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The tendency of the mud-snail, Nassarins, to veer away from an initial south-
ward path, in the carth’s magnetic field, displays both a solar-daily and a lunar-
daily rhythmic component. It was demonstrated (Brown, Brett, Bennett and
Jarnwell, 1960; Brown, Webh and Brett, 1960) that an increase in intensity of
the horizontal component of magnetic field from the earth’s natural one, 0.17
gauss, to 1.5 gauss increased the veering tendency. The increased turning in
response to experimentally angmented field also showed, parallelly, both solar
and lunar daily variations and their derivative by periodic interference, the synodic
month.  The south-directed snails were able, furthermore, to distinguish between
1.5-gauss horizontal fields which were parallel to their body axis and to the
carth’s field and those which were at right angles to them both (Brown, Bennett
and Webb, 1960; Brown, 1960).

In some preliminary experintents it was found also that Nassarius, while
bemg held in a uniformly illuminated field, appeared to distinguish among the
four compass orientations, north, east, south and west, and to exhibit a mean
path characteristic for each of these directions (Drown and Webb, 1960). This
compass-directional phenomenon seemed to possess a monthly modulation.  The
pattern of ditferences of turning for the four compass directions during the fort-
night centered on full moon, in each of two consecutive months, was of large
amplitude and unimodal with maximum right turning when north-directed and
minimum when south-directed.  For the alternate fortnights, those centered on
new moon, the pattern was bimodal and of approximately half the amplitude,
with maxima in right turning when ecither north- or south-directed and minima
when east- or west-directed.

FExperiments with the planarian worm, Dugesia (Brown, 1962a), have re-
vealed a comparable compass-directional  phenomenon with right-turning  when
the worms are directed either northward or southward and left-turning when
directed either eastward or westward.,  The horizontal veetor of magnetism was
shown clearly to he involved in this response by experiments in which a horizontal
bar magnet, producing a S-gauss field at the level of the worms, was rotated
heneath the orienting worms.  The worms behaved as would have been expected
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lad the apparatus itsell simply been rotated in the carth’s field.  Towever, (o
a rotated 10-gauss horizontal field the resulting pattern was  essentially  the
inversion, or mirror-image, of that observed for the S-gauss and for the carth's
natural one.

The following experiments were designed to determine more decisively whether
mud-snails actually do exhibit such a compass-directional phenomenon in the
earth’s field, and if so, to learn more concerning its characteristics, including its
degree of reproducibility or variability and whether it is, as proven for the worms,
dependent at least in part upon response to magnetisi.

METHODS AND MATERIALS

Mud-snails, Nassarius obsoletus, were collected every few days ‘from Chapo-
quoit beach on Buzzards Bay near Woods Hole, Massachusetts.  The apparatus
was essentially the same as that employved in the ecarlier published experiments
(Brown, Brett, Bennett and Barnwell, 1960). There were, however, two dif-
ferences. [irst, the visual field into which the snails emerged from their corral
was, among the experiments, in some cases svinmetrical and in others asymmetrical
with a black background to the left and a white one to the right. Second, the
sectors of the grid for recording the clockwise or counterclockwise deviations of
individual snail paths at the end of three centimeters of free movement were
11.25° ones for the experiments conducted in 1961 and 1962 instead of the 22.5°
ones emploved in 1959 and 1960. However, as in the earlier experiments one
sector was centered directly ahead of the corral exit (0°). The experimental
observations consisted of ascertaining the amount of turning of snails as either
the whole apparatus or, instead, simply a horizontal experimental magnetic field
was rotated.

Ovrientation of apparatus itn the carth's field. The data on the relationship
between geographic direction of the snails’ mitial orientation and their subsequent
turning tendency were obtained from four experiments. In three of these experi-
ments series were run always in quadruplicate, involving four observers using
four identically constructed pieces of apparatus. The fourth experiment was
run i duplicate.

Iixperiment I was done during the summer of 1960 on 43 different days be-
tween June 30 and August 30. In this experiment the snails emerged from the
funnel-shaped neck of their corral into a symumetrical, white field. Five snails
emerged in each of the four compass directions, north, east, south, and west, and
then the series was immediately repeated in the same sequence. The average
path of the ten snails for cach direction was determined. The observations were
made always between 1:00 and 3:30 pa.

Experiments IT and 11I were both performed during the summer of 1961.
The conditions of these two experiments differed from one another and from the
conditions of the 1960 experiment. The snails now emerged into an asymmetrical
visual field with a black background to left and a white one to right. The mean
paths of all snails in both these experiments favored clockwise turning; the snails
were, on the average, positive in phototactic response.

Experiment 11, totalling 17 quadruplicate serics. involved two series obtained
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cach week between June 22 and August 17, inclusive.  Between June 22 and
July O the mean path for cach of the four geographic directions was obtained from
series 1 which additional experimental variables were interpolated (for another
purpose) between the successive simple directional ones.  Each series comprised
cmergence of snails under each of 13 conditions: N-directed, two experimentally
modified magnetic conditions; E-directed, the same two modified magnetic condi-
tions: S-directed, the two modified fields: \W-directed, the modified fields; and
finally N-directed in a reversed asymnmetrical field.  For each daily series, con-
ducted always between 1:00 and 3:30 rar, five snails were permitted to emerge
from the corral under each of the 13 conditions, and then, immediately, five snails
emerged under each of the 13 conditions in the reversed order of the series.
IFrom these series the values obtained for the N-. E-, 5- and W-directed samples
were isolated and used in the analysis presented in this report.  From July 11
through August 17, the series was simplified to the four compass directions alone,
with five snails emerging in each of the four directions in a clockwise order
(N, L5, s and W) ; then, at once, the series was repeated in the reversed order.
As with Experiment 1 these data were reduced immediately to the mean path for
the samples of 10 snails for each direction. The data obtained after July 10
appeared to yield a pattern consistent with those obtained for the period before
this date.

Experiment T comprised 25 quadruplicate series obtained during the period
of June 21 through August 18 uwsually on three days of each week. .\ series
consisted of recording five snail-paths under each of a sequence of 14 conditions
and, at once, the paths of five snails under the same conditions but in reversed
order. Again, the experiment was conducted always between 1:00 and 3:30 par.
The conditions in this group and their serial order were: N, NI, L, S, S,
SW, W, NW and five magnetically modified fields followed by a N-directed.
reversed asymmetrical visual field.  The last six conditions were inctuded for
another purpose.  I'rom this series the results obtained for the N-, E-, S- and
W-oriented samples were isolated and treated separately for comparison with
the data from Experiments 1 and [I.  However, the data of all eight compass
dircetions were also analyzed as a nnit, and the results were compared with those
of a later experiment employing the same eight directions.

Experiment 1V comprised directional observations made in 1962 in associa-
tion with a study of response to alterations in electrostatic fields.  Series were
run on 27 afternoous between June 20 and A\ugust 17, inclusive. Two observers
ach recorded the paths of five snails for cach direction as the apparatus was
rotated from N to NI to 19 1o SI&. FFor each direction the snails were subjected
first to equipotential plates to right and left followed by a 2-volt/em. gradient in
the air with the positive plate frst to right and then to left.  The order of the
last two conditions was alternated from one series to the next.  lmmediately
upon completion of the series, the order was traversed in the reverse sequence,
again with five snails for cach condition.  Meanwhile two other observers were
carrying out observations with fully comparable series but for the directions
S to SWoto W to N, and the reverse.  From these series the mean paths for
cach of the four divections, N, [, W oand S, with the equipotential fields were
isolated and compared with the data for the preceding two summers. The data
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for the entire eight directions were also considered in comparison with those
eight obtained in 1961.

Rotation of an experimental horisontal magnetic field. In a second kind
experiment, \, snails were observed as they emerged from the corral in apparatus
oriented so that the orgauisms always moved initially north but with different
orientations of an experimental, horizoutal magnetic field. This experiment was
always performed by four observers working concurrently with four sets of appa-
ratus. .\ total of 26 quadruplicate series were recorded between June 21 and
August 18, 1961, The series were always obtained in the morning between S:30
and 11:00, three days a week. Each experimental series comprised recording
the path of snails 111 a series of conditions as follows: (1) controls in the earth’s
natural field, (2) horizontal experimental 3-gauss fields with S-pole of the bar
magnet directed 1 each of eight compass directions The sequence in the series
was on each occaston as follows: (1) control: (2) 0° (N): (3) 437 (NE):
(4) control; (5) 90° (E): (6) 1353° (SE): (/) control; (8) 180" (S): (9)
225° (SW): (10) Ct)ﬂ[lul‘ (11) 270° (W) (12) 315° (NW); and (13) control.
The paths of five suails were determined for each condition from 1 through 13,
and then, after assaying the paths of 10 snails in a reversed asymmetrical field.
passing back through the series from 13 to 1. By this procedure, coutrols in the
two-way series both mmmediately preceded and followed each experimental mag-
netic ortentation.  The mean path of the 10 snails for each experimental condition
was then determined and expressed as the difference from the mean of all control
paths.

oA double experiment: Rotation of (1/71‘7(1111/11 and rotation of J-ganss field.
Additional experiments were done (lurmg wornings of 1962 from June 21 through
August I8 One of these, Experiment VI. resembled Experiment [V except
that it was conducted between the hours of 8:30 and 11:00 aar instead of 1:00
and 3:30 ey, Twenty-six duplicate series of 8 compass directions were thus
obtained by four observers working concurrently and cooperatively.  On alternate
nornisgs, snmlar]\ usually three days a week, 26 quadruplicate series (lixperiment
V1), were obtained as follows. The snails were always directed maguetic north
but were subjected. in shuffled order, to 16 conditions. Twelve of these involved
horizoutal fields of 3 gauss with the south pole of the bar magnet orieuted in 12
compass directions; for the remaining four conditions the experimental field was
removed completely so as to provide controls in the earth’s field.  The twelve
directions of the 5-gauss field were 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°
157.5°, 180°, 225°, 270° and 315°. s in other series, the 16 conditions were
assayved by five sn:ul paths first in one order and then in reversed order. The
mean path for each of the compass orientations was then expressed as the differ-
ence from the average path for all controls in the same series.

ResuLTs

I. dpparatus rotation in the earth's ficld

a. lour compass directions. The relatiouship between turning tendency of
snails during the first three centimeters of free movement aiter emergence from
a corral exit and the compass direction in which the exit was directed was deter-
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mitea 11 the following manner from the data of the afternoon experiments I for
1060, T and 111 jor 1961, and IV for 1962 and the morning group VI for 1962.
The mean path of all snails for the two or four replicate series for the particular
ternoon or moreing tor all four or eight directions was first determined. Then the
nican path for each of the four directions, N, £, S and W, was expressed as
thie difference from the mean path for all the directions. The average differences
for all the series in each experiment are plotted separately in [Figure 1.
For experiments [, Il and Il a general similarity is evident both in form
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Froere 10 The variation in mean path of snails, in a unitorm pattern of illumination, with
the compass direction of the initial path.  Roman numerals refer to the experiments deseribed
in the text.
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and amplitude - the variation in mean path with compass direction.  This is true
whether the mean path of all the snails averaged close to 07, as in the symmetrical
lields employed in 1960, or averaged about +16°, as in the asymmetrical fields
employed in 1961, Ilowever, the form of the compass relationships for the 1962
snails of Experiment IV, obtained at the same time of day as the carlier gronp
but in the equipotential ficlds in the morning, differed somewhat from those seen
for Experiments I, IT and 111,

When the differences between paths for the E-directed and N-directed snails
were examined, a non-parametric comparison of the 43 samples of Iixperiment
I revealed 28 negative, 14 positive and 1 zero (P> < 0.05). A\ similar comparison
for Experiment IT yielded 12 negative and 5 positive (7 < 0.1), and for Experi-
ment 11118 negative, 4 positive and 3 zero (I < 0.005). .\ non-parametric
consideration of the combined experiments (58 negative, 23 positive, 5 zero)
vielded X'=15.1; < 0.001. For the N to S difference for Iixperiment IV
there were found 28 negative, 22 positive and 2 zero. For experiment \'I the
N to W difference showed 34 positive, 17 negative and 1 zero (12 < 0.02).

b, Monthly rhythins in north-to-cast path difference.  Despite substantial
variability within cach of the four afterncon groups there appeared to be a rea-
sonably reproducible, significant mean compass-directional response for the snails
in the earth’s natnral field. In view of the preliminary suggestion that this direc-
tional phenomenon displayed a monthly variation (Brown and \Webh, 1960), the
data were examined for the existence of such a periodism. The differences be-
tween the paths of E- and N-directed snails for Experiments [, II and 1l are
plotted against calendar date in Figure 2A. The calendar dates for 1960 have
been displaced along the abscissa, relative to those for 1961, in order that the three
groups be phase-synchronized with respect to elongation of the moon. The days
of new moon are indicated.

It is evident from inspection of Iligure 2.\ that a large measure of the observed
variability in the relationship between compass direction and snail path is at-
tributable to a synodic monthly variation. The large N to £ difference illustrated
in Fignre 1 for 1960 and 1961 is most striking for the periods over full moon
and least so for the periods over new moon. At this latter time there 1s an evident
tendency for this directional relationship even to reverse sign. llighteen of the
23 cases of the reversal indicated carlier are seen to be accounted for during 15-day
periods centered on new moon.

It is also noteworthy that in passing from late June and early July to late
August there is for each of these two years a gradual trend toward reduction in
amplitude of the directional phenomenon. The data also suggest that when the
effect is strongest, as in early summer, there is a tendency for (1) assumption of
a semi-monthly variation, and (2) occasional single-day inversions, c.g., July 14
and 19, 1960. Such abrupt inversions appear conspicuously to be followed the
succeeding day by unusnally strong effects in the more typical direction for the
period.

An examination of the corresponding parameter for the data of Experiment IV,
obtained at the same time of day. but in 1962, revealed that there was not a monthly
but rather a semi-monthly variation in the north to east difference. This variation
is illustrated in TFigure 2B where the path of the east-directed, relative to the
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vorti-directed snails, s plotted in relation to the days of both new and full moons
for the two-month period.  The data illustrated in Figure 2B include all 27 days
i estigated i 1962, Fhe data were rather unmifornily distributed over four con-
sccntive senit-months of the summer. For the fivst semi-month there were 7 days
of data, ranging from 11 dayvs before new moon to three days afterward.  For
the second semi-month there were also 7 days, ranging from 11 days before full
moon to three days afterward.  The third semi-month included 7 days, ranging
from 8 days before new moon to three days afterward, and the fourth semi-month
contained 6 days, ranging from 9 days before full moon to two days afterward.
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Fiorre 2. A, The variation in difference between the mean paths of E-directed snails and
N-directed ones with calendar date for one experiment, I, in 1960 and two independent experi-
ments, 11 and 111, in 1961, B. The comparable differences for the two-month series of experi-
ment IV conducted in the summer of 1962, with the values now plotted with reference to days
of new and full moon.

The relationship changed sign over new moon in 1962 just as it did for the pre-
ceding two sunumers, but now, i addition, there was sign reversal over the time
of full moon.  The two highly anomalons values in Figure 2B were obtaimed on
June 22 and 25, 6 and 9 days before the early-summer new moon, a period when
comparable highly atypical values were obtained during summer of 1960,

c. Iiight compass directions. Tt will be recalled that the series of Experiment
11, involving rotation of snails in the earth’s field alone, included compass direc-
tions not only parallel (N and S) and at right angles (E and W) to the horizoutal
veetor of the geomagnetic field, but also directions 45° from these (NE, SIEE, SW,
NWH. 1t is seen in Figure 3.\, in which the mean path is plotted against compass
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direction, that the paths of snails for which magnetic direction deviates by 45°
from a parallel or right-angle relationship are in every instance observed to e
further to the left than for the adjacent parallel or right-angle fields. It will be
noted that the mean paths for all the directions involved right-turning because of
the asymmetrical field in 1961.

A quantitative analysis involving all 100 values disclosed the mean path for
the directions, NE, SIZ, SW and NW, to average 1.103° to the left of the mean
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Ficure 3. A. The 1eldtlumlnp between mean path (ordinate) and initial compass direction
(abscissa). Snails moved in an asymmetrical light field with a black background to their left.
Ordinate values are expressed as deviations from zero which, in turn, represents the direction
of initial path. Dashed lines connect the set of points at N, F S and W ; dotted lines connect
the set of points for NE, SE, S\W and NW. The paths taken for the latter set of directions
lie consistently to the left of those taken for the former. B. The comparable relationships in
a symmetrical light field and with an artificially produced right-left symmetry of electrostatic
field. Note the inversion of relationship between sets of points as initial direction changes from

N to SE.
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path obtamming for the adjacent directions N, I, S and W. The standard error
ot the difference was not exactly the same when one computed the differences in
paths from those in the adjacent parallel or right angle fields in a clockwise direc-
tion on the compass dial as when one computed them from the adjacent ones in
a counterclockwise direction.  These were #0.332 and *+0.350, respectively, with
N = 100. This yvielded m ecither case, however, I’ < 0.003. [t seems evident,
therefore, that the snails, as indicated by their response, distinguished between
parallel or right-angle orientations to the earth’s magnetic axis and orientations
deviating 437 from these.

When a comparable study was made for all eight directions during two months
of the summer of 1962 (Iixp. IV) at the same time of day (Fig. 3B) all the
comparable relationships appeared to be reversed except for the north to NI and
N to N\ ones.  The mean paths for the SE and S\ directions, in consequence,
appeared similar to the path for north.  The only known and controlled differences
hetween the conditions of the 1961 experimental series shown in Figure 3.\ and
of the 1962 series of Figure 3B were that the field of emergence (1) was asym-
metrical in 1961 and symmetrical in 1962, and (2) included the natural ambient
clectrostatic right-left gradients in 1961 and an experimental equipotential right-
left one in 1962, It is interesting that despite the symmetrical field, the mean
paths for all directions in 1962 favored slight left turning.

. Rotation of a 3-gauss field

The effect of rotation of a 5-gauss horizontal experimental field (Exp. V.,
1001) was determined by computing for each day the mean path of the 40 snails
of the quadruplicate sample for each compass direction of orientation of the south
pole of the magnet and expressing these as deviations from the mean path for
the 200 control snails in the series of the same day. [n comparison with the
compass directional phenomenon in the ecarth’s natural field, directing the south
pole of the bar magnet to the east was the magnetic directional equivalent for
the snails of heing westhonnd in the earth’s field, and directing the south pole to
the west was the magnetic equivalent of a natural eastward path. In other words,
clockwise rotation of the experimental magnetic field is the magnetic equivalent
for the organism of counterclockwise rotation of the apparatus in the earth’s field.

In Figure 4.\ is plotted the mean path of the snails for each of the magnetically
simulated geographic directions, expressed as path difference from all controls n
the same series.  In the same figure are seen the results for Experiments | and
It of rotation of the snails i the earth’s field alone.  The relationship of response
to magnetically simulated direction is seen to approximate closely an inversion
of the comparable relationship for the carth’s field.  Just as for the natural
compass-directional phenomenon, the largest difference occurs between N oand 12,
or between the N-directed and W-directed S-gauss experimental fields.  The dif-
ference 1 paths between N and I equivalent magnetic orientations was found
to be 1.245 = 0.385° (1 = 3.23: N =20, > < 0.005).

[ixperiments V1 and VI were fully independent ones, performed on alter-
nating mornings of the week,  Tlere 1t is possible to compare for the sune time
of day for the same two-month period the results of rotating the apparatus in the
earth’s ficld with the results of rotating a S-ganss horizontal experimental magnetic
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field to simulate the geographical rotation. Both experimental series were similar,
too, in being obtained in an equipotential, right-left field across the organism. The
two series differed. however, in that the compass directional study was one of
an orderly clockwise and then counterclockwise rotation while the experimental
magnetic orientations were presented in shuftled order.
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Ficure 4.

A. Comparison of the pattern of path variation with compass rotation of the

initial path in the earth’s field, experiments T and TT (broken line), and with rotation of a

S-gauss horizontal field, experiment \ (solid line), in the opposite direction.
A, experiment VI (broken line) and experiment VIT (solid line).

conditions.

B. Same as in
Sce text for experimental
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In fagure 4B the mean snail-paths are plotted as a function of hoth compass
ion i the earth's field, and of rotation of a S-gauss field while the snails were

direc
dirccted steadily northward.  The values for the experimental magnetic fields have
heen plotted as the simulated compass directions as for Figure 4.

It is evident from Figure 4B that just as had been seen for the experiments
i 1961, the snails appeared to be responding to the rotating 3-gauss magnetic
field but were exhibiting a vesponse of slightly lower amplitude and in the opposite
divection to that observed for the snails during the same period in the carth’s
0.17-gauss field.  This opposite relationship between vesponse to the natural and
the artificial fields obtained for hoth years, therefore, despite the fact that the
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IFicukre 5. Three-day (= weekly) moving means of the difference of the mean path of
N-directed snails when in a W-directed 5-gauss field (simulated geographic east) from path
with the 5-gauss field N-directed for experiment V in 1961 (upper curve) and for experiment
VI in 1962 (lower curve).

two-month periods of 1961 and 1962, with their ditfering experimental conditions
and times, each had its own characteristic associated compass directional pattern.

As in the case of rotation in the earth's field, substantial variability was en-
comtered in the response to the various compass orientations of the 3-gauss field.
It will be recalled that a large portion of the vartability in the compass-directional
behavior was accountable in terms of monthly or semi-monthly variations. i the
snails were using, at least in part, the carth's magnetic field in the directional re-
sponse, as s strongly suggested by the correlations depicted in IFigure 4, it scemed
probable that a monthly variation would also be evident for the response to the
S-gauss experimental ficld.  Consequently, the mean path in the cast-simulated
S-gauss field was expressed as difference from mean path in the north-directed cne.















