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A previous study of the effect of inert compared with measurements in which the

gases on oil-water emulsions suggested a drop contained several paramecia. Data char-

mechanism whereby these gases could pro- acterizing the spiral paths were obtained

duce narcosis (Sears and Fenn, 1957). Ex- from experiments with P. multimicronucle-

tension of this research to a biological sys- atum: these data allowed us to test for a

tem was desirable. Reports that narcotics, relationship between speed and shape of

e.g., chloral hydrate, affected cilia and hence path. Finally, consideration was given to

movement of paramecia (Alverdes, 1922) relative errors of one and two dimensional

led us to investigate effects of pressures of measurements of the three dimensional path,

inert gases on movement of these organisms. Methods and measurements.—Hanging
The theoretical work of Ludwig (1929) and

drop preparations of paramecia were used

the behavioral studies of Jennings (1923) in most of the work. Pyrex discs were suf-

presented factors involved in movement of ficient in size to permit observation of three

paramecia. However, to use movement as a
drops during an experiment. Paths of free

criterion of narcosis, these studies and others swimming paramecia were traced on paper
consulted did not yield sufficient quantita- using a camera lucida and timed with a stop
tive information in the following aspects: watch. Lengths of these lines were deter-

( 1 ) the three dimensional nature of the mined with a map measurer. The length

movement; (2) the basic measurements re- divided by the magnification gave an esti-

quired to define the spiral path generated mate of the distance traveled by the para-

by the movement; ( 3 ) the most accurate mecium. A value for speed at a particular
method for estimating distances traveled; time represents a mean speed determined

and, (4) whether measurements of move- from at least five tracings of whatver para-
ment of single paramecia or of groups would mecia appeared in the field during the two

yield more reproducible data. Only by fur- to three minutes usually required to make
ther characterization of paramecia move- the tracings. Measurements were made al-

ment was it possible to observe and quanti- ternately on the drops. Mean speed and

rate narcotic action. This paper is a study standard deviation were calculated for each

of movement designed to supply the neces- of these short periods of time. This pro-

sary quantitative information. cedure was used especially for measurements

Data on speed were obtained from single with single paramecia.

individuals and groups of Paramecium cau- for comparison with these experiments,
datum and groups of P. multimicronucle- a chamber as designed by Ferguson (1957)
atum under conditions which allowed de- ^as constructed. This stroboscopic dark

scription of typical speed, variability in field illumination method was used in ex-

speed during short time intervals, and change periments with P. multimicronucleatum.

in mean speed over long periods of time. Paramecia paths were photographed and re-

Individual differences among paramecia un- suited in streaks on 35 mm film. The nega-

der the same experimental conditions were tives were projected with a microfilm reader,

explored. Variations in measurements on A typical record for this type illumination

single paramecia in a drop of media were is shown as figure 1. Due to the large num-

1 This research was begun with funds supplied by Office of Naval Research Grant

#NR-100-281 at the University of Rochester, Department of Physiology. Work with P.

multimicroniicleatum was supported by United States Public Health Service Grant #RG-
5713, and carried out at Tulane University.
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Figure 1. PhotoRi'aph of paramt'cia paths with strolioscopic daik field iHumiiialioii
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bers of measurements, the data were pro-
cessed with the IBM 650 computer.

-

The shape of paramecia paths..
—The shape

of a Paramecium path has been described as

helical ( Ludwig, 1929). Determination of

the three dimensional distance traveled may
be derived from the parametric equation for

a helix:

2 = a^

X = a cos^

y = asin^

As shown on figure 2, the width of the spiral

is 2a, and the progression is assumed to be

along the z axis of a Cartesian coordinate

system. If Lg represents the distance a Para-
mecium travels in three dimensions for one

complete rotation, i.e., 6 going from to Iw,

then

L3 = \/ ( 27ra„ )
-
-f 2„-

Obviously when a = 0, L3 =r 2. Both z and

a are available from sketches of paramecia

paths or from photographs.
From these two measurements (z, a) the

helix can be completely described. Thus the

angle of progression ( a ) is given by

z
tana =

da

The tangent of this angle is the ratio of the

distance along the major axis of the helix

to the circumference of the cylinder about
which the rotation occurs. The curvature K
of the path at every point on the helix is

cos^ a

a

when a is 90°, cos a is and the Para-
mecium is swimming in a straight line.

Torsion T in terms of a was given by Lud-

wig as:

sin 2a
r=

2a

when the torsion is equal to curvature, the

length of the spiral z is equal to the cylinder
circumference about which the spiral is

wound.
It has been reported (Walton, 1916, Eb-

becke, 1935, and Sears, 1957) that rotation

about the longitudinal axis of the organism
or the curvature of the path changes under

- We are indebted to Mr. Bill Nettleton,
Tulane Computer Center, for his assistance
in programming i.nd will gladly make this

program available to any investigator.

various conditions. This was the predomi-
nant effect determined for the response of

paramecia to high pressures of argon ( Sears,

1957).
Errors in the measurement of distance.—

As already stated, we can calculate the three

dimensional distance, L;^, by measuring the

length of the major axis of the helix z and

its radius a. Also it is possible to measure

the distance L2 with a map measurer fol-

lowing along the curve obtained from the

tracing or photograph of the path. Finally
2 may be measured with a ruler.

In our early experiments we determined

the Li; distances and reported these in the

majority of cases. Lj measurements give
more accurate results than straight line dis-

tances and allow easy estimates of rotation

(see appendix). The availability of a com-

puter made calculations of L3 feasible in our

recent experiments. The ratio of mean width

to mean length of a spiral for P. multimicro-

nucleatum was 0.041. Therefore the error

as a proportion of L^ when the distance is

estimated by L^ would be about one percent.

However, the estimate obtained from z

measurements would give a three percent
error compared to L^.

Determination of speed.
—

Primarily we

sought to describe a pattern of movement
of paramecia over time periods. There is

possibility for variation in this pattern due

to different experimental situations; differ-

ences in species, media, temperature, age, or

pH. These sources of variation are fairly

easily controlled. There are other variations,

however, which are not amenable to external

control. A simple Paramecium will vary its

speed during even short periods of observa-

tion. Therefore, it is desirable to report the

mean and standard deviation of speed meas-

urements for these short intervals of time.

There is variation: (1) between speeds of

single paramecia in the chamber at the same
short time interval but in different drops;

(2) in patterns of movement of two differ-

ent paramecia over a long time interval; and,

(3) variation between experiments (between

single paramecia and between groups of

paramecia). In an attempt to study external

factors which might cause variability in

speed, we measured speed of single individ-

uals and groups of P. caudatum in tap water,

lettuce media, malt media, and in a solution

recommended by Chalkley (1930). This
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solution contained NaCI (0.1 grams), CaCb
(0.006 grams), KCl (0.004 grams), NaHCOy
(0.004 grams) in one liter of water.

Basic variability.
—

Figure 3 illustrates ex-

perimental data for single individuals of P.

caudatum. One paramecium was placed in

each of three hanging drops in the chamber.

Four short interval sets of measurements
were made on each drop. The five measure-
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508-

254-

ments made on each paramecium during
each short interval are plotted, and we see

that during a period of 2 minutes a para-
mecium may change its speed by a factor of

two, although this is unusual. The extent to

which the three paramecia differed in their

pattern of speed with time is also illustrated.

The set of data available for single P. cau-

datum was obtained from experiments in-
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volving 80 drops each containing a single

Paramecium and involved a total of 219 sets

of two or three minute intervals, taken from

two minutes to 30 hours after the paramecia
were placed in the chamber. The vast ma-

jority of measurement intervals were during
the first 8 hours. Several media were used.

Means and standard deviations of the five

(or more) measurements made during the

short intervals were studied.

Speed of single P. caudatum.—Standard

deviations were computed for each of 219
two-to-three minute intervals, and differed

greatly. Even within subgroups of the same

media, temperature, pH, and time, differ-

ences corresponding to a factor of ten were

observed. Distributions of these short in-

terval standard deviations for Chalkley and

other media (malt, lettuce, and tap water

suspensions of paramecia ) are illustrated in

figure 4. Shown also are distributions of

short interval standard deviations for drops

containing more than a single paramecium.
With several paramecia in the drop, stand-

ard deviations were only slightly larger than

those for measurements made on single or-

ganisms. With respect to speed vieasme-

ments little is to he gained by limiting ex-

periments to a single organism per drop.

Speed of P. caudatum and P. multimicro-

nucleatum.—In general, speed of both spe-
cies decreases from the beginning of experi-
ments but tends to approach equilibrium by
the end of the third hour (fig. 5). This

equilibration time seems to be characteristic

of hanging drop preparations. Ferguson
(1957) did not report any such long equi-
libration required to attain a mean speed
when his chamber is used, and our experi-
ments with his chamber bear this out. We
suspect that variation in COi: tension of the

drop makes equilibration necessary; we are

now investigating this possibility.

Speeds measured in all experiments on
both single or many organisms in a drop
were averaged for each 100 minute interval.

The time interval extends to 700 minutes.

Scattered measurements at more than 2,000

minutes confirm the tendency to an equi-
librium speed reached after about 300 min-

utes. Initial high mean speeds were fre-

quently accompanied by large standard de-

viations.

The relationship between short interval

means and standard deviation was examined

graphically. For mean speeds in excess of

900 microns per second the standard devi-

ations were, in the large majority of cases,

also large. For moderate speeds, typical after

three hours (254 to 635 )u, sec), no relation-
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Figure 4. Standard deviation.s of measurements of short intervals speed pfrouped accord-
ing: to observations on sinp:le and many paramecia in a drop and in different media.
Other media include tap water, lettuce media, and malt media. The values for standard
deviation are in inches per second and must be multiplied by 25,400 to convert into /n/sec.
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Figure 5. Speed of P. caudatum and P. mitltimicronucleatum. Bars through each point
indicate standard deviations rather than standard errors of the mean since the great
variability in speeds is of fundamental interest. Circles refer to P. caudatum and dots

show mean speed for P. multimicronucleatum.

ship between short interval mean and stand-

ard deviation was detected.

Ferguson (1957) reported that thirty

measurements are required for computation
of a mean average velocity. From our meas-

urements we estimate that mean speed of

P. caudatum at 500 /^/sec with a standard

deviation of 127 jj./ sec. At least 70 speed
measurements are required to reduce the

error of the mean to three percent, and 625
are required for a one percent error. Thirty
measurements lead to nearly 5% error of

the mean from these values. This may be

another difference in hanging drop prepara-
tions and the closed Ferguson chamber.

Characteristics of the path of P. multi-

micronucleatum.—From photographic trac-

ings we were able to measure length z as

the distance from one peak to the next, and

width a as half the depth of the valley of

the track, ( see fig. 1 ) . "We analyzed the

length and width of the spiral only for P.

multimicronucleatum. There were many
paramecia in each drop under observation.

Photographic tracings of movement were

measured at 173 X magnification. Length
and width of one complete spiral turn were

studied in relation to corresponding speed.
The data covered a wide time interval and

several temperatures. The greatest number
of measurements were made at 20° C. As

many as 10 measurements of the spiral were

obtained at each short time interval. Meas-

urements of a, z and speed were made on a

total of 334 paths.

The set of 334 paths studied were first

ordered on speed. In studying change in the

mean values of a and z with speed, speeds
were grouped in intervals of 130 /x sec

(0.005 inches/sec). Means are plotted in

figure 6. Of the three variables, a, z, and

speed, the diameter of the spiral, a, had

much the largest relative variability. Part of

this effect may be due to the fact that, in

relative terms, measurement error in a was

larger than in z or in speed. It will be seen

from figure 6 that there was little change in

average length or width of the spiral over

the speed range. If a relationship exists it

would be a tendency for z to increase with

speed.

The relationship of a to z was examined

by plotting (a, z) pairs for paths corre-

sponding to the 120 lowest speeds (281 to

635 /^/sec) and for the 120 highest speeds
(889 to 1651 /i/sec) (fig. 7). In each of

the two groups correlation between a and z
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Figure C. Mean width a and length z of the spiral of P. mult iinicronucleat ion related

speed. At the top of the figure are the numbers of obseravtions for each speed grouping.

was weak but positive. There was some

tendency for large values of a and 2 to occur

together, and this tendency was stronger at

high speeds than low.

Sets of measurements made on the same

drop during a short period of time were also

studied. Short intervals means ( a, z ) were

plotted against each other. Again positive,

but weak, correlation was observed. The
times covered ranged from 5 to 422 minutes

after paramecia had been put into the

chamber. These times seemed to bear no

relation whatever to a or z values.

From experiments carried out at 20° C,

four short interval sets of measurements

made during the first hour after putting

paramecia into the chamber were analyzed,
and compared with four siiort-interval sets

of measurements made after 172 minutes.

Coefficients of variation were as follows:
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Time (in minutes)



]V^ Tulane Studies in Zoology Vol. 8

Since there were many (perhaps 10 to 12)

paramecia in each drop studied, we cannot,

on the basis of these data, say what part of

the variability observed is a reflection of

difference between paramecia. We have only

begun to study the variability in spiral shapes
of single paramecia.
An interpretation of the spiral rnove-

ment.—A theoretical study of spiral move-

ment of ciliates was reported by Ludwig. He
stated that two forces are responsible for

the spiral path: one, a force which alone

would cause the organism to go in a circle;

the other, a force which causes the organism
to rotate about its longitudinal axis. A canoe,

if paddled on one side more strongly than

the other, will travel in a circle with the side

having the greatest force applied directed

outward. Ludwig stated that force exerted

by cilia of paramecia on the aboral side nor-

mally exceeds that applied by the oral side.

This causes the organism to make a basic

circle. There is a rotation component to the

force which cilia are supplying which causes

the organism to rotate about its longitudinal
axis. This rotatory movement has been at-

tributed to the obHque direction of the cilia

beat from left backward, toward the right.

The organism, therefore, may start moving
in a circle to the right, but due to accom-

panying rotation of the organism, the circle

changes to be directed upward, then to the

left, downward, and finally to the right

again. Thus, a spiral results.

Ludwig stated that characteristics of the

a large value for z and smaller for a).

( 2 ) If the torsion remains constant but

the curvature increases, the spiral line be-

comes fatter (z would decrease) and the

width a would increase until the paramecium
makes an angle of 45 with the XY plane

(assuming progression along the Z axis).

As the angle decreases toward zero, the

width of the spiral would then decrease.

( 3 ) Asymmetry in rotatory force com-

ponents causes a widening and flattening of

the spiral path.

Ludwig (1929) and Bullington (1925)

attempted to determine whether character-

istics of spiral patterns would aid in classi-

fication of ciliates. Bullington concluded

that among species "speed of swimming is

directly related with the number of spiral

turns. Increasing the speed increases the

length of the spiral". It was this statement

and the first rule of Ludwig's which caused

us to investigate whether, in order to in-

crease their speed, paramecia of the same

species alter the spiral paths which they
follow.

Three values for curvatures given above

are constant (0.0017 /i."')- The torsion

changes and in this case, in agreement with

Ludwig's generalization, the radius, a, varied

inversely with the torsion; the length of the

spiral increased. The question arises to what
extent a single paramecium can produce
these changes. The following values were

obtained from a single P. midtimicYonitde-

atum in a hanging drop:
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ance of forces on the oral and aboral sides.

we may conclude that this ratio of forces

was generally maintained. The torsion indi-

cates the variation in direction of the cilia

beat. There is a weak relationship obtainable

from the extremes of the speeds that indi-

cates that the length of the spiral increases

with increase in speed. However, the middle

speed values do not show any clear evidence

for such a relationship.

As we have shown, there is much variation

in the shape of paths which paramecia fol-

low. However, our mean path length and

width agree closely with those found by

Bullington for P. multimicronucleatum.

paths of paramecia is illustrated in the fol-

lowing data (25° C).

Experiments
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The mean speeds obtained here agree closely

with those obtained by other investigators

and lend support to the use of the change in

mean speed as an index of response in cer-

tain experimental situations. However, com-

plete characterization of the spiral path is

desirable to give information about the force

and direction of the cilia activity.

Summary

( 1 } Three measurements are necessary to

characterize movement of a paramecium;

length of the spiral, width of the spiral, and

speed of the organism progressing along
this path.

(2) Of the three methods of estimating

the actual distance traveled by a paramecium

per unit of time, calculating the three di-

mensional path length ( L.s ) is the most ac-

curate. The distance measured along the two

dimensional projection of the path may be

expected to give an error of about 1 ^r com-

pared with L.s; the straight line distance

underestimates L.s by about 3'^-

(3) Hanging drop preparations of para-

mecia are characterized by rapidly changing
mean speeds during early periods after for-

mation (time< 180 minutes). After equi-

libration more stable mean speeds are ob-

tained.

( 4 ) The mean speed of P. caudatum at

25° is between 400 and 500 /x/'sec. For P.

multlrwcrnmicleatum this mean is between

600 and 700 /x/sec.

( 5 ) Measurements of mean length and

width of the spiral of P. rnultiniicronucle-

atum in hanging drops give: length z =
1121

/J,,
width a ^ 46 IX.

(6) There is little advantage in meas-

uring speed on many single paramecia indi-

vidually as compared to groups.

Appendix

Error Involved in Measurement of

Distance

The actual distance traveled by a Para-
mecium may be calculated if one assumes

that the organism swims along a perfect
helix. There are two other measures of dis-

tance traveled which are considered less ac-

curate estimates. One is the length of the

curved two dimensional projection of the

path, the other is the straight line distance

from start to finish {z on fig. 2 ).

The three dimensional distance traveled

may be derived from the parametric equa-
tions for a helix:

z = a^
X =: a cos 6

y ^ asin ^

If L.-? is the arc length the paramecium travels

during one complete rotation (B doing from

to 27r) then

L;5= V (27ra)- + z-

where a is the radius of the helix and z is

the distance traveled in the direction of the

major axis during one rotation.

If one measures the two dimensional pro-

jection of the path as shown in figure 2, the

accuracy of this estimate is between z and

L3. Comparison of the length of the two

dimensional path, Lo with L3 may be made

by also determining this length from a and

z as was done for L^. If

iir

then the two dimensional arc length cor-

responding to one complete rotation, L^ is

given by

/-;T(b- + a-cos-^)i/-d^
L2 ^^ 1

;°

= 4(a^ +
b^^)V^j^

where
2

Ko
a2 + b-

Here the elliptical integral will not simplify

therefore, it must be evaluated for each value

of z and a from tables. ( Mathematical

Tables from the Handbook of Chemistry and

Physics, Ed. 9, page 238.)

The relative errors, L^ - z and L.j
- L2 can

~U U
both be expressed as functions of the ratio

a/z:

Lq - Z =r

L.-5
- U =

where E is

l-((27ra/z)- + l)-V2

1 - (2 '7r)E

JT'/2

( I -K-sin-^)'''-d^

These relative errors are shown graphically
in figure 8.
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