133). Few individuals wintered
OVer, and the group did not increase rapidly in numbers in the
SPring. Between the beginning and middle of June, a tre-
Mendous increase occurred in both years. In 1934 these in-
Teased numbers had their maximum in strata below 20 metres
Nd were distributed in large numbers from this level to
Ottom. In 1935 maximum numbers were taken at 20 metres
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and a definite decline was observed below thi.s depth, th.e
group being scarce below 30 metres. It is possible that this
scarcity in deep water in 1935 was a result of the lower
temperature of the hypolimnion, 9.7°C. to 6°C. below 20
metres, compared with from 12°C. to 8°C. in 193-4. When
the hypolimnion had warmed up by ]ux}e 20 in 1935, althou_gh
the light intensity at the time of sampling was low, producing
a maximum at 8 metres, fairly uniform numbers were found
from 10 metres to bottom. !

In both years the hypolimnion was fairly well populatgd
until the middle of July, after which date Cyclops was defi-
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nitely scarce below the thermocline. In both years, also,
there was a marked decrease in the concentration of the
population in the immediate bottom strata, in early July.
Whether this was produced by a definite upward movement
as in the case of Diaptomus oregonensis is dithcult to deter-
mine. If such was the case, it suggests that the form is much
more sensitive to oxygen depletion than D. oregonensis, buE
Birge and Juday (1911) have found the opposite to be the
case. The great differences in the amount of dissolved oxygen
at 45 metres in June and early July in the different years, as
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indicated by figure 18, and the lack of oxygen data in 1935,
prevent detailed comparison in 1934 and 1935. It is, there-
fore, not possible to make any definite statement with respect
to the relationship existing between dissolved oxygen content
and the distribution of Cyclops. The distribution observed
might well be produced only by the effect of more successful
survival and reproduction in upper strata, and an inhibition of
downward migration by the more pronounced stratification
developed in mid-summer. The increase in August definitely
remained above the thermocline, as did the final brood ob-
served in late September.

The depressed thermocline in autumn greatly increased
the depth of the epilimnion, yet the major portion of the
population was found in the upper 10 metres of water in
contrast to its distribution in June.

In 1935, on both July 27 and August 2, the light intensity
reading at surface when the samples were taken was 8,400 foot
candles and on August 9, 18, and 24 the reading was 7,200 foot
candles. The tremendous difference in vertical distribution in
the upper 10 metres of water on these dates definitely shows
the lack of correlation between the distribution of these com-
bined species and light intensity. In all cases the collections
were made near midday, and light conditions had been fairly
constant for some time. As was shown previously in discussing
diurnal movements (p. 44), factors other than light are more

important in controlling the vertical distribution at this
season.

Nay Dlii

The nauplius stages of all species of copepods present in
t € open water of the lake were enumerated together, and
their distribution in 1934 and 1935 is indicated in figures 25
and table 14 (p. 134).
I _he nauplius population was concentrated in the epi-
.'Mnion in May, although May 16, 1934, proved an exception
I that an almost uniform distribution existed from surface to
Ottom. On that date the light intensity when the samples
Were taken was only 900 foot candles as compared to 8,400 on
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May 25. On May 16 a practically homothermous condition
existed from surface to bottom. It is impossible, of course, to
be certain, but it seems probable that the distribution found
on May 16, 1934, is to be explained by the peculiar light and
temperature conditions obtaining on that date.

During June large numbers were found below the thermo-
cline. The hypolimnion as a whole was well populated after
the middle of the month, but in all cases the bottom strata
had a sparse population. The hypolimnion lost the nauplius
stages during July, and they were scarce in that region after
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FIGURE 26.—Seasonal differences in vertical distribution of nauplii, station I,
1934 and 1935.

the middle of the month. In 1935 the weekly collections
showed a progressive upward vacation of the lower strata and
a similar end point was indicated in 1934.

The distribution of nauplii during the month of July was
quite similar to that of Cyclops and very dissimilar to that of
Diaptomus. No concentration occurred in bottom layers
comparable to that of Diaptomus oregonensis. Neither was
there an increase in the number of metanauplii in the hypo-
limnion concurrent with the decrease in the nauplius populcjl-
tion there, or correlated with the increase of copepodi
stages of Diaptomus oregonensis. Since they constitute the
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jarval stages of several genera, whose vertical distribution
differ greatly, and which quite possibly undergo individual
ontogenetic changes in distribution, it is difficult to correlate
the distribution of the nauplii with the older and adult groups.
A similar difficulty was noted by Birge (1897).

The distribution in the epilimnion during late July and
throughout August appears to be considerably different in the
two years. In 1935 very large maxima were observed at a
depth of 1 metre after July 12. In 1934 no samples were
taken at 1 metre and the great concentrations at this depth
observed in 1935 are absent from the graph. Maximum num-
bers were taken at surface on July 24 and August 13 and it is
possible that maximal concentration did exist just below the
surface layer in 1934. In both 1934 and 1935 with few excep-
tions definitely smaller numbers were obtained at 3 metres
than at surface.

Metanauplic

_ The vertical distribution of metanauplii for the year 1935
is given in figure 27 and table 14 (p. 135); as in the case of the
nauplii, in the latter part of May, fairly large numbers were
found in upper strata, with a definite scarcity below 15 metres.
In June there was a more or less uniform distribution through-
out the total depth range, with the exception of the immediate
bottom layers. During July maximum numbers were found
near surface and the hypolimnion was sparsely populated.
When the increase in numbers occurred in August, in contrast
to the distribution of the nauplii which produced them, the
metanauplii were present in fairly large numbers below the
thermocline. In late August and early September, when the
Dumbers again declined, the metanauplii below the thermo-
cline persisted producing maxima there. This may have been

the result of a specific difference, or of slower development in
the colder hypolimnion.

Vertical Distribution—Station I

» The verFical distribution of the limnetic crustacea was
S0 determined at station II in the shallow water area of
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lake Nipissing (see figure 2, p. 15). The discussion of the
vertical distribution of the various forms at this station, and
a comparison with the distribution in the upper strata at
station I, follows.

Daphnia longispina (Miiller)

The vertical distribution of Daphnia at the shallow water
station is given in figure 28 and table 15 (p. 136). Few
individuals were present in early spring and as was the case
at station I the population remained small until July. At
that time very large numbers appeared suddenly and then
decreased, producing a minimum in late July or early Aqgust_
A second maximum occurred in late August which continued
into September.
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FIGURE 27.—Seasonal differences in vertical distribution of metanauplii, station I,
1935.

The species was quite definitely positively phototropic
being taken most abundantly in upper layers, on all dates
when light intensity was high. On two dates when the
light intensity value was below 4,000 foot candles, however,
there was a tendency toward the reverse condition. Th.ese
data are not conclusive as evidence of a lack of phototropism
to these low intensities, since numbers were small on June 9,
1934, and the samples were taken immediately after three
days of strong wind on August 21 of same year. Other
factors probably play an important part in their distribution
on these dates.
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Holopedium gibberum (Zaddach)

As shown in figure 28, Holopedium was taken at station II
only in the spring. When compared to the distribution
indicated at station I, it is evident that the form is not
evenly distributed over the area of the lake, therefore, as will be
discussed later, little can be said with respect to seasonal
abundance. The form appeared to be very definitely posi-
tively phototropic to low light intensity as indicated by its
distribution on June 9, 1934, when the light value was 1,500
foot candles. On June 19, its negative phototropism to the
strong light of 9,600 foot candles was quite evident.
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FIGURE 28.—Seasonal differences in the vertical distribution of Daphnia and
Holopedium, station II, 1934 and 1935.

Epischura lacustris (Forbes)

The vertical distribution of Epischura throughout the
two seasons under discussion is illustrated in figure 29 and
glven in table 15 (p. 138). The small numbers present
Prevented detailed analysis, but certain general facts are
€vident. The species was scarce in the early spring, but
flumbers increased rapidly in June, decreased in July and
AUgl_JSt, and practically disappeared by September. The
;Tlax1mum numbers taken during the season were obtained in
ate June in both years.
k1 As observed in the distribution at station I , we find here

at the population of Epischura was sensitive to strong light
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but positively phototropic to light of moderate intensity,
When the light intensity was high, from 7,000 to 9,000 foot
candles, only few individuals were taken at surface and
maximum numbers were found at the 5 and 8 metre levels.
When the light intensity values were near 5,000 foot candles,
the levels of maximum abundance were nearer the surface.
The presence of a thermocline region at 5_metres may have
been responsible for the exception at station IT on June 6,
1935. On the dates when surface illumination was below
4,000 foot candles, only one or two stray individuals were
taken at 5 metres, and none was found above that depth.
It is apparent that moderately strong light was necessary to
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FIGURE 29.—Seasonal differences in vertical distribution of Diaplomus group,
and Epischura, station 11, 1934 and 1935.

attract this form to maxima in upper layers, yet excessive
illumination repelled them from surface layers to produce
maxima in middle depths.

The avoidance of temperatures above 20° C. was marked

at station I where Epischura was able to penetrate to depths

below such warm water. At station Il the avoidance ©

water above this temperature was marked on July 24 and
August 6 in 1934, and on July 10 and 20 in 1935. On the
last date a definite concentration was noted at bottonh
probably as a result of low light intensity as well as a0

avoidance of the warm upper layers.
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Diaptomus group

Figure 29 and table 15 (p. 139) indicate the vertical
distribution of Diaptomus at the shallow water station in
1934 and 1935. In 1935 both Diaptomus oregonensis and
D. minutus were enumerated and their distribution is illus-
trated in the lower panel of the graph.

Since the shallow water of the lake is quite unprotected
from wind action, itis kept in a homothermous condition from
top to bottom throughout the summer. Under this condition
differences in light intensity probably play the primary role
in determining distribution. In all cases maximum numbers
of Diaptomus were taken in the upper 5 metre stratum, but
as was the case at station I no simple relationship existed
between the position of this maximum in the stratum and
the light intensity at the time of sampling. On June 9, 1934,
the light intensity was least, being but 1,500 foot candles.
With the exception of August 21, the value on all other dates
was above 7,000 foot candles. Maxima were present on
these latter dates at the 3 metre level and only a small
proportion of the individuals occurred at the surface. It
would appear that high light intensity caused a congregation
of individuals a short distance from the surface, but the
effect of low intensities of light is not clear from these data.
On August 21, 1934, samples were taken after three days
of strong wind and the even distribution from top to bottom

- Was probably due to circulation of the water, since all organ-
- ISms enumerated showed a similar dispersion.

In 1935 the two species were enumerated separately and
samples were taken at 1 metre as well as at surface and 3
Ietres. When the light intensity was 4,800 foot candles on
une 6 and June 22, definite maxima were observed at 1

. Metre on both dates. A surface light intensity of 9,100 foot

Candles depressed maximum numbers to the 3 to 5 metre

Stratum on July 10, but the upward trend is noted again on

uly 29 )/Vhen the light intensity value was 3,840 foot candles.
€ difference in the ratio between the numbers at 1 metre

:n('l 3 metres on July 10 and July 20 is significant since the
atio on July 10 was 19.5 per cent. = 1.4 as compared to 70



90 T LIMNETIC CRUSTACEA OF LAKE NIPISSING

per cent. = 3.8 on July 20. There was also a definite up-
ward movement from the 8 to 5 metre stratum on the latter
date.

It is clear from a comparison of these distributions that
the organism was positively attracted to regions of bright
light, but repelled from regions where light was intense.
Certain optimum conditions of light intensity were probably
present, but no clear correlation exists between points of
maxima and light intensity at those depths. It is quite
probable that detailed sampling at 1 metre intervals together
with light measurements would go far in clarifying the picture
in this respect.

Only small numbers of D. oregonensis were taken at
station 1I in 1935. From the study carried on at station I
in 1934 and 1935, it would appear that such is the normal
condition in the upper 10 metres of the lake as a whole.
Only in the deep water, then, where the species is con-
centrated as an immature form, could D. oregonensis be of
very great importance as a food organism.

Cyclops group

The vertical distribution of the Cyclops group at station 11
is given in figure 30 and table 15 (p. 140). The members of
this group were scarce in early spring as were the other crusta-
ceans, but by early June fairly large numbers of adults
appeared and continued throughout the summer and fall.
The picture of seasonal abundance is not as detailed as was
that at station I, since the shallow water was not sampled as
regularly.

Although Cyclops was fairly abundant at all depths in the
early summer at the deep water station, they noticeably
preferred upper layers at station II. No simple relationship
existed between variations in the strength of illumination at
the surface and the depth at which maxima occurred. Part
of the group at least was positively phototropic to all light
intensities encountered in the sampling at this station. It is
possible that the separate species are not equally sensitive tO
light, but the small numbers taken if subdivided to species
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would be subject to such large errors that significant differ-
ences could not be obtained. Sampling with a large trap
would, therefore, be necessary in order to analyse in detail
the distribution of the separate species.

Nauplit

The vertical. distribution of the nauplii of the copepoda
present at station II are given in figure 31 and table 15
(p. 146). The early rise in numbers in spring and later
abundance were due to early production, later to development
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arll1d to subsequent reproduction of the adults produced.
s ;s{i 111n:1mature stages increasec} in numbers early in spring,
itk into a decline just previous to the dates on which
Stalgesc_optepods_realched peak§ of abundance, metanauplius
9 intervening. Further increases occurred after peaks
Ault abux}dance as a result of reproductive activity.

Stagez grst sight the vertical dis.tribu.tion of these immature
B timeppfears to have no relationship to light intensity at
| i)o sit(gnpilmg. Qn Jgne IQ and August 6 in 1934, and
E 9y , 1935, the light Intensity at surface was similar,

;000 foot candles. There is, however, an obvious




92 TaeE LiMNETIC CRUSTACEA OF LAKE NIPISSING

difference in the distribution on these da'_ces. On ]urpe 19
and August 6, 1934, and on August 11, 1935, when mamrfnUm
numbers were taken at the surface, the temperature o t';he
upper layers was considerably above 20° C. Th'e.explanatlon
is offered that the nauplii became less sensitive to very
intense light at this high temperature. A similar observation
was made at station I in this respect. The more usual
reaction to light appears to be a positive phototropism to
moderate intensities and a negative phototropism or in-
tolerance to the very intense light at the surface.
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Metanauplii

The metanauplii were counted only in 1935~ and1 4’(3)3
vertical distribution is given in figure 31 e}nd table 15 (pd _th
The data in this case are so scanty that l}ttle can be sa1 thler
respect to the distribution of this stage 1n the shallow W 2; - s
On only three dates are the numbers abundant. On ]u o
when a thermocline existed at 7 to 9 metres, ma.\lrri 2
numbers were taken below this region of rapid char’l_gbu;n
temperature. On August 11 and September 21, _maxilmwés
numbers were taken near surface, but the whole dept

well populated.
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Summary of Vertical Distribution of the Plankton Crustacea

It is quite evident that the vertical distribution of each
individual species is the result of specific reactions to complex
environmental factors. The ever-changing environment thus
affects the vertical distribution from day to day and from
hour to hour, to such an extent that in very few cases can
general statements be made as to the existence of any stable
distribution of the various forms. In the following summary
the more usual type of vertical distribution, together with the
general seasonal changes, is given for the individual species
studied. Where possible, mention is made of the factor or
factors which appear to exert an influence on these changes.

Diaptomus oregonensis is found in adult stages only above
the thermocline. Late copepodid stages are found only below
the thermocline, concentrated at bottom in early summer.
Later there appears to be a movement to intermediate hypo-
limnial layers, correlated with a decrease of oxygen to 3.5 cc.
per litre and an increase of carbon dioxide to approximately
10 p.p.m. The great concentration of this form is due to the
relatively small area of this deepest water. Only few are
taken in the major portion of the lake which is less than 15
metres in depth.

Diaptomus minutus is restricted almost entirely to the
epilimnion throughout the season. Maximum numbers are
usually taken near surface. The form is evidently positively
phototropic but is repelled from the immediate surface by
Intense light.

Cyclops group. As a group Cyclops is found in consider-
able numbers, at all depths, from May until mid-July.
After a more definite thermocline is established at this time,
the group becomes more or less restricted to the epilimnion.

€re appears to be little correlation between light intensity
and the vertical distribution of these forms. Since the group
'S made up of three species, a complexity of behaviour is to
€ expected.

I Epischura lacustris is more or less restricted to the warm
ayers of the epilimnion, although it is definitely repelled
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The second seasonal maximum is restricted to the epi-
limnion, but its distribution therein appears to be correlated
with light intensity.

Holopedium gibberum was taken only during the months
of May and June. It was present for the most part in levels
above 20 metres. From a comparison of the populations at

the two stations, it evidently was ‘‘bunched’’ in its distribu-
tion.

Conclusions

Many factors have been given in the past as determining
the vertical distribution of the plankton crustacea. Birge
(1897) gives a detailed discussion of a number of factors which
influenced the vertical distribution in lake Mendota. Welch
(1935) lists from the existing literature on the subject the
following as important: ‘(1) light; (2) food; (3) dissolved
gases principally oxygen and other dissolved substances;
(4) temperature; (5) wind; (6) gravity; (7) age of individuals
of a species.” This list is essentially the same as given by
Birge (loc. cit.).

Of these factors, the following appear to be the most
important in determining the vertical distribution in lake
Nipissing.

Light. Many instances are given in which the prime
influence upon the vertical distribution appears to be that of
light intensity. In most cases there is evidence that maxima
In strata near surface are held there by a positive photo-
tropism, and usually a scarcity exists in the immediate
surface layers, evidently caused by the repellent effect of
Intense light. It should be pointed out that various species
are not sensitive to equally high light intensities. It has been
Observed from the vertical distribution of different species
that there are marked differences in existing light conditions in
the regions occupied by maximum numbers of their respective
Populations.

The effect of light is, however, in practically all cases,
Qualified by that of other factors. As was shown in the
ISCussion of diurnal movements, great differences exist in
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5 nees in light intensity, and these modifica-
t?:nrsesg); bi(fogl;?b% conditioned by other environmental
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%\lthough many workers have wr,ltten at great 4 ;:;5 hi b2
attempts to prove invalid. Piitter's aLrgumentst,iorl K e
aquatic animals must derive tbe greater por el S
nutriment from dissolved organic .matter in na i actuai
little has been accomplished in dete.rmmmg e
‘s,cflrxz'lce of food of zooplankton. The. 1mportar;lce oh tOe
utilization of particulate organic matena{}lot}ﬁer tShzt)r:vE)l Zhat
plankton is not known. Naumann (192 ) as.th s
fresh water Daphnia rapidly ﬁlter' out detritus wit it hma
bracteria. Woltereck (1928) decuiled t}lllat pglag:ms adjz) o
make use of detritus, although pond 1 _do _so.
cTa}?: ?Jttilization of bacteria by ple_mkton orga.m?grrclj1 Cis(llé)t:;c;e)z
known, but may be of consid;xgble 1m]€(1)g§2i1)1c}<:z.we il
McPherson, and Looper \ X
izsit;fluall)ratéteria are utilized as food by various plankton
Orgé}??;n :éalized that many of the plankton crustacea_fetig
upon phytoplankton f%rms V;hicckil are n;lc-)r:cglr:ciet:;s ;?S;r}ll; 5
er strata, but abundance !
:)c;artltllcie:sp ghould not be confused with al_)undance; olr 552;0133
of food, since other particulate organicC matenfaLrOuS B
utilized. Plankton crustacea are not always num(ei, il
algae and protozoans are m‘ost a.Lbun_dant, and i a0
knowledge of the food relationships 18 mofre e;e real’iZE'
absolute correlation can be expected. It is, (;1 Coutljalythan e
that other modifying factors may l?e more influen }c - st
relation between food 1a,nd feeder 1n determining
etribution of a population. : . :
d1st8tt:2:11ical Facptors. The de_crea}se in dxssolvsd no;g’own
content and related carbon-dio-mde increase haKe d?sef e i
both by observation and experiment to affect the B it
of certain of the plankton crustacea. It is qui

ge!l
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that other substances may play a part in these changes.
Oxygen depletion and related phenomena are not as marked
in this case as in many others noted throughout the literature.
Correspondingly, the deeper water does not become un-
inhabitable, although there is a marked change in the dis-
¢ribution in the hypolimnion. The scarcity in the hypo-
limnion, after mid-July, of forms other than D. oregonensis
may also be a result of these changed chemical conditions, but
their very scarcity prevents detailed analysis of their move-
ments. It is believed that conditions less severe than those
cited from the literature may be instrumental in bringing
about changes in distribution, and that other factors, such
as high temperature or bright light, are at times inhibitory
to these avoidance reactions. It is quite possible that the
critical values discussed are not of universal application.
Temperature. The direct effect of temperature is illus-
trated by the distribution of several of the species investigated
in lake Nipissing. These have been discussed previously in
detail. The fact that the copepodid stage of D. oregonensis is
found only in lower-most layers, and changes its distribu-
tion but slightly with change in light intensity, would lead
one to believe that temperature is the important controlling
factor in this case. Limnocalanus, too, is restricted to the
cool hypolimnion after the upper layers have become warmed.
Epischura, on the other hand, definitely shows its preference
for the upper warmer layers.
- The temperature gradient at the thermocline is an
Important factor in the vertical distribution of many species.
his has not been as noticeable with respect to diurnal move-
Ments as is cited in so many instances in the literature, but
efinite effects have been observed in daylight distributions.
N most cases maxima are observed either above or below
the t}_lermocline, or in some cases in both epilimnion and
YDO_llmnion. Under such circumstances there is usually a
it: lr}lte scarcity of the species in the thermocline region
we - In very few cases other than in the group Cyclops
1 €re numbers found in this region equal to, or larger than,
Ose observed either above or below. It would appear that
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where a temperature gradient exists, the forms are able to
orient themselves and move toward favourable temperatures.
In some cases the temperature gradient is observed to be a
definite barrier to such selection of habitat.

Indirectly through a change in sensitivity to light, tem-
perature changes appear to affect the distribution of nauplii
and of Epischura. Our conclusion that the change in the
distribution of nauplii under higher temperature conditions
was a result of lessened sensitivity to light appears to be
contrary to the general view expressed by Welch (1935),
*“. . . higher temperature increases, while lower temperature
decreases the sensitivity’’. The necessity for experimental
investigation of this case is evident.

Wind. The direct effect of wind in causing changes in the
vertical distribution of the plankton crustacea has been
positively identified in only one instance. On August 21,
1934, collections were made after three days of heavy wind.
A fairly uniform distribution from surface to thermocline,
of all organisms, with the exception of Cyclops, was noted at
this time. In lake Nipissing, however, the plankton crus-
tacea reacted to other environmental conditions with suffi-
cient energy to overcome the effects of wind-produced
currents.

Indirectly the effect of wind action and cooling, in de-
pressing the thermocline in late summer and fall, increases
the volume of the epilimnion, so that its inhabitants, in many
cases, scatter. The depressed thermocline, which is here the
primary factor limiting distribution, also tends to con-
centrate the hypolimnial population.

Gravity. The effect of gravity on the distribution of these
crustaceans which are heavier than water is omnipresent.
In many cases the nocturnal change in distribution has been
attributed by us to a lack of an attraction towards light, apd a
gradual settling to lower strata. The effect of geotropisms
has not been discussed, since experimental evidence of 1tS
existence is lacking.

Age. Young and adults of some species have been shown
to differ with respect to their vertical distribution. Young
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forms usually predominate nearer the surface, as in the case
of Dap/mz'_a, and the nauplius stages of the copepods. That
the latter is not universal has been discussed. 1In the case of
D. oregonensis this ontogenetic difference in distribution is
evident.

Sex. The difference in the distribution of the two sexes
of D. minutus, as discussed on p. 39, is considered to be a
result of differences in sensitivity to light. Such differences
may be more general than would appear from the literature
yet they escape observation, due to the difficulty of determin:
ing the sexes during enumeration.

Specific differences. Throughout the study, it has
b?en observed again and again that each species reacts
dlffe.rently to changes in environmental conditions. The
vertical distribution of the limnetic plankton as a whole is a
rgsr_ll_tant of a complex of specific reactions to interrelated
llfmtmg an.d controlling factors. The effects of ontogenetic
differences in reaction and changes in sensitivity under differ-
ent related conditions further complicate the picture. Only
through. an analysis of the reactions of the individual species
and their developmental stages does any order appear.

Depletion by consumption. The consumption of large
numbe_rs of any zooplankter, by definite selection, as is indi-
cated in the case of the plankton feeder Leucichthys arted:
gLe Sqeur), may at times alter the concentration of a plankton
VOI'H{ In a ce'rtal{l region. This wo.uld affect the observed
e}l;tlca! distribution of the plankter if such distribution were
?ete ;i;m;e st-a;ble.- If .the predator ‘were concentrated and
e ex%enetav; y th}is might be 'of considerable importance, but
i of such consumption, :':md hence of the effect on
Plankton distribution, would be difficult to determine. It is

Significance of Results

E SW{ng to the great complexity of the interrelated effects
i rl.vm)mpental factors on the distribution of a highly
ganized biota such as the plankton crustacea, it was deemed
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necessary to obtain first-hand knowledge of the reactions in
the lake. The ultimate analysis of the relative importance
of these causal factors affecting vertical distribution will come
from experimental investigation. Accurate indices of the
effect of individual factors can be determined only under
controlled conditions. The types of reactions, and conditions
inducing these in nature, must be known, however, before the
above indices can be obtained with the expectation of success-
ful correlation with natural phenomena. As was stated in
the introduction, it was through an analysis of the distribution
and movements of the limnetic crustacea and factors impli-
cated therein that a deduction was made of the factors
responsible for observed differences. The tentative explana-
tions of the relative effect of these factors are given in order
to clarify the picture for future experimental work. It is
hoped that the suggested explanations may be of significant
value themselves, and may prove helpful in the furtherance
of the problem from this standpoint.

Part III. VARIATIONS IN SEASONAL ABUNDANCE OF THE
LimNETIC CRUSTACEA

Introduction

It has been shown that the plankton crustacea exhibit
decided differences in horizontal and vertical distribution,
and that the differences in vertical distribution are subject
to the seasonal as well as the diurnal cycle of environmental
changes. Information on the relative abundance of differgnt
species and the changes in the abundance of their respective
populations throughout the season is essential for a complete
picture of the population of limnetic crustacea. The figures
and tables indicating the vertical distribution during the
season do not show this seasonal abundance clearly, as the
numbers at different depths are plotted separately, and the
numbers of each species taken are plotted on different scales.
In order to illustrate these differences in seasonal abundance
as accurately as possible from the data at hand, the average
values for the population throughout all strata, at each date
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of sampling, have been calculated from the vertical series of
samples. These are indicated in figure 32, for station I in
1932, 1934, and 1935, and figure 33 for station II in 1934
and 1935.

Procedure

In 1932 collections were made from early July until early
October, with the “Juday’’ closing net, No. 20 bolting cloth.
The efficiency of this net is known to vary greatly in stage
haul collections, and without doubt, considerable variations
exist when collecting by total vertical hauls in different
plankton populations. Stage hauls taken with this net were
compared to plankton trap catches in 1933 at Trout lake,
Wisconsin. The average efficiency throughout all strata was
found to be 15.2 per cent. An efficiency factor of 6.6 has
thus been assigned to this net in the 1932 collections. The
varying efficiency of the net (p. 17) makes impossible any
comparison of the absolute abundance of the plankton in the
net collections of 1932 with that in the trap samples taken
in 1934 and 1935. However, the maxima and minima in the
seasonal trends may be compared, as they have been below.

The collections made in 1934 and 1935 were in all cases
vertical series taken with the plankton trap. To determine
the abundance throughout all strata, on a given date, the
counts were plotted against depth to 40 metres and the area
determined beneath the vertical distribution curve. The
average number per metre interval was obtained by dividing
the above figure by the depthin metres. Thisaverage number
per litre, per metre interval, is plotted against time in figure 32.
_ The effect of horizontal variations in the plankton popula-
tion has been discussed (p. 21). Indeed, due to the errors
In sampling occasioned by wide horizontal variations in the
Plankton population, it is felt that it is not legitimate to
Compare absolute abundance in different years even when
the plankton trap is used exclusively. Only the trends of a
S€ason’s samples are considered to be significant. Ricker
Suggests the use of a running average in comparing a series
of collections. However this was found to be insufficient to
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overcome the effects of horizontal variation and has, therefore,

not been undertaken in this instance, since it is felt that it z8 7] X i
! would tend to give a false impression of accuracy. /’ \ (/
| In 1932 the two species of Diaptomus were not enumerated 1 S 43 \
| separately as they were in 1934 and 1935. The upper panel 1 \] — { ¥
| of figure 32 has thus been divided to indicate the seasonal E f P e I S { &
|I fluctuations of each species in the two latter years. Meta- s ﬁ <
(| nauplii were counted only in 1935 as indicated in the third §§ 4/ Ve E’
|I| panel. Since the nauplius and metanauplius stages of all B e j \‘ g 2
| copepods are enumerated together, Cyclops and Diaptomus N N ] ] b o
i have been combined in the fifth panel to facilitate a com- ; 2
i'-l_ parison between seasonal abundance of adults and develop- 5 el
.i- mental stages. The major portion of the population of g, gg g
| D. oregonensis is made up of late copepodid stages, as dis- . 3 | s 2
cussed previously. | EEE A =i Z
gl — ( g
Variation in Seasonal Abundance—Station I < il J\ \) §
o ol |0 Q
The seasonal fluctuations in abundance of the different g 2137 = M £ b
groups, as indicated in figures 32 and 33, show no general E” \ i\ 3
S - - gig S
similarity and the fluctuations of the population of each group A .S =
are considered separately. Only the groups in which individ- ’ & 3 ji \ E
uals were abundant are considered. ' N ] b
Daphnia longispina (Miiller) P 8 g
The seasonal variation in the numbers of Daphnia taken é % 3 §
at station I is indicated in figure 33. Few are taken during g k: L o
May and June, but a marked increase is noted in July. There L. .
follows a period of decline and in August and September 2 g Sle = - e SR
second mode is observed. 5 | a:’{ _____ a4 | ( ________ 8
~|Bie

Diaptomus group g 2 \J /’ 8";
(a) Diaptomus oregonensis (Lilljeborg) in 1934 and 1935. 39? ~ 3
Il In 1934 D. oregonensis showed a slight tendency towards 2 ‘ ’Oi < 2
? ' bimodal distribution. Peaks occurred in late July and mid- 2o \ =

! August, although the slight depression in early August wWas
I probably not significant. In 1935 the distribution was
'|uf| unimodal, the definite maximal abundance occurring at 2
5' comparable period, although the rise to the peak took place
|
|
|
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somewhat earlier in the latter year. This seems to be cor-
related with a very rapid rise in epilimnial temperatures in
mid-July in 1935. _

The species was very scarce in May and exhibited only a
slight increase during June. The very rapid rise during July
was without doubt due to the marked concentration of im-
mature individuals in bottom strata, at this period. The
fact must be stressed here that this abundance was only local
and the result of concentration in a small area. In the
subsequent decrease of the D. oregonensis population, it is
difficult to determine the relative importance of consumption
by the cisco population, also concentrated in this region, and
the effect of the movement of matured individuals of the
species to upper layers. The depletion by consumption must
be an important item in this decrease, but no satisfactory
measure of its extent has been obtained. Neither can we
detect an increase of mature individuals in the epilimnion
resulting from a migration from the hypolimnion, since the
volume of water through which they may spread is so great.
The rapid decline of the curve in September is in reality only
an apparent decrease in the population, for it is due in a large
measure to the scattering of upward migrating individuals.

There is a definite suggestion that D. oregonensts was more
abundant in 1935 than in the previous year. Whether or not
this is a result of the effect of higher epilimnial temperatures
upon reproductive activity is not known.

(b) Diaptomus minutus (Lilljeborg) in 1934 and 1935.
In both 1934 and 1935 D. minutus was definitely scarce 11
May. The species increased more quickly than D. oregonensts
however, for as may be seen from figures 16, and 17 (pp- 59,
60) large numbers of adults were found throughout the €p-
limnion in June. In 1934 a definite maximum occurred 11
early July, followed by a decline and a secondary lesser
mode in late August. No such July maximum was observe
at station I in 1935, possibly because the mode is of such
short duration, or because of horizontal variations.

At station 11 a definite maximum was observed on July 10
in 1935.
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The secondary and lesser mode occurring when the tem-
perature was decreasing in the autumn is apparently signifi-
cant, since it was observed in both years.

(c) Diaptomus group in 1932. The seasonal fluctuations
in the two species of Diaptomus in 1932 show little more
than a maximum production in late July and early August
and a decline thereafter. If there were a secondary mode in
the abundance of D. minutus, it would not appear in this
diagram because of the influence of changes in the D. ore-
gonensis population at this time.

Cyclops group

This group is a complex of three species as discussed
previously, and as is evinced by the graphs no general state-
ment can be made as to the usual seasonal fluctuations. In
1934 and 1935 there was a definite maximum in June and
both graphs show an upward trend in September. In 1934
this autumnal trend leads towards a late fall maximum. Itis
possible that the minor fluctuations are a result of lesser
pulses of the different species.

Metanauplic and nauplii

The metanauplius stages of the combined copepodid
population exhibited a marked bimodal distribution in 1935.
The first mode is observed in early June, the latter in mid-
August.

Nauplii, on the other hand, show but one large maximum.
There are, however, indications of an early mode in mid-May
and a later mode in September.

Seasonal relationships between developmental stages and adult
copepods

Theoretically, maxima of adult copepods should be pre-
ceded by maxima of metanauplius stages, and these in turn
_ShOuld be preceded by maxima of nauplii. This progression
18 shown more or less definitely. It isevident that the spring
Nauplii are numerous in May and decrease in early June.
As the numbers of copepods in the nauplius stage decrease
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in the samples, metanauplius stages increase to their spring
maximum. This maximum of metanauplii in turn gives way
to the first marked increase of adults (plus copepodid stages of
D. oregonensis). After this increase in the number of adults
comes another peak in the numbers of nauplii. In their turn
the metanauplius stages increase and ultimately a second
increase in the numbers of adult copepods is found in late
August. The correlation is by no means perfect but appears
sufficiently clearly defined to lead us to believe that in lake
Nipissing the following is a general statement of reproductive
cycles. Overwintering individuals begin reproductive activity
at least by early May. Nauplii reach their spring maximum
by mid-May, and continuing development, produce maximum
numbers of metanauplii in early June. These in turn produce
the first maximum of adults in late June and early July.
Reproduction is rapid at this time and the seasonal maxi-
mum of nauplii is produced by these adults. The nauplii
develop, resulting in the second maximum of metanauplii in
mid-August, producing adults which may be overwintering
individuals. The nauplii present in September are presum-
ably progeny of these autumnal adults and may develop
slowly during the winter.

It is not known whether reproduction continues through-
out the winter. In this regard Birge (1897) states: “Diap-
tomus begins its decline in September or early October and
seems to make no provision for winter forms. Cyclops con-
tinues its reproduction activity throughout the year, at least
in periods, when the temperature of the lake is above 2°C.,
but with a rate of multiplication declining as the temperature
falls below 15°C. Larval copepods are present in great
numbers at all seasons, but their development into later
stages is checked in winter.” The statement made above
appears to hold for the copepod population as a whole. Itis
realized that there will be specific differences in production,
and that some species may produce more broods of nauplil
than the three observed. No study has been made by
us of the reproductive activity of the various species 25
evinced by egg-carrying females.
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Variation in Seasonal Abundance—Station I]

The seasonal fluctuation in abundance of Zooplankton
at station II has been determined similarly to that at station
[ and is indicated in figures 33 and 34. Fewer series were
taken during the season at this station, and this limits the
observation of seasonal trends.

Daphnia longispina (Miiller)

Daphnia show a bimodal fluctuation in abundance. Few
were taken until the rapid rise in numbers in mid-July, which
produced a maximum lasting two weeks. After a short

SEASONAL VARIATION IN NUMBERS Of COPEPODA STATION 11
1934 193§
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IGURE 33.—Variation in seasonal abundance of Copepoda, station 11,
1934 and 1935.

ﬁfno_d of decreased numbers, the second maximum occurred

varr;lld.-August and continued into September. The seasonal

it Sétlthn of t.he form at station II .follows fairly well that

. ation I in 1934, bqt the paucity of samples in 1935
€vents detailed comparison late in the season.

Diaptomuys group

iF}?W individuals of D. oregonensis were“taken at station 11,
€h may be taken as indicative of conditions throughout
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the shallow water area of the lake. The upper panel of
figure 33 indicates, in the main, the fluctuations in al_)undan_ce
of D. minutus. As was observed at station I, this species
reacts quickly in the spring and fairly large numbers of adults
are taken in June. The maximum abundance was ObserYe(i
in early July of both years. In gent?ral the population
declines after this period, but increases slightly in late August
and September.

Cyclops group
The number of Cyclops does not appear to vary greatly
during the summer season in the shallow water region.
SCALEL . .Y

SEASONAL VARIATION N NUMBERS OF DAPHNIA NO.PER.L. O 10 20 30
1934 1938
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"L\L 4% _.LL’\___/u/ |
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JIBANY AL

PT. |
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FIGURE 34.—Variation in seasonal abundance of Daphnia, stations I and II
1934 and 1935.

Metanauplic and nauplic

No spring maximum of metanauplius stages lt?ading to
the production of the D. minutus maximum in July 1s.observ-
able here. Only two series were taken during June in 1935,
and this very probably accounts for its absence. The fall
maximum observed at station I is indicated by a peak on
August 10 at station II. —

Although the nauplii exhibited a trimodal distribution 1n
1934 at station II, such as was also observed at station =
the lack of numerous collections in 1935 prevents detaile
study of seasonal fluctuations.
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Summary and Conclusions

The copepod population of lake Nipissing, as a whole,
apparently undergoes two complete reproductive cycles and
the production of a third brood of nauplii between the break
up of the ice, at the end of April, and mid-September. This
third brood may, or may not, mature before winter sets in.

An analysis to determine the importance of the individual
species of copepods, in the correlation observed between
developmental stages and adults, indicates that the popula-
tion of nauplii and metanauplii of D. minutus are dominant
in the relationships observed. D. oregonensis has a unimodal
seasonal distribution. It is believed that production of this
species declines after the end of July, and copepodid stages
are maturing slowly in the cold hypolimnion. These im-
mature stages are thus probably lost from the cycle of
seasonal variation after their first rapid rise in numbers in
early July. It has also been shown that this marked increase
is primarily the result of a concentration in a restricted area
rather than a production of larval forms and their subsequent
development. D. minutus, on the other hand, has one large
maximum in July, and after decreasing in abundance, a second
small increase in late August or September. This distribution
conforms closely with that expected from the observed varia-
tions in abundance of nauplius and metanauplius stages.
The numbers of Cyclops are too small to be of much impor-
tance, although both the immature stages of these and of
D. oregonensis must play some part in the variations in
abundance of nauplii and metanauplii.

GENERAL SUMMARY

The subject has been dealt with progressively in three
Parts. Part I is a consideration of the diurnal changes in
the vertical distribution of the limnetic crustacea. Part II
deals with the seasonal changes in their vertical distribution
as effected by changes in environmental conditions. Part III
1S a discussion of the seasonal changes in their abundance and
an analysis of the reproductive activity of certain species.
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The results and conclusions of each of thes_.e phases of the
investigation are summarized at the end of each part on
pages 47, 93, and 109 respectively. : ;

The general features of the paper are outlined in the
following. .

Lake Nipissing has an area of 345 square miles, and fqr
the most part is rather shallow. Two-thirds of this area is
less than 30 feet in depth, and only half of one per cent is
deeper than 75 feet. The restricted area of deep water is,
however, of great importance, since 1t 1s_the only portion
remaining cool throughout the season. This deep water loses
much of its dissolved oxygen and becomes progressively more
highly saturated with carbon dioxide during the summer.
The major area of the lake is warmed and remains well

enated throughout the summer season.
oxy'g[‘he limnetic gcrustacea of the lake are listed (p. 29).
Six species and one group were taken in sufficient abundance
to determine their distribution. .

Through a statistical analysis of a number of collections,
it was found that of these entomostracans, none was ran.domly
distributed laterally over the lake at all depths. .ThlS was
taken into consideration in comparing differences in vertical
distribution, and no attempt was made to compare the
productivity of lake Nipissing with other lakes.

Definite diurnal migrations were exhibited by the plankton
crustacea, and these indicated that light, modified by other
environmental factors, was the most important causal factor
involved. There were specific differences in response to.thesel
changing conditions, and the type and extent of the dmfng
migration of any one species differed at different perio¢s
during the season. o

Ingspite of the marked variation in horizontz_ﬂ distrlbutloflﬁ
the great difference in the numbers of individuals of ea(;n
species at different depths was so marked, and the trgndille
the change in abundance from depth to depth so noticed l ,
that seasonal differences in vertical distribution were definitely
established.

. : ; t
Field observations and experimental evidence showed tha
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the factors of light, temperature, oxygen, and carbon dioxide
were important in determining these changes in vertical
distribution.

Although in most cases there was evidence that maxima
in strata near surface were held there by a positive photo-
tropism, usually a scarcity existed in the immediate surface
layers, evidently caused by the repellent effect of intense
light.

The direct effect of temperature was evidenced by the
distribution of several of the species investigated in lake
Nipissing. The fact that immature Diaptomus oregonensis
was found only in lowermost layers, and changed its distribu-
tion but slightly with changes in light intensity, would lead
one to believe that the important controlling factor was
temperature in this case. The temperature gradient at the
thermocline was an important factor in the vertical distribu-
tion of many species. In most cases maxima were observed
either above or below the thermocline or in some cases in
both epilimnion and hypolimnion. Under such circum-
stances there was usually a definite scarcity of the species in
the thermocline region itself.

The decrease in dissolved oxygen content and related
carbon-dioxide increase have been shown to affect the distri-
bution of certain of the plankton crustacea of lake Nipissing.
Late copepodid stages of D. oregonensis were found only
!)elow the thermocline. These were concentrated at bottom
In early summer. Later there was apparently a movement
to intermediate hypolimnial layers which was correlated with
a decrease of oxygen to 3.5 cc. per litre and an increase of
carbon dioxide to approximately 10 p.p.m. in the lower
hypolimnial layers.

The reaction of the limnetic crustacea to the above-
Mmentioned factors was modified by age, sex, and specific

ifferences of individuals. g

The copepod population as a whole underwent two com-
Plete reproductive cycles and the production of a third brood
of nauplii between the end of April and mid-September.
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TaBLE 14.—Depth distribution of plankters, station I, 1934 and 1935 (numbers per litre).
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TABLE 14 (continued)
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TaBLe 15,—Depth distribution of plankters, station 1I, 1934 and 1935

(numbers per litre).

Daphnia, 1034

Month \% VI VI VII VII VII VIII | VIII | VIII | VIII
Day 19 9 19 2 12 24 6 14 21 28
Depth in
metres
0.2 1.7 0.2 8.0 1.0 2.0 1.0 2.5 10.0 0.7
3 0.9 2.0 2.8 9.0 7.0 | 14.5 7.5 | 10.5 12.0 | 16.0
5 0.3 3.0 4.5 7.0 8.0 | 10.5 5.3 | 10.5 11.5 9.3
8 2.5 2.0 3.0 3.0 4.5 2.0 3.7 14 .4 4.5
10 ? 1.0 1.0 2.2 2.5 | 10.8 1.8 3.0 [11.6 4.2
12 ? 0.8 0.7 1.2 3.5 ? 3.2 4.0 ? 3.2
Daphnia, 1935
Month \Y% VI VI VII VII VII VIII | VIII IX
Day 26 6 22 10 10 20 11 11 21
day night day night
Depth in
metres
0 1.2 1.0 1.5 5.5 0.6 11.5 0.4
1 7.0 1.5 | 20.0 | 27.0 4.0 3.0 112.5 2.5
3 0.1 4.5 2.0 | 185 |[27.5 3.0 7.5 13.0 2.5
5 2.0 1.5 | 14.7 | 23.0 3.0 7.0 | 17.0 5.0
8 0.2 1.5 3.2 |10.5 | 17.0 5.7 6.0 | 20.0 3.5
10 0.2 1.0 1.0 |12.5 | 14.5 8.0 8.0 6.0 3.0
12 0.1 1.0 1.5 6.0 8.5 ? ? ? ?
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TABLE 15 (conlinued)

Holopedium, 1934

Month
Day

VI
19

VII
12

VII

VII
2 24

VIII

VIII

14 21

VIII

VIII
28

Depth in
metres

10
12

T CONWE
NN OCTOY

0.1

¢ OOoONO
e E=

Holopedium, 1935

Month
Day

VI
22

VII
10
day

VII
10
night

VII
20

VIII
11
day

VIII
night

IX
21

Depth in
metres

bt
WO Wo

1.5
0.3
0.1
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