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1. INTRODUCTION..

During the progress of studies up
of the Unionide {Allen, '14} it be
what power of food selection is. em
mvolves the possession of Sensory  Tie
epithelia. The writer has attempted ‘fo demonstrate the
nerve endings in the various epithelia by two methods—
watoleglca and experimental. THistological methods have so

r been almost wholly unsuccessful, insdfar as revealing the
alitative arrangement of the several types of nerve endings
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8 concerned.  The experimental method ag applied to
stady of the control of ingestion has been much 1more profitabe

(All_en 21, 1). The present paper embodies the observat
made during the same time upon the e

the several regions of the mussel epitheli
exposed,

The mussels used in this work were the species commonag:
in Wifiona Lake, Indiana, and in the White River at Gosport ang
Sheals, Indiana. ‘From the lake were obtained  Anodoyy,
grandis and Lampsitis lutealis; from White River, Quadrul,
heros, Q. pustulosa, Q. lachrymosa, Q. undulate, Unip crassidens,
4. gibbosus, Lampsilis Hgametitinus, I, alatus, Plagiola elegans,
andgtheps B R
_+The methods of study will be out
heading in the body of the paper.
be grouped first as to their chemical

ons
ffects of stimulation of

um which are normally

tined under each respective
For convenience they will
or physical nature,

e 2. THE SENSORY EpItHrLia,

- The exposed soft parts of an extended musse]
mantle edge, and siphons. That they bear more
epithelia than those enclosed within the shell

The foot is of course largely muscular. Numerous blood
sinuses: lie beneath its epithebum and cover the
portion.. The sinuses diminish toward the ventr:
of the foot, and where they occur the foot is most,

tact e stimali,

o With the gaping of the shell to 4l

the fo6t; open spaces anterior

be

are the foot,
highly sensory
is easily shown

muscular
d margin
sensitive to

low for the protraction of

and posterior to the foot would
ied were it not that the mantle is adapted for closing

rtares. It is inserted mto the shell parallel to ite
in-the pallial line The edge of the mantle distad
-_iiﬁ_c—t;_is:.j muscular, and the muscular zone of the right
_ “mantle lobes respectively are projected beyond the
‘edge of the valves antil they meet in the median e, The
dee rrowing sedentary  Lampsilis anodontoides  produces
furthermore & considerable overgrowth of periostracum which
Ang the same purpose when the mantle is retracted.

- The siphons are by no means so well developed nor so
“deserving of the name as in some of their marine relatives.
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neral mantle margin, they are. more
muscular, slightly more protractile, and possess a greatet
In many marine species the mantle edges are
sufficiently aqnited to constitute closed tubes. But the ifgéh~. N
water forms {(Sphaeriide excepted) have the mantle  edges S
united only at one point—i. €., their janction with the Supra-
branchial septumy, thus separating the dorsal and ~yentral™
siphons. DA
The siphons differ from th
in the possession of papille.
a single row of small papille, while
cows of much larger ones. By m
surface is much increased.

Compared with the ge

innervation.

e subjacent general mantle edge
The dorsal siphon tends to have
the ventral has two or three
eans of these the sensory

3. Puvysical STIMULL

[

Many details of the following experiments will be omitted,
for the sake of surnmarizing NUMercus experiments in few
pages, and to secure continuity and clearness. o

(a) Mechanical, of Tactual, Stimuli.

The effects of contact of the siphons, mantle edge, and foot
with objects of various character were noted. A dissecting
needle, camel’s hair brush, and wooden spatula were used for
their varying size, hardness and sharpness, They were brought
‘nto contact with a greater of Jess surface, with greater or less

impact, and for greater or tess lengths of time.

(1) The Foot. .
Upon the muscular portion of the foot a ‘nieedle-point
produces an unappreciable local effect, stmply 2 depression of
‘he ares surrounding the pomt touched At times of low
astivity the foot may even be pricked without d very con-
aderahle retraction. If a long simie (30 seconds or more)
lapses between stimuli, the same pomt may be touched
repeatedly  without additional result.  However, when - the
e point or adjacent points are vepeatedly stimfitated  at
s intervals, the foot may be withdrawn to a considerable
swient., This again depends upon temperature, OXygen supply,
e Those individuals which are well fed, which have been
iving in well erated water, and in water of 18° 10 95°-(. feact
more readily to all stimuli than do those under othier &oH-~




60

WILLIAM RAY ALLEN - Vol XXT11

ditions.  Extremely unfavorahle state of the water may
result in a mussel’s tendency 1o lie prone with the foot extended
and mantle gaping.

The camel’s hair brush is incapable of nitiating more than
local movements. The spatula produces o wider response
than does the needle point. The larger, then, the surface
stimulated the more profound is the response. Repeatedly

touching with the __sbatula__ soon causes the foot to retract
the shell.

sometimes entirely wit}
The response to two eedle points simultanc

wheil some distance apart

by the spatula. L

ously is greater
» bt not so great as that produced

(2) The Mantle Edge.

The mantle margin is more sensitive than the foot. A
gradation from the middle, both forward and backward, ig
perceptible. That is the poorest innervation cecurs near
the middle of the mantle in the portion near the foot.  Toward
the two extremities it hecomes MOTe sensitive,

- The camel's hair brush, needle, ete, produce a marked
response when touched to the mantle edge, and the spatula
still greater effect.  Not so many repetitions of a stimulus or so
vigotous contact is required as upon the foot. The stimulus
of one contact is held over for o longer time than on the foot,
while'. & - second or third increases the effect. Repeated or
vigorous: stimulation causes s discharge of water from the

- mantle chamber by adduction of the shell, and when kept up
may incite burtowing.

(3) The Siphons.
A minimum of stimulation produces a maximum of response
when applied to the siphans.  The camel’s hair brush s as
effective ‘as the needle point. Contact with a single papilla
results usually in the retraction of the papilla alone. A
repetition at intervals may cause the adjacent region of the
siphon 'ter draw back. Only & considerable impact upon a
single papilla can cause the siphons to close or cause a dis-
cha_z:gei’gf_;_’water from the mantle chamber. Of course in this
‘case the thrust is transmitted through the papilia to the sur-
rounding mantle, and other nerve endings are affected,

]

LOGY OF
No. 9 BICLOGY
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The result is greatly amplified when two or three papille
are stimulated together or in close succession. The nearby
portion of the siphon is Jdrawn back sharply, and repetition
may cause the discharge of water. Often also there is ‘a
readjustment of posture, and more or less burrowing may
follow. Sl

H the contact is sufficiently vigorous upon cither ventral
or dorsal siphon, hoth close.  Yet a slighter pressure upon the
ventral siphon is required than apon the dorsal to cause the
closure of both. This is as might be expected. The ventral
opening is the larger and it receives the incurrent stream.
For both reasons it should be well guarded. Mussels are often
seen to hold the tips of the opposing rows of papille together
in the median line, thus testing the entering water more
thoroughly than when the siphons are wide open. There is
less likelihood of attack through the excurrent opening against
the streaming water. o

We have reason to conclude that there exist no local retlexes
by which the muscles of one siphon are caused to react to a
stimulus from receptors of the other.” Such stimuli probably |
must pass through the visceral ganglion, for it innervates the
two siphons through distinet tracts by way of the pallial
nerve. :

Furthermore, it is easily seen that the two lips of either
siphon are without a nerve commissure connecting right with
left. When a sufficiently slight tactual or chemical stimulus
is applied to one side of a siphon, that side alone £ives a response.
[f the stimulus is increased in magnitude it reaches the visceral
ganglion and is transmitted also to the other side of the siphon.
This involves of course the pallial nerves of both mantles,

both hemispheres of the visceral ganglion, and their com-

missure. Local reflexes govern only the muscles of the respective
halves of either siphon. The fusion of the. two siphons with
the supra-branchial septum and with each other is véry super-
ficial, and has not affected the nerve supply: - The siphons
ave not units in a complete morphological sense, but only
somewhat differentiated arcas of the mantle edge, left and
right, ’

The two siphons are, then, differentiated primarily for the
admittance and discharge of water. In the exercise of these
functions they have acquired a further specialization-—the
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ventral {n g sensory direction, {he

dorsal in 4 motor, for th,
control of the flow of water. The ventra] 1$ often observed i
stand open, while the dorsal is to g greater or lesg oxtent closed,
Surprisingly the sense

organs of the ventral o

& more profound and lasting effect upon the e

than upon the miuscles of the ventry] itself; and ae

& more profound effect than is produced by the

of the dorsal ‘itself. The following sequenc
' : ‘ N

imulated. Both siphong ¢
£

5001, Both siphons cloge. Ventral

epeated.” - Dorsal siphon closes.
L IR Closed, and reopens at once,

- Thenceforward there is a greater effect upon the dorsal
thatt upon the ventral The former has the manner of opening
utiously, tentatively, If the dorsal siphon e similarly
irritated; there comes at last to be some response from the
ventral, and a more local, temporary one from the dorsal
itself.. .

~Fhe parts of the ventral siphon were
equaily sensitive. The inne
respotisive. The papillse
lat

Ventral

shown not 1o be
T margin, next the lemen, is most
of the inner cirele are longer and
r than the outer ones.  The latter may sometimes he
iched with only a local, temporary effect, while an equa]
eozzi;m:t with the inner or marginal papilize results i 4 general
and gf,}rcus response.  This should be expected since the
mia nal papille are nearest the inflowing water. The dorsal
does 5ot 'show such unequal distribution of the tac

> Iﬁsﬁudy}ng the method of burrowing in Qradruiy undulgta
it was observed that the animal emploved the papille tn gauge
itg depth-in the substratum.  Wher, pulling itself fupthep into
the sand; the mantle and siphong were withdrawn more op
less out of the way and the valves ag closely appressed as
possible. . A_&Lema.ting with this move t the siphons were
extéﬁ:déq' and the papille spread out, some of them upon the
sand.” Without doubt the relation of the papille to the sub-
stratum, ‘and to the free water above, provide the necessary
orientation of the burrowing reflexes.

tile organg.

mern

. "w%w:
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upon the stream velocity
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After checking the
streams it seems very pr
account in part for the ¢
as for their orientation uj
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ecking the m{}vementc, of many individuals in

' e ms Very probabie that rheotropw reactions may

in part for the grouping of mussels in shoals, as well
_orientation upon the shoals.
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A state of approximate equilibrium in the substratum is
preferred in streams. Where there is too great éurrent eddies
tenid to develop arcund the shells of the more emergent species,
washing the sand away anid loosening their hold.

The importance: of #he above factors in local distribution

has been discussed in th rd paper of this series (Allen, '21, 23,

k'{_éigim_zbic Behavior.

better innervation, but i also
1y other part of the mantle.
ption as one of its functions,
finds its greatest expression, of
omplex eyes of the Arcide and
has defined the physiological aspects
in Mya arenaria and Ciona irbestinalis.

gourse, ;1
Pectinida.

{1y Light Intensity,

Three sets of experiments were carried out simultaneously
in bright’ ‘sunlight, subdyed sunlight, and artificial light
respectively.  The animals were placed either in tubs or
aquaria:fn which water was kept level by siphons, and wrated
by dripping tap water. A sufficient depth of clean sand was
used to allow entire freedom of movement. The experimental
animals’ were periodically re-oriented with respect to the
sources of Hpht and their new positions and tracks noted—
usitally ‘orice each day. In the first experiment aquaria were

_used, at a'south window. In the second the tubs stood just
- far enough from a south window 1o be out of direct light. In
the third a 40-watt lamp was lowered into the center of a tub
‘f an anchored museum jar of small diameter,
oy was most useful in these experiments, due
and more prompt response.  This response
no doubt, to its habit of turning and resting
Phus when originally placed erect on the
dditional stimulus to incite movement. The
“exceptionally heavy shell. When standing
pe dpward; it is in rather unstable equilibrium and
vagh sheer weight to turn upon one side or the other.
_ : t be suspeected that the results were due to the
- snaimals” seeking: their reclining posture. That the stirnulus
“to turn is not wholly due to this factor, but that light also
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initiates movement ic
fact that the response
that they did not follo
movement,

ExXrERIME

single Quadrula hery
upon clean sand, benes
previously allowing the
They were placed at g s
out the day. They were 1
that of Lampsilis or
toward the south.

The following table -
becupants of an aquarian
of shell weight, none fail
of posture, although sor
they remained motionles:

Amount of turning

Date of siphons in
degrees from south

May 8. 90

oo 180

B U 45

‘0. B

" ll_i ............ 180, .
B 0o,

M 00

Coaro ‘

. gg ..........

. g0 T

A RO G

L 50
o ¢

2 SNNEUS 0

N U 30
9.0 90 T

.'I:otai avoiding light.. ..
{t)_‘tfil turning toward ligh
‘ariure to respond to ligh

| Afrer recording each ¢
‘f‘-';«,s‘set back to itg origin
fxi‘:fjmeslsubstituted. The 1.
;ft{d by the unusually
HHT was changed daily.
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itiates movement is shown in the first experiment by thg..-
m“ that the response is very much less on cloudy days, an i
L}int they did not follow the law of chance in the d&mﬂtl

MOoVeIe nt,

ExrrriMeNT 1. DIRECT SUNLIGHT.

Single Quadrula heros were set in the center affa& agp
upon clean sand, beneath three or four inches o ;vh :
previousty allowing them to become adjusted *a; At
They were placed at a south window in direct sunalgh
out the day. They were put into an erect, unnatural postur
that of Lampsilis or Awnedonta. The siphons Wera 1
toward the south.

The following table is a check upon the Severa‘! g3
oceupants of an aquarium for three weeks. Possibly ona
of shell weight, none failed to burrow after each forde
of posture, although some time always elapsed dunng

’w]

they remained motioniess.
Amount of ttu“ning i
Date of siphons in Remarks
: - degrees from south
g day 8., ..., 90
Mf‘ly a9,... .. U180
) 18 ............ %: ....... Clensdly.
« {{ o Taso. L Ch anged in moreing; sxphans"tﬂmedeastwarafu .
© IGV e . Very whrm, partly clouwdy. :
“ i.!i"‘ - ",.j..()(),......‘.,.,\erywarm,pag%yc,;cug%i L
L Yoo Very warm, parfly ciou
p {(f; R gg) ............ Change in szmg, Slpb(ms turned eaﬁtward._ -
RN e _
. Al a0
L ~ S 90
L T 90
w37 .00
o g 30, ....... Tast
“oay L B0 :

Total avoiding light.. ..., .
Total turning toward light. . .00
Failure to respond to Lights ... - f

3 ding each obf-;erva,tl .
wasAictirbfgli)rto 1gts original position, er. another of the scxéz;e :
species substituted. The reactions'of May 15-17 weré prol’{;)athy
vitiated by the unusually high tetnperatures, althoug e
water was chatiged daily.
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The large number of quarter turns is significant. It is
especially so since the animals usually turned clockwise, and
were - found with the siphons pointing westward. This is
casily explained as an avoidance of the forencon sun. Each
experiment began in the evening, too late for the same day’s
sun to be effective.  During the night the animal was becoming
adjusted to. its’ pew: ] on, and remained inactive. Not
miuch movement Lo lace until -the following morning.
Consequently. ig 16 the east with the siphons
to the west dt oon accomplished as great avoid-
ance of the sun as le.  During this rotation and following
there was also ywing movement which resulted
in the animal's lying on the left wvalve, its foot parallel to the
surface. and hinge. turning northward. In this species the
siphon is never-extended far beyond the shell, and is usually
wholly within the shelter of the valves. In this position they
received the maximum amount of shade in the experitnental
animals.

In order to demonstrate that there is no preference for
lying on the left valve, a series of similar experiments were
madé in the dark. The response was much less prompt in

darkness. - Pifteen finally assumed a position on the left side

. and sixteen on the right.

“The degree of torsion is seen} to be much reduced by cloudy

weather. . The above expression in degrees is of course approx-

imate, for with the accompanying lateral movement exact

measurément is difficult. Nor is it important,

ExPERIMENT 2. SUBDUED SUNLIGHT,

 In each of two tubs placed in indirect sunlight near the
south windows six Quadrila heros were stationed. The windows

- of the reom,were such that the brightest light came into the
“4ubsfrom the southwest, the least light from the dark southeast
‘ner, - There was considerable reflected light from the north-
Prom still greater illumination at the west and northwest

“"i:f:iie'ligﬁtfsh'aded off toward the east and northeast.

. 'Running tap water kept the animals in vigorous condition.
They were checked up and reset at frequent intervals. Those
in “tub 17" were placed with the siphons toward the maximt
tight of the southwest, those of ““tuh 27 the reverse, with the
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toward the minimum of t}
indicates the reactions over
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end of May.
Tusl
DAaTE Remain Turn
toward to
light south
{Positive) |{Negative)
Aprit 11..,.. 1 3
R S ¢ 4
R T 1 b
“OB6..... 3 2
o0 2 4
May 2..... 3 3
©oT 4 2
Totals...... 14 23
Another
experiment
using more 4
intense light

I‘ otal remaining toward light of gr
’E‘(.stzll remaining toward light of se
Tetal remmining toward light of th
Total reacting positively to light..
10&"31 reacting negatively to light.
Of the last total, turning to north f
Of the tast total, turning to south

During the winter mo
and much less definite th
sz;niiar. While it appears
h:gaernation, or seasonal th
effects of the immediate
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siphons pointing away from the maximum light, but not
toward the minimum of the southeast. The following table .
indicates the reactions over a short period, though the experi-
at was kept up with modifications from January to fhe

me

Tuni [ Tor 2 -
Date Remain Turn Tum Remain Turn 'T!,zm_.-
toward to 2 toward to to .
light south north light south north
(Positive} {{Negative)j(Negative}| (Less (Negative)] {Most
Positive} Positive)
April 11 1 3 2 1 5 0
LI VAN 0 4 2 4 2 Q
% 1 ) 0 3 2 1
€2, 3 2 i 2 3 1
R D 2 4 0 1 5 0
May 2..... 3 3 0 2 3 i
T 4 2 0 1 4 i
Totals. ... .. 14 23 5 14 24 4
Ancther
experiment,
usig moie 4 13
intense light
Total remaining toward lght of greatest intensity, but not direct........ ... .. 4
Total remaining toward Hght of second order of intensity........... ... oos 14
Total remaining toward lght of third order of intensity. ... ..o..venws LBT
Total reacting positively to Hghto oo e 4
Total reacting negatively to Hght . o o 52
Of the last total, tarning to north from southwest, . i 5
.0Of the last total, turning to south {(darkest coi“nf_:r) .......... 47
During the winter months the reaf:i;l e yery slow
and much less definite than in spring qualitatively
similar. While it appears probable that there is'a sort of
hibernation, or seasonal rhythm in‘metabolisr de from the

effects of the immediate physical ;surroundings, yet there is
no doubt that temperature is largely: responsible for ‘the
increased activity of April and May. e

From the above table it will be séen that nearly every
day's record shows the directive agency of light. Usually
a greater numbgr of Quadrula reacted negatively to light than
the number which failed to move at all. A still smaller number
turned toward light of greatest intensity. It will be noted
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s1d£ 13 1eft side 14, None were ever obs(,rwfi

ge numbers of obqervatmm verlfy thﬁ pomt
o other element than light is responsible for
a:hrectmn of movement in the above experiments.

EXPEREMENT 3. AwrtisiciaL LicuT.

_ -he tub kept in darkness and illuminated by a 40-watt

Iam eight mussels of as many species were kept and checked

- from April 25 to May 27.

g the progress of the experiment the mussels were

Variouqu, havmg the siphons toward the light, away

“and at various distances from it of one inch up to about
eight mches They were observed and reoriented twenty
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N, 2

imes in the thirty-two days. Being 45% apart in the tub
here was room for each to move without interference. There
heing twenty rec ords for each individual, we have a total of .
0 records.  The total number actually chanofmg posture
was 61 out of the possible 160, There remain 99 negative
cesults, a tatio of about three to two more or less positive -
results.  The following species participated. The number of
gimes each moved is indicated. Lampwhs alatus, 1; L. J@ga'
mentinus, 15 Quadrida lochrymosa, O Q. pusiuiom 1
heros, 9; Unio crassidens, 14, U. g;bbosus 10 Plagwia eiiegu
Average 7.6 out of a possible 20. :

The above record is not significant, as an anaiyms ef the -
hehavior of the respective species, perhaps, on account he
small number used. But we do have a fair test of f:he avem 3
reaction in light of low intensity. The {act that ,'
heros only changed position 9 times out of 20; 56 times o
84.in Fxperiment 2; and 11 times out of 15 in Experiment
show a responsiveness to light that is in the mverse ra‘i:m
its intensity.

Temperature may be in part responsible. 1t v.:med betweﬁn _
12° C. and 16° C., averaging about 14° C. in the third experi-
ment. In the second :t averaged about 16° €. and ranged
between 13° C. and 17.5° C.  In the first experiment tempera-
tures were still a little lng,her but on the warmest days, which
were also very cloudy, there was little response to be seep:
Thus light was shown to be more pertinent than temperature _

Although only 61 out of 160 moved at all in this series<of
observations, yet only 11 of the 61 turned either toward or
away from the light. The remaining 50 burrowed directly.
downward without z reorientation. Light evidently had little to
do with these movements. Even when placed neariy in (:Qntact '
with the source of light there was not g -
turning away froni it than when sepamted b
tub., When tried four davs in &arkness
failed to do so, a not very different ratio. . Theabove- menuoned
reactions of Quadrule hevos gave 13- out ef 4{} failing to
hurrow in darkness.

There are other evidences (Allen, '21, 2} that the optimum
conditions for mussel hfe include a modemt& amount of light,
rather than extreme amounts,  Light itself has little importance
in the life of the organism-—its significance les in the accom~
panying complex of conditions.

*
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(2) Responses of zkeg&'pkam to Rapid Light Changes.

When the: mussel has. been siphoning undisturbed  the
‘ﬂhshfg{és"injiight intensity. The magnitude

: 56 proportionate to the change
921y, If an object is interposed
phons, changing them from a con-
wurn ilumination to deep shadow, there oceurs
closing of the siphons. A con-
ble 1 iecessary to asccustom  the siphons
to the lower light intensity.  They slowly and tentatively
reopen in the shadow.  If the shadow is withdrawn, the direct
sunlight ‘again causes a closare, and a slow renewal of siphoning
apain takes place. By rapid and repeated changes between
sunlight and shadow the siphons are first caused to ciose,
then to draw into the shell, and finally comes an adduction
of the valves and spurting of water from the siphons. Then
This reaction may be produced

normal siphoning is renewed.
several times in succession. Usually a hurrowing movement,

or at least a change of posture, takes place.

The -same ceactions may be gotten in indirect sunlight,
especially’ at a north window, or wherever most of the light
corhes: from a single direction. At noon on bright days the
yespouse at a north. window is not of much less magnitude
than in . direct sunlight. After four o'clock the reactions
dinyinish in magnitude and reach the vanishing point before
twilight. Very faint shadows elicit no response.

Tn these experiments we again get the maximum of response
from mussels which have been kept in running water. in
standing ~ water not frequently changed the closure of the
gphong i not so rapid in bright light, 0 easily produced in
subdued light, nor so quickly repeated on second stimulation.
The siphons do not close 50 completely, and reopen more quickly.
A’ cértain indifference to stimuli, not unlike fatigue, is seen
when the water is very impure.

- Ag. shown above (Experiment 1) the Unionids kept at

south windows very promptly take to burrowing. This is well
brought otit in the case of Quadrula heros. Lampsilis l1ga-
mentinus and others are very alert. A similar reaction cap
be obtained at north windows. But it is much slower and

does not always occur.  The degree of turning is asually less,
and the direction of movement less uniform.

a very prompt
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Light might be cxpected to affect the tonus of the siphons,
thus determining the size of the apertures, and aiding iy the
regulation of the flow of water. But such does not prow
be the case. When other conditions are made as nearly equal
as possible, it is found that a musse! maintains the same 511}1’1011
aperture whether in direct sunlight, shadow, or dark
When carefully changed from one §1ght intensity to another :
or when masked and unmasked, there is a brief closure.  ‘But

the animal sooner or later becomes adjusted to the changed_

intensity and reopens the siphons to about the satne extent
a3 hefore,

(3} Phototropic Reactions in Nature.F

(a} Laght imiliates movement, (b) orients m{)vement and

(¢) rapid changes in light affect the siphonal aperture. These SR
conclusions  have been derived experimentally, and under gt

controlled conditions, In the more complex life of a ia.k
streamn the reactions are less easily predictable.

A mussel i too shallow water is exposed to unusual ﬂiuxmna

tion. Light may be a constant stimulus to locomotion’ un%ﬂ P

deeper water is reached. Thus the first conclusion isin
harmony with the mussel’'s requirements in nature. The
trails of moving mussels show more or less trial and error in
the finding of deeper water. TIf light were the sole directive
1;;0?1(‘}' you might expect to find all the mussels of a level
stretch of shallow bottom to be moving in the same directios.
That such 1s not the case is doubtless due to the other phymc&l
chemical, and physiclogical conditions.

it is improbable that light is the sole factor even in the
rare cases where a well-defined light gradient emsts. Abrupt
light gradients seldom occur excepi: accompamﬂd by - sharp
gradients in depth or turbidity. In. 56 pressure
enters as an important factor. Only i _ ater or in the
presence of shadows is it likely that th conditions of the
experiments are approximated closely enot h'{ to obtam pure
photutmpic reactions.

. . “

Clark, and Howard {1821} has come
hand just as the present mamseript is ready for publication. Their observations
have led thom to the same conclus my own, axcepl that they prefer to
regard the depopulatinn of shaded areas as positive reactions to Light of moderate
intensity, .

Hh( recent paper of Coker, Shirs
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&
The bivalve is vulnerable only where not covered by the
shell. It is particularly important to guard the siphons against
invasion.” Hence their prompt closure even with the passing
of a shadow.. - No doubt edemies and large objects are excluded
in this way.  The spurting of water is the means of driving
away a persistent animal or bulky floating object.
Tt is possible that the comparatively sparse population of
Potamogetor :

he checkered light on the bottom.

Of course ace objects are much diffused at
_.the bottom fon - bed is more difficult to traverse
than open . or Chara; VYet it is conceivable that the

flickering Hght may keep 4 mussel more or less in motion until
‘more evenly illuminated bottom is reached. At any rate the
interiors of many beds of plant are devoid of mussels, and the
margins more populous than the interior. An experiment
(Allen, '21, 2) in which a ot of forty marked mussels all escaped
after being planted in a Pofamogeton bed at a depth of three
and one-half feet, may be explained thus. Several areas of
“Winona Lake have during recent years shown great increase in
Potamogeton. Invariably the number of mussels is correspond-
_"in.giy decreased.  Some beds are virtually abandoned.

(d)y Ivdrostatic Pressize.

0. Mussels were kept in aquaria and tubs in their pormal
“posture upon sand, and otherwise behaving normally.  Then
- .the water was gradually siphoned away so as to rediuce 1ts
. depth several inches. Numerous individuals were incited
" to spurt water and burrow. The reaction has been seen with
Csiich frequency wherever mussels are handled as to leave no
wlidoubt that there is a pressure sense, and that a mussel tends
< 4o seck its optimum depth——at least the depth to which it is
femporarily adjusted.
o Disrtnig the early summer of 1919 Winona Lake was deeper
than in many previous summers—perhaps two feet higher than

oy

s observed previous minimum depth—-due to rains and t0
the constritetion of a dam at its outlet.  The mussel population
ot its shallow wave-cut terrace was therefore subiected to an
“nirease of pressure of from 10 to 108%,. Many of them had
}'-ﬁmv'ed- toward shore, as was evidenced hy the long, zig-zag
gpacks, and the presence of the animals at the shoreward end.
Two weeks later the lake had gone down more than a fool.
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yfany new tracks were then tmc\:ed. m}d_ the makera found at
: ke deeper end.  Evermann and Clark ( 1.1) make brief _referg,ime
é.cv this hehavior as of seasonal oceurrence in Lake Maxmkug.pe.
 The matter was checked up_exporimenigzﬂiy by planting
mussels well inshore. ’I_‘h(}sc facing the ]_aizk.e sooner or Ia,tgr
moved out.  Others facing the shore av first moved inward,
but fnally turned and went out. |

On the low gradients of the wave-made terraces thelabﬁve ;
responses were slow, and often more or less random. On the .

very level areas no preponderance of mussels pointing in

pither direction was discernible, It was desirable to rcipea;{:
apon a sharp gradient. The sz‘md }2ank of the Sugar Lrt?r;

delta has such a gradient—about 30 , moTe or less.  Mussels
were planted at a dept.a of two feet in nnrr\nal posture, gnd
faced hoth toward and away from shore. The outcome was
much the same as above, but the response took place within a
few days. There was much less random movement on the
part of those facing shore; they turned very sharply tawg;d
decper water, usually describing an arc of about a foot in radius
1o make the turn, ‘

This bit of shore is well exposed to wave z}n‘:t-ion-fth‘e oniy.
other element except pressure or light which I’nght' ha,v.e
oriented the movements. That it was not wave action is
amply shown by many cases whem thc: same reaction tool%
place in sheltered coves. Light is eliminated by ‘abe_ff’wt
that in this caze the siphons were oriented toward the m@r}dia‘n
sun in the act of turning toward deep water, a rgsult which is
the exact reverse of that in Experiment 1. This and many
other observations indicate that where light 'emd pressure are
opposed, the latler proves the mor¢ potent st;.mq_lu;_._ o

The forty marked mussels mentioned in j;hg_"--a;’;}_ove_ section
may have heen incited to movement by change:_s-;:_m; fi_gpth.

(e) Equilibrium, Shell Weight, and Posture.

That bivalves possess an organ of the Iithoc'y_st type for
maintaining an orientation with respect to gravity has lc_mg
been known. The stereotyped conception of th}s function
represents the animal as lying on its side, putting its foot out
laterally, securing a leverage on the s;gbstratmn,. and pulling
itself erect. This is accurate enough in the main, bat does
not take all cases into account. The posture and manner of

®
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In moving water there
than in lakes, and less mowe
The constant change of wi
iocality. Isely’s observatio
may remain upon the sanu

burrowing vary considerably. Thus the organ of "equilibrium
serves to keep one species perpendicular, and another horizontal
or obligue. .3,

The Lampsilis and Unio species usually have the erect
position, while: the Quad Iz tend to lie prone. {1) Variation
in posture-is closely ass od with {2) shell weight, (3) with streams.
mobility, . and {4) - tabolic activity. At one extreme 2 Deep burrowing forms a1
we have the vers Hof Quadrula, at the other the principal activity necessary
y wadrule are extremely sedentary, at the right distance fror
le. nearly submerge themselves in bottom, ete.  Plagiola eleg
the - substia) sit; high in the water, the shell surface of the sand. Marj

sinking only a little way. - Amodonta exposes its siphons holdly, situation elongate the. sip.
is the most sensitive of all the Najades to stimulation upon substratum.  This species,
siphon and mantle edge, and of all the Naiades is the only one crater whose center is at
which exhibits a sensitiveness upon the entire mantle surface dependent on the angle of
through- the shell. Quadrila, on the other hand, does not sand are kept out by spurts
extend the siphons beyond the shell, does not have so well- Lampsilis anodonioides is «
developed siphonal papille, and reacts very slowly to stimull has taken on a form comy
Anodonta: recovers from stimuli and resumes siphoning most shell thickness. This is ¢
promptly, while Quadrula, when caused to close the shell, a river mussel, as well as
may remain sealed up tightly for hours. Amedonta kept in habit. It also communicat
aquaria; die most quickly of all mussels when conditions are crater-shaped pit. The sig
not kept right. Tn fact when miscellaneous mussels are kept center and rest upon the fl
indoors,. even under the most favorable conditions possible, they perform their sensor
the Quadrule survive most of the others. hotd back the sand from th
The thin, translucent shell of Awedenta iz accompanied and burrowing habit of this
by a more widely distributed light-sensitiveness.  Experiments be associated the less d
such de the above show a certain avoidance of the Iight. anodontoides accepts muc]
but have:a less marked orlentation than (. heros. The cavity than do other Lampsi
thick shell and well-shaded siphons of the latter admit light renew the crystalline style a
from virtually a single direction, making it perhaps the most
favorable for such studies of light orientation.
The “above points of structure mark the dnodonia as a
lake dweller, par exeellence, and Ouadrile as a river form.
- Unio and Lampsilis, of more generalized type, are more readily
cadaptable to either situation. Representatives of the severul
wehiera have taken on divergent habits, however. (. ruthig1nosd
nhabits lakes, and affects the upright position. Vet it has a
‘rathe; vy, shell and is guite sedentary. When planted N :
‘experimentally it does not move far. In aquaria movements ’rd siphon is the mor
of ‘the several species accord somewhat with the surroundings _ Shmination of many refle

and somewhat with the habits of the species. }i ventral siphon (and -
seomore to do o owith th
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In moving water there may be less need for locsmotlon'

than in lakes, and less movement actually seems to take place.
“Uu constant change of water is the equivalent of changing
jeality. [s{*]y observations (13} have shown that a.m
may remain upon the same spot for long periods of t
siies HT]“!

priﬂcipal activity necessary to river species is to keep the siphons.
at the right distance from the substratum despite -
hottom, ete.  Plagiola elegans submerges entirely hen
Au;'fa{c of thc; qzmd ‘Vi’n“ine clams, Sphaerﬁd&a etc, s

cubstmtum ’l hl‘: ‘speues 111((3 the ant lion, maintaing
erater whose center is at the siphons, and whose’ shap
dependent on the angle of rest of the sand. Silt and s
sand are kept out hy spurts of water from the mantle ch:
Lampsilis anodontoides is of a more generalized genus which

shell thickness. This is considerable and marks . the. es.
a river mussel, as well as assigning to it the deep burrowing .-
habit. 1t also communicates with the water above through a7
The siphonal papillee radiate out from the
center and rest upon the floor of the crater. In this p@sﬂ:mn 3
they perform their sensory functions and at the same time
hold back the sand from the siphons.  With the shell thickness .
and burrowing habit of this species, as well as the Quadrule, may =~ -~
be associated the less delicate perception of stimuli. L,
anodontotdes accepts much more carmine .into the mantle = .
cavity than do other Lampsiles. Burrowing species less. pmmptly
23 N

Résumé.

The foot, mantle, and c;xphcms bea tactile .grga;ﬁs', ‘whose
abundance is in the reverse of ‘the' order. amed.  Their’
principal functions are the orientatio ements with

respect to the substratum and avmdance of enemies. Certain

stimulated region. The innervation of each half ‘of each
siphon ig mdcpendent and from the tsp]a,nchmc g'mghon The -
ventral siphon is the more sensory; the dorsal is the ‘motor "
termination of many reflexes which have their receptors in
The dorsal
has more to do with the regulation of water flow. The
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papillze of the siphon margin are the most highly sensory of all
areas. They are employed variously—in guarding the siphoen,
in gauging the depth while burrowing, and in holding the
sand back from the siphon.

There is often an orientation in response to current that
holds the bivalve to a definite course.

The mantle “and. especially the siphons are pigmented
and’ light sensitive. . Experiments show clearly a negative
phototropism -in. bright light, and an orientation of posture
and movement with respect to light. Low intensities of light
may- incite - movement. without orienting it. The reaction
to moving shadows is obviously one of avoidance of enemies
and debris.

The magnitude of reactions is dependent in part upon
temperature and oxygen. Light does not determine the per-
manent apertire of the siphons.

A sense of pressure exists by which the optzmum dcpth
adjustment is made. When conflicting with other senses,
that of pressure is shown to predominate.  Reactions to gravity
vary in the gpecies in harmony with the posture habits.

4., CHEMICAL BTIMULL

E}spenments were made to ascertain the reactions to varying
strengths of several acids and bases. No atternpt to determine
the diﬁerentiai effects of the respective reagents was made,
but only the types of reaction and location of the receptors.

The reagents were brought into contact with the epithelia
thmugh a finely drawn pipette. The latter was manipulated
very cautiously so as to eliminate possible mechanical stimuli
through pipette or solution. The mantle edge and both siphons
were tested other epithelia by causing the reagents to enter
with the incurrent water by carefully introducing the pipette
thmugh the center of the siphon far enough to prevent contact
with the siphons themselves.

The best series of reactions was obtained by the use of
acemc_ acid, ammonium hydroxide, carmine, and foul water
from decaying ‘%pimgym and hay infusions.

Drops of 1.0%, acetic acid were applied at several points
on the outside of the respective siphons and mantle edge
beneath the siphons. Tn all cases there was a rapid closing
of both siphons and a rapid and violent discharge of water
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When siphoning was begun again, the point which had been
touched with acid was found to be drawn back sharply—even
sometimes the entire half siphon, and this effect was perceptible
after several hours,

It while still under this initial stimulus 0,14, to 1.09%, acid
was administered, the animal still responded, but much less
prompily. The effect of the (119 acid was of much less
duration, but at first of equal magnitude.

Very few animals gave any response to the acid of 0.01%
more or less, when applied to either mantie or siphons.

By the use of ammoninum hydroxide a similar scale of
responses was obtained; 0.5% evoked a very rapid and profound |
response—even in mussels that had been very inactive. The
effect passed much more rapidly than in the case of the 1, 0%
acid.  0.1¢, ammonium hydroxide had a great effect upon the
same individuals just recovering from the stronger alkal,
but more effect on fresh amimals. G019, obtained a very
slight and tardy response. When given in water of low
temperature-12° to 149 C.—0.019, gave no reaction whatever.

From the above it is clear that the mantle edge and siphons,
are provided with organs of chemical sense, which are keenly.
sensitive to acid and alkaline substances of high concentration..
The response was equal in the case of the ventral siphon and
of the subjacent mantle edge, but noticeably less in the dorsal
siphon,

Carmine and foul water elicit no reaction from siphons
or mantle edge, as was true of all very low concentrations.

The osphradium has been known as an organ of chemical
sense, largely from its structure. Before water may be tested
chemically it must first pass through the ventral siphon, the
mantle chamber, the gill chambers, and the suprabranchial
chamber. At first thought the position of the ﬁqp}i adium
under the visceral ganglion seems remote and futile, since the
character of the water mayv not be known. unui 3u9t before
leaving the animal, Conversely it may be of some aév;mtdgc
to have all the water pass a common point such as'this. - How-
ever it is probable that the osphradium is phylogenetically
a more ancient structure than the siphons, and long associated
with the visceral ganglion——hence its position there rather than
upon the necogenetic mantle structures. The "mussels of lake
or stream seldom encounter sclutions of great concentration.

+
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When dilute, their diffusion is sufficient to cause a closure of
the shell hefore much harmful matter can enfer.

The following tests of the osphradium were made to
determine whether it possesses chemo-receptors, and if so
their relative senmtwenes& compared with those of the mantle
aad n:c;pheng

* The finest carmme plp(,tte,d from the upper levels of a
carmine suspermon' shich had settled for several days, was
1ntr0duced s} the : entral siphon.  There was no response
= siplion: 'Z'i)efore the carmine could be seen
he dorsal siphon, there occurred a quick
h n, followed by that of the dorsal,
ng of both. Thus it is seen that the

canmne had not. aﬁected any sense organs untii it had nearly
reached the dorsal siphon-—the location of the osphradium.

"Stale water and infusions were never found to affect the
(_:herrio»recep_tors of the siphon and brought about no reaction
until they reached the osphradiuim.

There was still the slight possibility that the gills or mantle
might possess organs of chemical sense.  Therefore to produce
a more marked effect upon the osphradium alone than is
possible by introducing reagents into the siphon with respiratory
water, the following experiment was tried.

A fewdrops of 1.09% to 10.09, acetic acid were drawn
into: a fine pipette, the latter inserted into the dorsal siphon
just far enough to reach the mphmdlum the acid discharged
and instantly drawn back again into the pipette with con-
siderable water from the suprabranchial chamber. Thus it
was made sure that the concentrated acid affected the
osphradium region only, and that only very dilute acid if any
reached the dorsal siphion. The following results were noted:

_ A1) N either siphon fully opened within a week or more, though

' the water was purposely allowed to grow stale sometimes.
(2) The papillee of both siphons remained in contraction.
{3y Vigorous burrowing, and frequent spurting.

o4y Both siphons still very sensitive to dilute acid.

Y The @sphradmm was still sensitive to dilute solutions;
: not 11 its receptors had been destroyed or paralyzed.

Another test consisted in isolating the osphradiam from
the oittgeing current. This was accomplished by lowering
the water level to a point just sufficient to flood the floor of
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the suprabranchial, and so as to leave the osphradiuﬂ} above
the surface. As soon as the animal had ceased spurting a:nd
srown accustomed to the water level, and accustqmed to hav%ﬂg
::he posterior end out of \‘NIL'{..CT, the fxne CAarmine suspension
previously mentioned was introduced into the still submerged
ventral siphon, .

A stream of carmine could thus be kept passing through
4 museel for an indefinite length of time. The siphons were
not adjusted to register so nearly neutral a reagent. Wheﬂ
the water level was raised again slightly and the osphradium
flooded the usual response to carmine again took place. '

These reactions verify the usual conception of the function
of the osphradium, and show something of its range.

5. ToNUs OF THE SIPHONS.

Tt has been seen that mechanical stimulation and Hght
exert no permanent influence upon t‘.hf: muscle tonus 0}? tha?
siphons and regulation of the streaming. Chemical stgn_uh
do have this function. Mussels placed in water contamng
little oxygen maintain always a much widfzr aperture. As
noted previeusly this is the more pronounced in the case of the
dorsal siphon. o

When the water is greatly fouled by material in decay,
the siphons (especially the dorsal) more or lé_zss completely
close. Entire closure may result in such inactive mussels as
Ouadrula heros, but rarely so in the more active Anodonie or
Lampsiles.

6. ACCESSORY SIPHONS.

When under conditions of deficlent oxygen not only do
the siphons widen to their greatest extent to bring in more
water, but also additional spaces between the mantle edges
are thrown open. In most species there occurs a very deﬁgute
accessory dorsal siphon, the supra-anals ‘of Or’tmann’(m)
above the dorsal. It is not provided with papille, and is not
s0 sensitive to the various stimuli enumerated above. It is.
only opened in emergencies; uncommonly under nor.ma,l' con-
ditions. In the several species the supra-anal varies in its
length, and in its distance from the dorsal siphoun. Likewise
there is a variation in the extent of the cloaca above the“ supra-
branchial channel. | It reaches its maximum dimensions in
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Onadrula fieros: _or Lampsilis alatus, whose mantle extends
dorsad to the full extent of the.ala. The ciliary movement of
the cloacal portion. of the mantle i3 ventrad and centers at
) - dorsal : supra-anal.  The higher the shell
“ar : b sip _ons, the longer is the accessory

1ph0n other temporary openings

s the full length of the mantle.
injured or over-stimulated,
ace of the water, the mantle
ventral margin.

&

experimment that the siphons and
ject 1o chemical stimulation only of
Lower concentrations take
more sensitive osphradinm. Since high
tions- do” not or(hndrﬂy concern the animal in its
aGrm habitat, the chief sensory functions of the siphon are
h hysical character. By means of the osphradium
A5 Se reacﬁs to very small changes in the chemical nature
~‘The muscular tonus of the siphon and mantle
- the chemo- -receptors of the osphradium.
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aj erture_ whxie the streaming is controlled by the
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d & large %ha,r{, of mant!c mus{uhn ure,
5t share of motor and sensory nerve endings.
center at t_ e sphmhmc or Vmcuai gano]um bo f.-m as

: 71{11:{15{ dwelopmcnt of a ce )hahc Uanghﬂ*l
“sense _organs, the visceral ganglzon has largely
faken ‘Ve these functmm in the mussel which communicates
tside through posterior siphons. To be sure the
(:ephahc g:mghcn still retains two pairs of commissures i

tle edges. Rarely (in extreme .
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communication with the other ganglia, but its sensory functions
are of a less peripheral character than those of the visceral. L
By virtue of homology and position at the anterior extremity -«
of the body the cephalic ganglia are entitled to their name, )
They possess Httle analogy to a true cephalic organ. G -
That the mantle and visceral innervation of the mussel
i divided about equally between the cerebral and 3
ganghia, and that the two ends of the animal are rather ind
pendent of each other, is shown by the foliowing_e_xpg:iﬁi '
The two valves were wedged one-fourth inch apart by a
fulerum of wood at the center of the ventral margin. e
point was selected where the pull of the two adductors’ jus
Lajanced each other. Then the two ends of the mantie e
visceral mass were prodded by turns. By tarns there was'a = .
greater adduction at the stimulated end. This was sufficient = %
to overcome the alrcady vigorous contraction of the other
adductor, and caused the relaxing end to gape more widely,
Additional stimulus at either end overcame the balance. The
magnitude of the response decreased progressivély “as:the
ctimuius was apphed nearer and nearer the block, where the ~ .
branches of the pallial nerves overlap and anastomgse. ~The 7
aarrowness of the molhusk’s existence is much expatiated upon. ..+
The principal reactions of the bivalve when summed up include o
only: Protraction and retraction of the foot, adduction of the 7
shell, protraction and retraction of the mantle margin cand -
siphons.  The raovements of jocomotion and butrowing, respira-
tion, waste disposal, and driving away of intritders are chiefly
made up of combinations of these five reactions, supplemented
by ciliary activity. It is as though the whol '
mammal were made up of stretching, yaw
Usually more than one of these reactios
cimulus,  After many chservations one
legs skilled in predicting from the mann
what will follow it. For instance; in
shell one can foretell that burrowing will en’
siphons are opened in a less cautious way, one redict
that the animal is about to *‘sneeze''—1, ., spurt wate through
the siphonal region. S
In many of the activities of the mussel cumulative move-
ments are seen. The initial stimulus is ingufficient to incite
the entire series of movements directly. Only a small portion

of the foot or siphon may be set in motion at first, then in wave-
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like fashion the contraction passes on and engages all parts
of the organ. Local reflexes are probably résponsible for this
hehavior, for it is observable even in a foot or siphon which is
dissected out and ,mot in communication with the central
nervous system. The contraction of one region stimulates the
adjacent areas, and they in turn by contracting pass the
movement onward. ' '

Three elements at least have contributed to the degenerate
character of the bivalve nervous system: _

(1) The aquatic life; comparative uniformity of the physical
and chemical  environment. New and difficult conditions
have not ._-ij;gﬁ...cggf_;{mted them. The advent of the industrial
period, and stream pollution have found them unprepared
except as to great fecundity.

(2) The neatly sedentary life, passive feeding habits, and
slight need of locomotion.

(3) The sheltered existence within the shell, and passive
immunity from attack by enemies.
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