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A Preliminary Comparison of the Neon Lamp and
Potentiometer Methods of Submarine Photo-Elec-
tric Photometry. 5

v
W. R. G. Atkins, Sc.D., F.R.S,,
Head of the Depariment of General Physiology af the Plymouth Laboratory.
And
H., H. Poole, Sc.D.
Registrar of the Royal Dublin Society.

With 2 Figures in the Text.

Our previous experience of submarine photometry (1925, 1926, 1928,
1929) indicated the desirability of obtaining additional information in
certain directions and of speeding up the observations without sacrifice
of accuracy ; our aim was indeed to increase the accuracy, at the greater
lepths especially and in sub-surface observations. Further data upon
he horizontal illumination, viz. that received by a vertical surface, were
Uso wanted.

The above desiderata were sought as follows :

(@) To increase accuracy a more sensitive vacuum cell was obtained—
a sodium cell of the Burt type, with ““ end-on " illumination. This had
a sensitivity of 5-30 m.c. per 10 amp. as against 31-6 m.c. for the
potassium vacuum cell previously used, photometer L. It was hoped
that it would have been possible to use this down to bottom at Station E1,
thus avoiding having recourse to a gas-filled cell ; the latter has to be
calibrated before and after use and the voltage change-over ratios have
also to be determined, so that both on the score of accuracy and speed of
operation a vacuum cell is to be preferred when possible. For several
reasons, however, the Burt cell could not be used for the deeper water ;
firstly, owing to its smaller aperture the ** end-on ” is not as sensitive as
the side window type, secondly, though mounted so that the aperture
in the cell was close to a larger window in the new type of photometer
case (described later), yet the mounting undoubtedly reduced the sensi-
tivity somewhat, and thirdly, the plate glass, 12-5 mm. thick, reduces
the middle of the solar ultra-violet somewhat, yet i
360 mu—that the sodium cell has its greatest sensitivity. In any case
the diffusing opal glass must reduce the intensity in this region. Hen:.
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618 W. R. G. ATKINS AND H. H. POOLE.

the sensitivity of this photometer, as given above, proved to be consider-
ably less than was expected. Furthermore, it is possible that the absorp-
tion coefficient for the light to which the sodium cell responds is greater

than that for the potassium cell, the latter being of greater wave-length.

This, however, remains to be tested by the measurements. A greater
accuracy throughout, especially in the deeper water, was attained, how-
ever, by using photometer J, already described (1929), but maintained
in its condition of maximum sensitivity by a method communicated to
us by the stafl of the Research Laboratories of the General Electric
(o. The gasfilled potassium cell, mounted as photometer J, has its
sensitivity increased by the passage of a relatively large current caused
by exposure to bright light. The subsequent gradual loss of sensi-
tivity when subjected to low illumination, implies that in deep water
the cell is not as sensitive as one would expect from the voltage change-
over ratio, determined at a lesser depth. For all measurements to
be comparable, the sensitivity should be the same. This we formerly
sought to maintain by avoiding the passage of a really large current at
any time by reducing the applied voltage for bright light, the safe limit
being determined by trial. A correction was also introduced, assuming
the change of sensitivity to be a linear function of the time. The
method, now adopted, is the reverse. The cell is momentarily connected
with a voltage just sufficient to produce a glow discharge in absence of
light. This leaves it in a highly sensitive state ; immediately after the
glow the measurement is made at the voltage appropriate to the illumina-
tion. This is the best one can do with a gas-filled cell. A special series
of tests was carried out to ascertain the accuracy thus obtainable. These
are described elsewhere. (Atkins, 1931.) If the glow were allowed to
continue the cell would be ruined. The method gives results which seem
to be more constant than those obtained formerly, but not as constant
as with a vacuum cell. With light of low illumination, however, the far
greater sensitivity of the gas-filled cell outweighs this defect and the
readings become more accurate, being much larger.

To sum up, for accuracy and speed of work down to moderate depths
the Burt cell (photometer M) or the potassium vacuum cell (photometer L)
may be used, but for the greater depths the potassium gas-filled cell
(photometer J) must be used. ‘What these depths actually are depends
upon the clearness of the water at the time.

(b) Observations immediately above and below the water surface are
obviously desirable because owing to the shadow of the ship the light just
above the water is always less than that as measured on the deck-house
roof. Measurements in the latter position serve, however, to detect any
change in general illumination. The shadow error is not a constant. The
stern of the ship is always kept pointing towards the sun, so that with a
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bright sun—say 8=3—the shadow is relatively unimportant, since only
a percentage of the diffuse light is cut off. With overcast sky, =1,
this loss becomes the same percentage of the total light.

As the photometer is lowered through the water the shadow error
increases at first and then decreases. It is obvious, however, that it is
soon rendered insignificant by the absorption of the water, so though it
may affect the percentage values of the illumination at the lesser depths
it will have but little effect on the absorption coefficients calculated from
them.

The difference between the measurements just above and just below
the water surface denotes the loss due to irregular surface reflections, the
submarine photometer—even when in air—having a few millimetres of
water over its opal dise. Formerly we allowed 15 per cent to cover these
ghadow and reflection losses and took it that the sub-surface light was
85 per cent of that on the deck-house roof, on an average.

Under calm weather conditions with diffuse light and opal dise over
photometer it is quite possible to obtain tolerably good measurements
just above and just below the water, using the potentiometer method of
measuring the photo-electric current. (See Series 48.) As a rule, how-
ever, the conditions render such measurements impossible, because the
photometer swings too much, the wave motion is too great at the surface,
and the sunlight just below the surface is naturally very variable.

For such measurements the neon lamp method described by J. H. J.
Poole (1928) has many advantages, since it gives a measure of an in-
tegrated current over any convenient period of time. The measurements
made with it in Lower Lough Bray have already been described (J. H. J.
and H. H. Poole, 1930). Photometer M was used for this work. The
neon lamp outfit taken to sea was the same one that had been at Lough
Bray. Sinece its serviceableness on ships and small boats is great, while
its cost and weight are low, an outline of the principle upon which it works
is given further on. The fact that the method integrates the current
makes it immaterial whether the latter varies irregularly, provided that
over the period of the measurements the mean current remains constant.
In other words the general illumination must not change—or if it does a
series of integration measurements must be performed and an average
taken, just as in the potentiometer method. By the help of the neon lamp
method measurements were obtained just above and just below the
water surface and at depths down to 5 m.; concordant measurements
are not easily obtained at depths less than 5 m., using the potentiometer
method.

(¢) Series relating to the horizontal light intensity and the intensity of
light travelling upwards have already been given (1928, 1929). These
refer to light received on a photometer window placed vertically, or
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inverted. Williams (1929) has since made similar measurements with a
projecting tibe to ensure that only light at 90° to the vertical should
enter. Further measurements appeared desirable and as a new case to
contain the Burt cell had to be made, it was so designed as to be
better adapted for being slung with window vertical. This could most

' - Vo
I vy ! '
U |

'

I e I
44 o

Fic. l.—Above is shown, in part section, the new type of submarine photometer case with
photo-electric cell, the height of the latter, with standard U.S.A. radio valve base,
being 16 em. Immediately over the window of the cell comes the plate glass window,
12.5 mm. thick, which is fixed as described in the lid, one screw of which is shown.
The cable leads enter at the sides. Note the lower bolt-holes for lateral or inverted
suspension. The photometer is shown with window cover swung clear by apply-
ing tension to the twine (full black line) on left-top corner. The twine works
in the groove of the wooden projecting piece, which is a cut-away sector of a
disc. It is necessary to have the twine passing through a shackle mounted on a metal
flange to secure adequate leverage. The insertion of the cables has been described
for the earlier type. The opal disc, attached by wax above the plate glass window,
is not shown.
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conveniently be done by having a cylindrical case (see figure, where the
case is shown in part section) and using an ‘‘ end-on ” rather than a side
exposure cell. This design was slung by two diametrically opposed steel
wires, instead of by four—one from each corner of a box. Moreover,
additional bolt-holes were placed, as indicated, near the bottom of the
case 5o that by merely changing one suspending wire and passing its bolt
through one of the side lower bolt holes one could sling the photometer
with window vertical, instead of horizontal. By using both the lower
bolt holes the photometer may be slung in an inverted position. In
former measurements the alteration in position had to be made by lash-
ing, with consequent delay and some uncertainty as to a precise setting
of the photometer. Figure 1 shows the new type of case. It was lighter
and rather easier to handle than the old one. Its greater length, however,
made it more apt to tilt in the water were the ship to drift rapidly. This
must have been without practical importance in the work here described.

MEASUREMENT OF THE PHOTO-ELECTRIC CURRENT.

(¢) Tur PorENTIOMETER METHOD.

This has been used as previously described. Occasionally with large
currents the drop in potential was measured across a 40,000 ohm resis-
tance instead of the usual 100,000 ochm.

In spite of the additional precautions described in our later work
(1929) surface leakage continued to be a trouble in very damp weather.
The surface of the potentiometer was coated with paraffin wax, with
some effect. Nevertheless on October 15, 1929, at Station E 1, with an
east wind blowing into the deck-house the leakage was so bad that opera-
tions were about to be suspended for the day. As a last resort the in-
sulated metal box containing the H.T. batteries and connected to the
negative pole, as shown in the figure facing page 301 (1929), was earthed
to a nut on the iron tube carrying the steering chain on the port side of
the deck. All troubles ceased immediately. A ““dark current ™ was,
however, found again on October 21, but this was traced to photometer M,
which on opening was found to have leaked around the window. The
internal fittings and cell were washed in distilled water and thoroughly
dried ; the calcium chloride was renewed ; finally a good seal was effected
by heating the upper portion and the window holder in an air oven and
pouring ““SIRA 7 (Scientific Instrument Research Association) wax
between the two pieces. These were then screwed together and the wax
which extruded was pared away. The photometer has not recently been
used at sea, but has been, since December, 1929, upon the roof of the
Laboratory attached to a Cambridge Inst. Co. ‘‘thread recorder
(1930, 1). No leakage into the cell has occurred. '
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(b) Tue Neox Lawmp MeTHOD.

This has been described by J. H. J. Poole (1928), who first devised it,
and is figured by J. H. J. and H. H. Poole (1930).

We are indebted to Dr. J. H. J. Poole and to the Physical and Optical
Societies for permission to reproduce the figure (Fig. 2). The wooden box
containing the condensers, neon tube and safety resistance R (about
20,000 ohms) is indicated in section. Its shape has been modified to
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show the electrical connexions more clearly. For a detailed description
the original paper should be consulted.

The ordinary photo-electric circuit is used to charge a condenser, or, in
practice, one of a set of four, of capacities as shown, A =0-5 uF, B=0-05.F,
C=0-005uF and D =0-0005xF, any one of which can be used by making
connexion with a wander plug. A neon lamp, N, is connected in parallel
with the condenser. Provided the voltage across the terminals of the
lamp exceeds about 130 a flash will appear from time to time in it, the
condenser being partially discharged thereby. It has been shown that
the rate of flashing is proportional to the charging current, namely to the
mean value of the illumination over the period. The voltage must be
high enough not only to ensure flashing but also so that the effective



SUBMARINE PHOTO-ELECTRIC PHOTOMETRY. 623

potential across the photo-electric cell, P, is always in a region in which
small changes are without great effect upon the sensitivity, if absolute
measurements of illumination are to be made. A sufficient potential, V,,
should be connected to a guard ring, G, attached to the neon lamp, to
overcome the effect of small leaks, otherwise a current due to a certain
number of metre candles would be required merely to balance the leakage.
If the gunard-ring potential be too high, ﬂashmg will occur in the dark.
With a small rate of ““ dark ” flashing, for which allowance can be made,
the apparatus is in its most sensitive condition. Usually the total
potential, V;+V,, should be 230-240 volts, and that across the guard-
ring 170 volts.

In the measurements here described the ideal conditions were nof
satisfied, for though flashing began at about 132 volts, with photometer M,
it was not possible to go much above 150 volts without obtaining ** dark
current ”’ flashes, though at 60 volts M had previously showed no signs of
leakage, internal or external. It had accordingly been fitted up without
connecting its own guard-ring. For uniformity therefore a nominal, and
closely an actual, voltage of 150 was selected and was employed with the
deck photometer H (potassium vacuum) and the submarine photometers
M (sodium vacuum), Li (potassium vacuum) and J (potassium gas-filled).

These preliminary measurements with the neon lamp method were
obviously unsuited for the accurate measurement of illumination, espec-
ially for low intensities, since the absence of a guard-ring potential intro-
duced the error mentioned above, namely, that a certain minimum
illumination was required to overcome the effects of leakage in the neon
lamp and condensers. On the other hand, an error of the opposite sign
was introduced by the leakage in photometer M. This error was much
the larger of the two, and to keep the net dark-current down to a reason-
able magnitude, which could be corrected for, the potential was reduced,
as above. Hence the anode potential across the photo-electric cell was
small, and its variation during the cycle of charge and partial discharge
of the condenser must have considerably affected the sensitivity of the
cell.

The interest lies rather in determinations of a comparative nature near
the surface or at a small number of metres below it. These were, where
possible, checked against determinations made by the potentiometer,

Tt must be pointed out that the effective capacity may differ consider-
ably from the nominal capacity in parallel with the neon lamp, for the
leads themselves have a certain capacity which may be quite consider-
able in the case of the submarine cable. This lessens the sensitivity of
the method for work in the sea, but does not impair its usefulness for the
lesser depths. This compounded capacity may be denoted thus: A M,
capacity A (0-5uF) with that of photometer M, including its leads. In
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practice the time taken for a convenient number of complete flashes
is measured; from this we can at once find either the time (f) of a single
flash, which is inversely proportional to the current, or the number of
flashes per minute (n) which is directly proportional to the current.

Inspection of Table I will make the method of standardization clear.
This work took one hour under conditions of steady illumination and
would have taken longer with variable light or at sea.

TABLE 1.

September 20th, 1929.  Standardization of neon lamp apparatus on reof of Laboratory, Plymouth, with
photometers H and M side by side on parapet. H was used with potentiometer to determine V, shown in
thousands of metre candles, k.m.c. When H was attached to the neon lamp apparatus, M, previously
standardized against H, was used with the potentiometer. Number of flashes per minute=n. The window
of M was wet as used at sea. Voltage was 150 on neon lamp apparatus. usual 60 v. with potentiometer.
The series given are the means of five, four, five, and six highly concordant determinations respectively.

Eatios of

V. kme., sensitivitics.

G.M.T. V., km.c. AM pEr ﬂflllih‘ \_M
per min. Al

3.10-3.24 40-58 17-6 2-31 11-0
B
nAH ATl

3.25-3.46 35-18 1-38 25-50 12-4
BM
nBH BH
3.47-3.59 32-20 15-7 2-06 82
#BM 2:;
4.0-4.10 27-35 108-9 0-251 92

Next day, September 30th, the apparatus was taken to sea on the Salpa,
but the weather was so bad that preliminary trials only could be carried
out, inside the Breakwater. It was necessary to ascertain whether the
capacity of the cables attached to M was altered by immersion. The
coil had never been in salt water before. The wind was from S.W_, strong
and freshening, waves breaking, uniformly grey sky.

The ratio of the rates of flashing were determined with photometers
side by side : (a) coil in air, (b) half in water, (¢) almost all in water ;
results were obtained respectively for this ratio :—BM/BH, () 7-53,
(b) 5-75, (¢) 7-09, and T-47. Under the adverse weather conditions these
may be taken to indicate no change. A small alteration would not seriously
affect comparative results. Taking the mean of the ratios, omitting the
second, we see that BM/BH =7-35, as against 8:22 on the roof the pre-
vious day, using the same method and voltage. Comparing M and H, each
with 60 volts anode potential, by means of the potentiometer, the ratio
M/H =889 was obtained as against 875 under good weather conditions
on the Laboratory roof on September 27th. This ratio 8-89 gives 4-75
metre candles per 10 amp. for M, for diffuse light, the corresponding
value for H being taken as 42-3 m.c. 1t may be pointed out that the MH
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ratios determined by the potentiometer and neon lamp methods are not
comparable, both on account of the different voltages—the effective
voltage in the latter being low—and of the capacity effect.

TABLE II.

Vu and V denote the illuminations, in k.m.c., as shown by the air and submarine photometers ; ss denotes
plhotometers side by side on deckhouse roof, ¢ denotes submarine photometer swinging just clear of the water
and b just below the water surface. The pereentages p and p' refer to the roof and sub-surface positions regpect-
ively, p, and p, being the corresponding values found with the neon lamp apparatus. The values for the vertical
absorption coefficients gy % and py, (the latter with the lamp), are entered opposite the lower depth of the range
taken, viz. 5 m. value is 4 to 5 m,

Time of flash, with 0-05uF condenser=2-70 sec., for photometer H and 0-394 see., for photometer M, ratio
M/H="7-71, at 2-11 G.M.T.

Date, Remarks, ete. GMT. V., d ¥V P P ey Pn o’ Hoan
kam.e. m. ke
SERIes 47 and Series N2 2.4 40-2 sz 402 100 121 - 100 1358 —
2,10.°29, 4 % 727
Of Pier Cellars, Caw- 234 404 33-3 8245 100 — 1. 100 —_

sand Bay, depth 8 m., 242 358 13-0 36-3 441 0-821 - — —

Wind stromg N.W., waves 2.51 G0-4 2141 350 42.5 0-858 o . —
breaking at times, long 2.58  56:9 10-6 18-6 226 (-630 26-3 0-867F

19-0

swell. Sun weak through  3.25 195 1-62 8§29 101 0-809 107 14-8 0-508

broken clouds, some blue 3.46 259 104 401 4-87  0-725 474 G-56  0-821

sky. 3.50 202 0-385 191 232 0-744% 1-79 248  0-969
4.4 187 6 0236 1-26 1-52  0-420 0-49 0-68 131

* Mean 0-5 m., 0-746 for uy and 0-818 for My,

F0-2m.

I In previous papers we used u for the absorption coefficient caleulated on the supposed mean length of the
path of the beam reaching the photometer and A for the vertical absorption coefficient. gy is now used for the
vertical absorption coefficient as when dealing with the colour of the light we require the usual symbol X to
denote wave-length. :

O S LY T

Date, Remarks, ete.  GMT. a° Light. 3 d Va v P P fy
m. km.e km.e. e 2
SERIES 48, 14.10.°20, 1.25 Sun clear, sky 232 — 520 520 100 134 —
M Photometer. At El.  1.36 clear blue, fow a 511 452 885 116 —_
Wind S.W., very light, 1.45 clouds low on L 519 388 748 100 —
water smooth, almost 1-50 31 horizon. Visi- 1 519 322 62-0 82-9 0188
glassy, only slight swell. 1-56 Lility good. 2 459 204 445 5495 0-332
Depth 73 m. 2,0 5 457 901 216 28-9 0-238
2.4 30 10 442 2-70 6-11 . 818  0-253
2-7 15 440 1-02 2-32 310 0-194
2.9 20 436 0-396 0-91 1.22 (187
212 29 25 436 0-163 0375 0502 0177
216 30 431 0-068 0-157 0210 0-174
219 28 35 431 0-029 0066 0-088  0-172
2-25 27 40 3749 0-010 0-026 035 0-186
239 35 384 0-017 0045 0-0c0 - 0108
2-42 25 300 384 0-052 0-131 175  0-219
£
SERTES 49, 14.10.°29. 4.6 12 121 — 144 14-4 100 —
M Photometer, AtElL . 412 11 5 1349 294 211 28-2f  0-252%
4-16 10 135 0-878 G50 87 0-236
4-21 10 15 1149 0-258 307 41 0-1£0
SeriEs 50, 14.10.°29, 433 8 Sun clear, but 5 9-54 1410 1480 372 0-198
L Photometer. At El. 436 low, sky clear, 10 890 0-444 499 125 0-217
Surface glassy, a flat 440 7 visibility good. 15 852 0134 1-56 39 0-232
calm. Secchi disc 8} m. 4-42 111 — 774 — — _— =
insunon W., at 4.45 and 444 6 108 — T — — — —
9 m. in shade on E. 457 4 b 517 2055 398 100 —
51 3 a 4-45 2120 477 123 —

* The neon lamp method series N3 came in between.
i Calculated on the sub-surface value 7T4-8 per cent of feries 48, or allowing the usual 15 per cent loss only
0-278,
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Date, Remarks, ete.

Series 51, 15.10.°29,
M Photometer. Near
El. Wind E., light.
Seechi dise 10 m. in
shadow of ship to W.,
9 m. in sun on E. of ship.

SERIES 52, 15.10.°29,

M Photometer. Slung
horizontally.,  Near EI.
Moderate swell, waves
breaking, wind 8.E., light
to moderate.

* 5-35 m., py=0-195.

w.

GLMLT.

12-G
12.11
12:19
12-29
12-34
12,39
12-44
12-48
12-52
1-0

s o b O bw be bo

(=}

=
[=2R TR = )

R. G. ATKINS AND H. H. POOLE.

a®  Light. a Va ¥

t Relative to the vertical light in air, py is p of Series 51.

T 5-30 m., wp=0-158.
Date, Remarks, ete.

SErIES 53, 15.10.29.

Photometer J. Near
El. Wind 8.E., light to
moderate, swell moderate
and decreasing.

G.MLT.

g

0o 0o o 00 MO N pa
T b T
=1 & o

=g ]

* Assuming 159 loss at surface, including shading due to ship.

+ For 45-55 m.
Date, Remarks, ete.

SERIES 54, 21.10.°29,

Photometer .JJ.  About
one mile W. of Rame Hd.,
depth 33 m. Wind 5.W.,
light to fresh, some waves
breaking.

G.MLT.

b

Eieit o
3 T
TEERE

L=-1me o, L= ol L)

Ty 20 b =1 1 S R

LR L Y N N

—— e
=

330
3.40

J at 12 volts up to this.

"
§ 0 at 60 volts, J,,)T,, =234,
:

J
J at 12 volts again.

m. kme. kme. “?0
31 Sun hazy but 5 431 8-56 19-8
clearing, sky 10 443 2:36 532
blue with mueh 10 G4-8 323 497
haze, 15 581 1-02 177
20 570 0-386 0-6G78
25 56-2 0-161 0-286
30 562 0-060 0-107
35 579 0-025 0043
5 592 9-05 15-2
30 ss 562 5G-2 100-0
H P
k.m.c. %
29 Sun clear, visi- 5 514 2-700 5206
bility good, no 10 51-7 0-995 193
clouds. 15 509 0-248 0-487
28 20 504 0-121 0-241
25 487 0-045 0-093
30 487 0-034 0-069
27 5 48 1-770 3-G6
a® Light. d Va Vv
m. lm.e. k.m.c.

22 Sun clear, low ss 38-4 3584 1
clouds  only, ss 367 367 1
visibility good. & 32-2 G-57

20 B=1-59. 10 31-2 202

19 —_ 28-9 —_

18 15 26-7 044

20 26-8 (330

17 25 26-3 0187

16 30 23-6 0-110

35 23-6 0-073
14 40 20-0 0-047
13 35 15-1 0-048
45 14-9 0-022

12 50 14-3 0-011

11 55 10-8 0-008

10 5 8-88 1-90

9 5 7-53 1-63
8 55 G-51 ti-51 1
t For 5-55 m.

a® Light. =} d Va A\

m. kme kme.

23 Sun and blue 223 — 48-4

28 sky with mov- 42-8

ing clouds. 21-4
23-9

S 453

88 476

55 21-6

24 58 18-9
S 40-4

22 1-82 5 331 5-78

21 10 33.6 1-46

20 15f 274 0-406

15§ 279 0-397
15 25-5 0-376
18 20 25:1 0-099
25 24-G 0-036
30 24-1 0-008

16 136 — 239 —

14 b 189 2-89

13 5t 151 216

* 5-30 m., 0-244.

PR

P
0-266
0-375
0-276
0-356
0323
0-£50
0-184

P
o,

/Q
00-0
00-0
20)-4

G-50

2-41

312

=712

0-467
0-310
0-236
0-317
0-149
0-075
0-072
21-4
217
00-0

ss Photometers side by side for ealibration.

Hy

0-291
0-263
0276
0207
0-191
0-172
0-197
0-181
0-330%

M
0-201
0-275
0-140
0-191
0-058
~t

Hv

0-285%
0-228

0198
0-134
0110
0-084
0-i82
0-056
0078
0-091
0-075%
0-114%
0-275%
0-272%

My

0-315
0-278
0-216
0-223
0-216
0263
0-199
0-287%
0-342
0-356
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Date, Remarks, ete.  G.M.T. Light. d P I3 ty
Series N1, 30.9.°29, 11.40 Sky overcast. 58 100 148 o
Photometer M. Just Thickening for rain, a T0-5 118 ——
inside Plymouth Breal- occasional drops in h 5956 100 -
water, depth 13 m. Wind afternoon. At 12.30 [ 55-5 935 —

S.W.., strong and freshen- V=186 k.m.c.,and 1 39-6 666 0-404

ing, waves breaking. at 2,45 V=0-1. 2 256 431 0-435

3 160 26-9 (-495

4 10-0 16-8 0-469

1.40 5 667 11-2 0-401

2.0 G 5-12 861 0-266

T 343 597 0-399

0-7 — — 0-410

* (hanged over from condenser B (0054 ) to (' (0-005uF) for each photometer, viz. H on deck-house roof and
M in water.

SErEs N2, 2.10.°29, Blue sky and broken 58 100 138
Photometer M. Off clouds ; sun weak Iy 727 100
Pier Cellars, Cawsand through clouds. bt 718 87
Bay, depth 8 m. Wind 2 19-0 26-1 0-867
strong, N.W., long swell, 2 19-1 26-2 -
waves breaking. : 10-9 14-7 0-568
3 10-5 14-3 —
4 4-75 G-52 0-821
4 4-74 G-51 —
5 179 2-47 1-969
[ 049 0-67 1-31
i} 0-48 0-66 —
0-6 1-831
Date, Remarks, ete.  G.M.T. a’® Light. d P P My
SERTES N3, 14.10.°29. 3.24 17 Sun clear, sky 5 337 364 0216
Photometer M. At El, 3.29 clear blue, few 4 41-8 45-2 0-144
depth 72 m. Wind S.W.,  3.33 16 clouds low on 3 48-3 52:2 0-304
very light, water almost  3.39 15 horizon.  Viei- 2 655 T0-8 0138
glassy, only slight swell.  3.44 14 bility good. 1 75-2 813 0-207
3.51 13 b 92-5 100 —_
3.57 i 100 108 —
0-5 —= — 0-202
SEr1Es N4, 21.10.°29, 3.52 11 Sun and Dblue 5 143 18-7 0-407
Photometer J. About  3.58 10 sky with clonds, 4 215 28-4 0-228
one mile W, of Bame Hd., 4.0 light, fairly 3 271 35-7 0-356
depth 33 m. Wind light  4.10 ] steady. 2 387 510 179
to  fresh, some waves 4.16 8 1 46-3 G1-0 0-392
breaking. 4.21 T b G8-5 90-3 —
4-29 G & 770 — —
4.39 5 a TG0 100 e
4.50 3 B 100-0 132 —
0-5 0-312

DISCUSSION OF RESULTS.

Table II records the results obtained in Series 47-54, in which measure-
ments were made as usual by the potentiometer method, and in Series
N1-N4, in which the neon lamp method was used.

The lettered sections which follow relate in general to those similarly
lettered in the introduction.

(a) Tt was never found possible to use the new vacuum sodium photo-
meter (M) down to the bottom, 70 m.; the greatest depth was 40 m.
(Series 48), at which the illumination was 10 m.c. Photometer L. had
previously been used to 40 m. (Series 19), the illumination being 150 m.c.
The inadequate cable length prevented its use at a greater depth. Were
the aperture to be increased somewhat and the cable lengthened it
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appears that a potassium cell could be used to greater depths than a
sodium cell. Thus at Station E1 on 14/10/°29 the sodium cell gave, for
the vertical absorption coefficient, u,, between 5 and 35 metres, the value
0-193 (Series 48), whereas next day the gas-filled potassium cell J gave
0-139 over the same range (Series 53). Obviously the shorter mean wave-
length registered by the sodium cell is more heavily absorbed than is the
rather longer radiation to which the potassium cell is sensitive ; for the
wave-length sensitivity data see Figure 2, page 466, Vol. 15, this journal.
Such a result is in keeping with the findings of Shelford (1928) for the
upper 15 m. in the Puget Sound, below which the transmission of the
light affecting the sodium cell was the greater. A comparison of photo-
meters M (sodium) and L (potassium vacuum) on 14/10/°29 at E1 gave,
from 0-15 m., p 0-228 and 0-213 for M and 0-216 for L. This is close
agreement, but it may be seen in the figure that this particular potassium
cell showed greater response to shorter wave-lengths than did other
potassium cells ; in any case the gas-filled cells show a sensitivity shift
towards longer wave-lengths. The three values of p, for 14/10/°29 were
obtained at 2 p.m., 4.15 p.a. and 4.35 .M., mean times, of each series,
and serve to show that there was no appreciable alteration in absorption
due to phototropic movements of zooplankton, as had been suspected
previously on other occasions ; at this season, however, no considerable
amounts of zooplankton would be found.

As regards the state of the water from year to year it is of interest to
consider the mean values of p, from 5-35 m., at E1. The determinations
in 1925, 1927 and 1929 were made with potassium gas-filled cells K
and J, that for 1928 with a vacuum cell, L; p,=0-146 (1/10/°25),
0-104 (3/10/°27), 0-124 (2/10/°28) and 0-139 (15/10/°29). At this time of
year the vertical circulation, brought about by surface cooling, has just
taken place, so that the water column is isothermal and homogeneous.
There are, however, considerable differences in p, from year to year.
These are probably to be sought in the amount of suspended matter, in
which inshore water is richer than that further out to sea. Examples
illustrating this may be found by comparing Series 47, Cawsand Bay,
w,=0-T8, Series N1, Breakwater, u,=0-41, Series 54, near Rame Head,
,=0-24, Series 51, near E1, but closer to shore, u,=0-19. These measure-
ments were with the sodium photo-electric cell, save Series 54, in which
a gas-filled potassium cell was used, giving a value rather lower than with
a sodium cell. Since it was not possible, as shown in our 1929 paper, to
correlate the changes in p, with seasonal changes it would appear desir-
able to study it on a line across the English Channel, or further out into
the Atlantic, for it might give indications of the origin of the water
similar to those given by salinity determinations, and perhaps more
delicate, even though of lesser percentage accuracy.
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(b) As previously pointed out the shadow error, due to taking the deck-
house roof reading as being a measure of the illumination just above the
water surface, is both large and variable. Thus in Series N1, with no
sun, the shadow loss was 29-5 per cent of the total illumination as measured
on the roof ; in Series N4, with a clear sky and low sun it was 23-5 per
cent ; in Series 48, with a clear sun and sky and 3=2-3, the loss was only
11-5 per cent. In Series 50, with a clear sun and sky, but late in the
afternoon with 8=1-04, the loss was 52-3 per cent ; in this case the shad-
ing must have been abnormally great, the deck-house photometer perhaps
sloped towards the sun with the ship’s roll and the photometer above the
sea was entirely shaded from the sun; but whatever the explanation
such measurements were obtained.

In obtaining illuminations below the surface the readings must be
multiplied by the factor 0-935, which is the ratio for the light in air to the
light just below a smooth water surface for diffuse daylight (see p. 184,
1926 paper). '

The submarine photometers were standardized in air, with opal glass
in position and window wet, bubbles being excluded. The light in air
was measured by the roof photometer, H, so that in the water over the
window may be taken as 0:935 of this. Accordingly the ““ air 7 reading
of the submarine photometer corresponds to an illumination in the layer
of water just outside its window only 0:935 times what one assumes for
the purpose of standardisation. The factor is an approximate one for an
assumed uniformly bright sky. This correction has been made in obtain-
ing the figures given in the table.

The light lost upon entering the water was measured directly in five
series, being obtained from the illumination just above the surface “a ™
in the tables, and that just below the surface 0.’ Values for ¢ —b were
as follows : Series N1, 15-5 per cent ; N3, 7-5; N4, 10-5; 48, 155 ; 50,
16-5 ; mean, 13-1,

Formerly, in calculating p,, 0—5 m., we took the deck-house roof
illumination and deducted 15 per cent to obtain the sub-surface illumina-
tion, b. This would have been approximately correct for the surface loss,
but is quite inadequate for the shadow loss.

It would therefore appear that it is essential to obtain a directly if b
cannot be obtained on account of the roughness of the sea. If neither can
be obtained values for the percentage submarine illumination may be got
by assuming a surface loss of 15 per cent for choppy water or 8 per cent
for calm water, and making an approximate allowance for the shading
due to the ship according to the lighting conditions prevailing at
the time.

It follows from this that the neon lamp method is of value, for only
under really good weather conditions can @ and b be obtained by the
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potentiometer method. The latter, however, has the advantage for work
down to the greater depths.

(¢) As regards measurement of the ‘“ horizontal light,” namely, that
falling on a vertical surface, only one series (No. 52) has heen obtained
in addition to those previously reported, Series 15 (12/9/°27), Series 25
(6/3/°28). The latter series, with an efficient opal diffusing disc, gave
0-61 —0-47, mean 0-54 as the ratio of horizontal to vertical light from
0—25m. Series 52, within the same limits, gives 0-37 —0-22, mean 0-31,
23 determined with sodium photometer, instead of potassium in Series 25.
Further measurements are desirable.

SUMMARY.

1. J. H. J. Poole’s neon lamp method (1928) of integrating the photo-
electric current is serviceable for work at sea down to moderate depths,
which further experience may extend considerably. Tt is specially valu-
able for determining the light just above the water, and at such depths
down to 5 m., at which the variability of the light renders the potentio-
meter method (1925) very difficult or quite impossible in rough water.
For greater depths, down to 70 m. (bottom in the English Channel
around our normal range) we have so far been able to use the latter
only.

2. The loss due to the shadow of the ship, obtained by subtracting the
illumination just above water from that on the deck-house roof, was
found to vary from an extreme case of 52 per cent, and a normal loss of
30 per cent, with an overcast sky, down to 11 per cent with a clear sun
at 31° altitude.

3. The loss of light due to its entering the water was found to vary
from 7-5 to 165 per cent, mean 13-1 per cent.

4. It is desirable that the illumination just above and just below the
water surface should be determined by the neon lamp method as a
routine.

5. It was found that, under the isothermal and homogenous water
conditions obtaining during the first half of October, the vertical absorp-
tion coefficient, u, varied at Station E1 (about twenty miles outside
Plymouth Sound) from g, =0-146 in 1925 to u,=0-104 in 1927, 1928 and
1929 being intermediate with w,=0-124 and 0-139 respectively, over the
range 5-350 m. These potassium cell values are less than similar deter-
minations with a sodium cell, for which the value p,=0-193 corresponds
to the 0-139 value for potassium.

6. A modified form of submarine photometer case has been described,
so constructed that its opal receiving surface can be altered from the
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horizontal to the vertical or inverted positions merely by altering one or
two bolts and shackles. It has two shackles instead of four. The one
series of measurements made with it and its sodium cell, gave a mean
value 0-31 for the ratio of the horizontal to the vertical submarine :llum-
ination between 0 and 25 metres.
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The Effect of Light of Different Intensities, Reduced
Selectively and Non-selectively, upon the Rate of
Growth of Nitzschia closterium.

By
F. A, Stanbury, M.Sc.

With 7 Figures in the Text.

INTRODUCTION.

Tug effect of light upon plant growth is a problem which has attracted
many workers since the discovery of Priestly, in 1771, that a plant could
purify fixed air, carbon dioxide, which was followed by the supplementary
work of Ingen-Housz and Senebier, who showed that the phenomenon
was associated with the nourishment of the plant, and took place
only in sunlight and through the agency of the green portions of
the plant. :

Senehier, 1782, was perhaps the first to attempt to show the effect of
the different parts of the spectrum on the process, and found that red
light was almost as active as ordinary light in the process of photo-
synthesis whilst the blue was almost inactive. Draper and Daubeny,
1844, concluded that after white light, the red-yellow portion possessed
the highest efficiency, and this was supported by Sachs in 1868. Engle-
mann, Timiriazeff and Wolkaff, however, found that whilst the activity
in the red was high, there was an important secondary maximum of
efficiency in the blue, and these results have been subject to great con-
troversy amongst later workers.

It must be borne in mind that the physics of the light used by the early
investigators was not thoroughly understood, and one of the greatest
criticisms brought against these workers is that the blue light used by
them contained parasitic rays of long wave lengths, viz. in the red region.
Dangeard (1927) asserts that in light of feeble intensity, these parasitic
rays are practically inactive, but in light of greater intensity they play a
highly important role, and are the cause of the secondary maximum
observed by many workers. Richter (1902) using coloured screens, con-
cluded that the rate of photosynthesis was proportional to the amount of
energy absorbed, independent of the part of the spectrum and the wave
length of the ray, and Kniep and Minder (1909) determined that the
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action of the red and the blue was almost similar when the energy in those
regions was the same.

Klugh (1925) sought to determine whether photosynthesis was a wave
length phenomenon, or dependent upon the total light intensity. To do
this he grew unicellular alge, in light which he regarded to be of the same
intensity but of different wave lengths, and took the rate of reproduction
as criteria for efficiency of the wave lengths concerned in photosynthesis,
for although the method was indirect it was assumed that, fundamentally,
the rate of reproduction in chlorophyllous organisms is dependent on the
ability to manufacture food. From a single series of experiments lasting
from August 16th-September 10th he concluded that photosynthesis is
a wave length phenomenon, red light being highly efficient, blue much
less so, and green inefficient, but Klugh himself in his concluding remarks
says ““that it is dangerous to draw conclusions from a single series of
experiments.”

Using somewhat similar methods to those of Klugh, results are now
presented in this paper, which would show that photosynthesis, as in-
dicated by the rate of growth of marine diatoms, is a function of the
amount of energy transmitted independent of the wave length between
which the energy so transmitted lies.

PLANT MATERIAL USED,

Persistent cultures of the marine diatom Nitzschia closterium, grown in
““ Miquel sea water,” were used for the plant growths to be studied, a
persistent culture, as defined by Allen and Nelson (1910), being one in
which only one species of diatom was present, although there might be
bacteria.

Tt is of interest to mention here, that marine diatoms exhibit well-
marked periodicity in the sea, the diatom outburst being at its height
between early March and late April. The cause of these outbursts is not
fully understood.

Marshall and Orr (1928) concluded that the length of day was a factor
of the greatest importance, whilst Atkins, Herdman, Scott and Dakin
correlated the early spring sunshine with the diatom outburst. Atkins
(1928) also found that ‘“a study of the phosphate change affords a
measure, in an inverse ratio, of the production of the algal erop, and
indicates from year to year the variations that occur in its seasonal
waxing and waning.”

From results obtained using the marine diatom Nitzschia closterium it
would appear that the total light intensity is a factor which has a profound
effect upon growth.
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MeTHOD.

It was desired to determine the effect of light of selected wave lengths
and of daylight reduced in intensity non-selectively, upon the rate of
growth of Nitzschia closterium, and this was done by growing cultures of
Nitzschia under a series of selective and non-selective filters.

Equal volumes of *“ Miquel sea water,” contained in sterilized crucibles
of white porcelain of 10 cubic centimetres capacity and 3-5 centimetres

15000
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I1a. 1.—Curves showing the variations in illumination for the north window,
lower curve, where the cultures were set, and for an open site on the
laboratory wall, upper curve, determined simultaneously for a period of
30 minutes. The numbers along the ordinates represent the illumination
in metre candles. Those along the abscisswe the time in minutes.

diameter, were inoculated with similar drops of a persistent culture solu-
tion, which contained known numbers of diatoms per unit of volume.

The number of diatoms in any culture was determined with the aid of
a heemacytometer, the millimetre square being ruled in Thoma pattern.
The culture to be examined was first thoroughly mixed by means of a
fine sterilized pipette, this process also serving to aérate the culture. A
drop of the mixture was then placed upon the heemacytometer, and the
number of diatom cells per unit of volume, 0-1 cubic millimetre, was then
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found by counting. For each reading an average of four counts was
made, a difference of ten diatoms being allowed for any accepted
count.

Examination of the tables of results as a whole, will show that it would
have been better to have used larger initial number of diatom cells since
their minute size renders them very difficult to count when present in
small numbers. This explains the irregularities in the early counts for
the cultures of each series.

The sub-cultures were covered with the selected filters and then placed
side by side in the window of a north room. The distance between the
two end cultures was 80 centimetres. Opposite the window and 4-2
metres away from it, is a high grey wall of limestone, which receives
direct sunshine only for a short time as the sun sets.

On 27.2.30, simultaneous measurements were made of the illumination
of the window in the north room (V) and of a perfectly open site on the
laboratory roof (V,) by means of photometers furnished with vacuum
photo-electric cells. (For method see Atkins and Poole, 1929.) It has
been shown that on a dull day, the illumination at a point inside a build-
ing bears a very nearly constant ratio to the illumination at a point out-
side, and this ratio, expressed as a percentage, has been termed the day-
light factor 6. Table I shows these values over a period of half an hour.

TABLE I.

February 27, 1930. Grey sky, completely overcast, wind N.E, 12.14-
12.43 p.m. G.M.T.

Indoor site is the window-sill of a north room, where the photometer
is moved over a range of 80 cm. The outdoor site is a fixed position on
a parapet of the Laboratory roof.

Hlumination in Daylight

meter candles. Factor.
Indoor sites In open In window
(in window sill). on Roof sill Vs. Average
GMLT. Vo. Vs. ¥g=9 8
Site 1. 1. 12,14 12,000 1,950 16-2
Right extremity 2. 1216 10,200 1,490 146
occupied by 3. 1217 9,150 1,389  15-2
cultures. 4, 12-18 8,500 1,392  16-4
15-6

Site 2. 1. 12-19 10,500 1,930 185
To right of centre. 2. 12:20 12,200 2,360 193
3. 1221 13,600 2,340 172
4. 1222 13,800 2,520 183

183
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Tumination in Daylight

meter candles. Factor:
Indoor sites In open In window
(in window sill). on T}{.oof :‘:ﬂl Ls,z 5 Average
G.M.T. Vo. Va. Vo. i
Site 3. 11223 12,200 2,520 207
Centre of window. 2. 1224 15,200 2,680 176
3. 1225 14,100 2,290 16-2
4. 12:26 13,000 2680 20-6
5. 1227 13,200 2,560 197
6. 1228 11,800 1,880 159
18-45
Site 4. 1. 1229 11,100 1,610 145
To left of centre. 2. 12:30 9,690 1,410 147
3. 12:31 10,900 2,110 193
4, 1232 12,400 2,170 175
5. 1233 15400 2,660 174
6. 12-3¢ 14,200 2,310 16-3
16-6
Site 5. 1. 1235 13,600 2,060 15-2
Extreme left of 2, 1236 14,800 2,260  15-3
centre. 3= 12:37 15,600 2,660  17-1
4, 12:38 13,300 2,000 151
5, 1239 11,400 1,610 142
6. 12-40 11,300 1,550 13-8
7. 12-41 14,900 2,310 15-6
8. 1242 12,400 1,670 135
9. 1244 10,800 1,680 15-6
15-6

Total average for the four sites is 16:6 for d.

Tue FILTERS USED.

The filters selected were twelve in number, and Table TI gives the
details concerning their transmissions of energy and wave length. The
non-selective screens were Wratten filters of certain known rcduced
intengities. The transmissions (T) for these were : —T =509, 259,
12-59, 6-259%, and 3-19 respectively, but unhappily the gelatine films
were damaged at the outset of the experiments, and their actual trans-
missions determined photo-electrically, using a sodium vacuum sensitive
cell, were T=41-8%, 19-29, 9-249%, 3-269, and 1-669%, respectively.

For convenience these filters will be referred to as Wratten filters
T=} T=}, T=%, T=y% and T=g% respectively. The makers’ figures
refer, however, to light incident normally whereas the photo-electric
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measurements refer to light received from the sky as a whole, The latter
are necessarily lower than the former on account of the oblique incidence.

Six selective filters were used. Four were of Corning glass of red,
orange, green and blue shades, and the actual percentage transmissions
for these were determined by Dr. H. H. Poole (Dublin) by means of a
Moll thermopile. Figure 2 shows the curves obtained from his data
together with the transmission curves of the other coloured filters used.

TABLE II.

To SHOW THE WAVE LENGTHS, LIGHT TRANSMISSIONS AND RELATIVE
ENERGY VALUES FOR THE SCREENS AND FILTERS USED FOR THE
CULTURE EXPERIMENTS.

Average
relative Total
Thick- Actual energy in  percentage
ness of percentage  arbitrary relative
screen Wave light units (from energy
Screen or used. length transmitted Dr. Abbot’s transmitted
filter used. mm. in mg. T. data). 7.
Solar spectrum 100 2,880 100
Wratten neutral
1. Wratten T=} 400-720 41-8 1,240 41-8
3 » I=% " 19-2 570 19-2
3. ., T=1 . 95 274 9.5
4 , T=rs " 33 95 33
5. , T=g . 17 49 17
6. Ordinary glass 5 71-0 2,040 710
7. Corning red 2.96 620-720 67-1 602 20-9
8 e orange 2-96 570-720 730 990 345
9. ., green 347 490-570 13-4 96 33
10. ., blue 2-96 400490 60-4 490 17-0
11. Schottand Genblue  2-21 400490 50-3 406 14-0
12. Chance blue 400-490 36-2 293 10-2
13. Heat absorbing screen 400-720 277 795 277
14, Heat absorbing+
Corning blue 400-490 16-7 135 47

One of these was a blue glass prepared by Schott and Gen of Germany,
and the transmission curve was obtained from data supplied by them.
The other blue filter was prepared by Chance of Birmingham and the
curve for it was obtained by resolving values read from a photograph of
the density curve supplied by them. (Density=Ilog ek
It may be observed from Figure 2, that the Corning blue transmits a
certain low percentage of parasitic red rays. These were eliminated in
some experiments, by placing a heat absorbing screen of a green shade
over the Corning blue, which effectively cuts off these red rays, but
lowers the intensity considerably. A suitable correction has been applied
for this, in interpreting the results with the combination of screens. The
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other blue screens furnish a blue light of a high degree of purity, the
Chance blue shows no inclusion of red at all.

Lastly, a filter of ordinary glass was used as a control, and since it was
of a greenish tinge the amount of blue light passing through was lowered,
and the total intensity of the light received reduced.
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F1e. 2.—The ordinates are percentage transmissions for the selective screens used as
determined, using a Moll thermopile. The absciss® are wave length in mu. The
curves for the Chance blue, Schott and Gen blue glasses were obtained from data
supplied by those firms as corrected for reflection losses for light incident normally.

Toe Rerative ExErcY oF THE FiLTeErs USED,

Owing to lack of apparatus it was impossible to determine the relative
energy transmitted through the screens directly, but it is hoped that this
will be done shortly. The energy value is one which is undergoing con-
stant change throughout the day, since it varies considerably in the
different portions of the spectrum, and the proportion of the red, yellow,
green and blue light changes from hour to hour according to the time of
day and the condition of the sky light. An attempt to obtain approximate
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values of the relative energy in arbitrary units was made in the following
manner.

At the Seventh International Congress of Photography, 1929, it was
recommended that the following energy values derived from data of
Dr. C. G. Abbot (Smithsonian Institute, U.S.A.) should be adopted as
defining the spectral composition of mean noon sunlight. Table III
shows these values for the visible part of the spectrum.

TABLE III.

RELATIVE ENERGY VALUES FROM DATA OF Dr. C. (. ABBOT.
Wave Relative Wave Relative
Length. Energy. Length. Energy.
360 16-0 550 1017
370 20-5 560 100-0
380 251 570 98-4
390 30-1 580 97-2
400 45-2 590 95-6
410 57-2 600 95-2
420 65-8 610 94-3
430 69-2 620 93-2
440 77-2 630 92-2
450 86-8 640 91-0
460 92-2 650 897
470 96-9 660 885
480 99-0 670 86-4
490 100-6 680 84-7
500 101-8 690 82-7
510 101-2 700 80-5
520 101-2 710 781
530 101-1 720 761
540 100-9

Using these figures it was calculated that the average value for the
relative energy transmitted from 7T20mp—400 mp. was 89-9 units per
sq. cm. per minute, and the light transmitted over this region was taken
as 1009,. The total energy transmitted, E, for the visible spectrum was
thus proportional to 89-9 x(720-400)=2880 arbitrary units. Since this
is the maximum value for E, it may be taken as 100, and the values of If
for the light filters then found by substitution, e.g. considering the

89-9 x(72—62)

Corning red ﬁlterw——m =31-29%, and this is the proportion of
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red as defined in the spectral curve. Of this the filter transmits 67-1%,
so that the total relative energy transmitted is only 21-0%, Column 5,
Table 11, shows the values of E for all the filters used.

RESULTS OF OBSERVATIONS

Attempts were first made to conduct the experiments in the open, but
the temperature was too high for the growth of the diatoms, and the
light intensity also, for all but the more heavily screened.

Three series of observations were made indoors :—a preliminary series
in May, 1929, followed by a second series June 13th—July 28th, 1929,
which is referred to as the *“ summer * series. In both cases filters 1-10,
Table II, were used. During the interval between the second and third
series (January-March, 1930), the actual transmissions of the filters had
been determined by Dr. H. H. Poole, revealing the presence of parasitic
red rays in the Corning blue. In the third set of observations, therefore,
precautions were taken to exclude the red rays of the blue filter by placing
a heat-absorbing screen over it, as previously described. The light
intensity T was then reduced to 15-0 and the relative energy E to 4-7%,.
The Schott and Gen and Chance blue filters were used in January in
addition to the other filters.

Preliminary Series, May 6th—28th, 1929.

Average hours of sunshine 9 hours daily.

Tables IV, V, and VI are the results of observations made upon the
rate of growth of the marine diatom Nitzschia closterium, when grown in
““ Miquel sea-water,” under selective or non-selective screens as described
in the preceding pages. The following list of screens used indicates the
order of the cultures in the window, starting from the right-hand side :—

Corning blue (400 mp—490 mp)

., green (490 mu~570 mp)

. o orange  (B70 mp—720 mpu)

. ted (620 mp-T20 mp)

Ordinary glass (400 mp~720 my)

Wratten filter T.=1 41-89, (400 mp~720 mpu)

.. T= 1999
b95%
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TABLE IV

SUB-CULTURES OF Nitzschia closterium GRrowN IN CRUCIBLES UNDER
ORDINARY GLASS, FROM 6TH-28TH May, 1929,

No. of diatoms per

Date. No. of days. unit of volume.
9.5.29 3 18
13.5.29 7 85
16.5.29 -~ 10 123
21.5.29 15 270
23.5.29 17 432
28.5.29 22 546
TABLE V.

SUB-cULTURES OF Nitzschia closterium GrOwWN IN CRUCIBLES UNDER
NEUTRAL WRATTEN FILTERS FROM 9TH-28TH May, 1929.

No. of No. of diatoms per unit of volume.

Date. days. =4l T=y¢ T=} T=1 T=%
13.5.29 4
16.5.29 7 6 1 42 13 32
21.5.29 12 6 3 60 alb 340
23.5.29 14 14 18 218 475 485
28.5.29 19 30 42 590 1400 1206

TABLE VI,

SUB-cULTURES 0F Nitzschia closterium GROWN 1IN CRUCIBLES UNDER
SELECTIVE Finters oF Comrnineg Grass From 131H-23RD Mav, 1929.

No. of diatoms per unit of volume.

Date. No. of days. Red. Orange. Green. Blue.
16.5.29 3 2 3 0 2
21.5.29 8 120 69 152 56
23.56.29 10 285 241 270 106

The figures in the tables represent the number of diatoms per unit of
volume (0-1 mm.3) as counted with the aid of a heemacytometer. From
these results it would appear during the period of observation for May
1929 -—

1. That the diatoms can utilise light of all wave lengths.

2. That light of reduced intensities is much more favourable than full
illumination at this time of year. Light reduced to about 69,-3-3%,
being the most suitable of the series.
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Second Series, June 13th—July 29th, 1929.
Table VII gives the results of observations from a new series of sub-

cultures grown under the same conditions as in the preliminary experi-
ments and occupying the same sites as formerly. During this period.
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Fic. 3.—The ordinates are numbers of diatom cells in 0-1 cubic millimetre. The abscisswe
are days. The curves show the rates of growth of the cultures of Nifzschia closterium,
when grown under screens reducing the light intensity non-selectively, for a period of
46 days during the months of June and July, 1929,

however, the average number of hours of sunshine was 8 hours 11 minutes
for June and 8 hours 49 minutes for July. Many days had 14 hours
sunlight. Figures 3 and 4 give the curves obtained from the data.

When grown in ordinary flasks, cultures of Nitzschia closterium appear
yellowish brown. Distinct colour changes of the cultures grown under
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the selective filters were observed during this second series, and also
throughout the January-March growths. Under the heading of the

concluding remarks for the last series, the subject is dealt with more fully.
Reference to Figure 6 will show at a glance that a curious drop in the
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F1a. 4.—The ordinates are numbers of diatom cells in 0-1 eubic millimetre. The
ahscissre are days. The curves show the rates of growth of the cultures
of Nitzschia closterium, when grown under screens reducing the light
selectively, for a period of 46 intensity days during June and July, 1929.

number of diatoms is shown by all the growths. Allen and Nelson (1910}
state that the siliceous shell of marine diatoms generally, is markedly
thinner than in the great majority of other forms, and that this is even
more emphasised in cultural forms. Dr. Allen has also stated that it is
a common experience for cultures to show periodic decrease in numbers.



TABLE VII.

To Sgow THE GROWTH OF THE SUB-CULTURES OF Niizschia closterium GROWN UNDER SELECTIVE AND NoON-
SELECTIVE FILTERS, FROM JUNE 131H-JULY 297H, 1929.

No. of diatoms per unit of volume.

Wratten filters. ] Ordinary Clorning filters.

No. of days. T=4y T=% T=% T=% T=% Glass. Red. Yellow. Green. Blue.
4 4 4 24 8 2 15 19 20 9 8
7 22 36 64 147 196 299 68 54 51 92

11 184 132 620 336 792 816 384 786 276 576

14 304 468 816 732 924 920 552 1184 584 920

18 812 H44 1360 1024 1344 1060 728 1444 1092 1016

21 884 1072 1060 912 1234 996 976 1652 920 860

26 1160 1296 932 940 1372 920 604 1548 968 772

32 886 1624 1304 1088 1256 816 980 1372 1468 1060

35 1544 1860 1368 1376 1720 1092 1276 1864 1404 1540

41 1728 2256 1330 1340 1412 1012 1788 1928 2064 2272

46 1868 2092 1432 1336 2080 812 1884 1900 1920 2328

VIHOSZLIN 40 HLMOUD A0 HIVE

o
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Accordingly, a special watch was made for empty frustules, and these
were very seldom seen. The problem of the fate of the diatoms, which
causes these well-marked falls in the curves, is further discussed in the
third series. It may be mentioned here, however, that this decrease can
hardly be due to lack of food material. Under the ordinary course of the
experiments the volume of the culture solutions was made up to 10 c.c.
from time to time by the addition of distilled water, to compensate for
the small losses in volume due to evaporation and the minute drops
extracted for counting purposes. After the 29th July, 1929, however,
the observations were abandoned for about two months. During this
time the cultures remained untouched. Yet counts made for all the
cultures on September 29th, 1929, showed such dense growths that it
was almost impossible to see the ruling on the hemacytometer when
drops were examined in the usual way after the culture solutions had
been restored to their original volume of 10 c.c. with distilled water.

(CONCLUSIONS FROM SECOND SERIES,

Thus it appears that diatoms can utilise light of all wave lengths even
in the green region of the spectrum. It is true that the Corning green
transmits parasitic rays of yellow and blue, but the percentage is so small
as to be scarcely responsible for the astonishing growth under a screen
which has a total transmission of light of only 13-59;. Miquel (1892)
found that orange light was best suited to the growth of freshwater
diatoms. A study of Table VII will show that orange light is highly
favourable for growth of the marine diatom Nitzschia, being slightly
better than red, which it includes. During the last few days of the
experiments the numbers under the blue and green filters exceeded those
of the diatoms under both the red and orange. It must be remembered
that the Corning blue filter was transmitting a small percentage of
parasitic red rays, but results obtained in the third series indicate that
they alone are not responsible for the prolific growth under this screen.

The light intensity and energy transmitted by the control (T and E
=T19,) were too high for good growth, the amounts transmitted by all
the reducing non-selective filters being much more favourable. Under
the selective filters the cultures grew well, for although the light intensity
was in some cases high, e.g. orange and red, the relative energy in these
regions is considerably less than for white light (Table II).

Third Series. Winier and Early Spring. January 2nd-April 14th, 1930.

The cultures were set up in the same manner as before, the only
difference being in the use of additional filters, viz. the heat-absorbing
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screen which was placed over the Corning blue, and the extra filters of
Schott blue, and Chance blue (Nos. 11, 12, and 13, Table II).
Attention is here drawn to the fact that the transmission curves for 11
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Fias. 5 & 6.—The ordinates are numbers of diatom cells in 0-1 cubic millimetre. The
abscisse are days. The curves show the rates of growth of the cultures of Nifzschin
closteriuim when grown under screens reducing the light intensity selectively, Fig. 6,
lower portion, and non-selectively Fig. 5, upper portion, for a period of 97 days
during January-March, 1930. The curve showing growth under the control screen
during June and July, 1929, is also shown.

and 12 were obtained from data supplied by the makers in January, 1930,
and 1t has not been possible as yet to verify these figures, but the absence
of any appreciable amount of red has been verified by visual spectroscopic
examination,
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The average number of hours daily sunshine in January was 1 hour
10 minutes, in February 3 hours 18 minutes, and in March 3 hours 50
minutes. Table VIII and Figures 5, 6, and 7 are records of growth for
this period.

CoxcrLusions FroM THIRD SERIES.

1. The results suggest that the total light intensity received is a factor
of great importance. Excepting the Schott blue filter, the diatoms under
the ordinary glass screen show the best growth, whilst the cultures under
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Fic. 7.—The ordinates are numbers of diatom cells in 0-1 cubic millimetre. The abscisse
are days. The curves show the rates of growth of the cultures of Nitzschia closterium
when grown under the influence of blue light for a period of 63 days during February
and March, 1930. The curve showing growth under the control screen during the same
period is also given.

the Wratten filters show poor growth where the intensity is heavily
reduced. The figures shown in Table IX would suggest that the relative

o s . Relative Energy = . :
energy is a limiting factor, the ratio ——————" being a constant in

No. of diatoms
the experiments and having a value of 24-5.
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TABLE VIII.

To SHOow THE GROWTH OF THE SUB-CULTURES OF Nifzschin closterium GROWN UNDER SELECTIVE AND NON-

SELECTIVE FILTERS FROM JANUARY 2ND-APRIL 971H, 1930, AND FROM FEBRUARY Sth—AprIL 9TH, 1930.

No. of
days.

h
13
18
22
25
30
34
39
46
56
63
70
7
84
w7

°C.

131
13-2
13-1
11-8
10-6
10-1
12-6

9-9
106
13-3
132
14-2
11-2
12-9
14-1

W

172
280
300
256
220
232
320
318
250
200
259
266
408

e

84
108
200
220
224
236
272
272
212
200
200
240
296

o

T=3

32
32
56
64
96
98
152
216
256
260
240
170
200
232
456

Number for diatoms per unit of volume,

i

T=1

28
20
20
20
20
16
20
28
G0
62
64
66
70
6
156

7

28
17
20
20

8

8
12
12
40
40
45
40
43
40
40

T=gy

8

9

10

11

12

Control Corning Corning Corning Corning Heat

Glass.

88
188
332
432
432
544
560
616
650
825
728
696
788
944

1244

Red.

48

60

96
136
144
168
212
200
340
368
488
516
632
652
716

Orange. Green.

48

72
136
160
224
368
428
544
624
630
500
436
576
H84
656

32
20
26
16
9

8

8
57
60
G0
88
82
100
88
168

Blue.

20
45
40
44
50
G0
88
116

13 14
Corning  Schott
Blue + and

CGlen

Ab. Blue.

116# 108*

140 281

192 484

302 640

276 860

280 1360

332 1180

420 1316

* Columns 13-16 give the figures for the cultures started February 4th, 1930,

15

16

Chanee No. of

Blue.

104%
184

200
150
232
280
360

days.

H¥*

22
29
36
43
50
63

VIHDSZLIN A0 HLAOYHD A0 HIVE

679
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TABLE IX

To SHow THAT THE RATIO OF THE RELATIVE ENERGY TO THE NUMBER
OoF DIATOMS TENDS TO BE A CONSTANT WHEN THE RELATIVE ENERGY
TRANSMITTED I8 Low.,

Corning
Sereen Used. T=+ T=44 Green. T=%
Percentage Light Trans-
mitted . 2 o BT 33 13-5 95
Percentage Relative Energy  1-7 33 33 95
No. of Diatoms at the end
of 84 days . .40 76 88 233
Relative Energy 93.5 931 96-3 95.9,

No. of Diatoms
Average Ratio ; . 245

2. The large growth under the Schott blue filter (T =50-3 and E=14-0)
is difficult to account for unless the screen transmits almost the optimum
light intensity and energy. This view would explain the relatively poor
growths under the Chance blue, and combined Corning and heat-absorhing
screens where T=36 and E=10 for the Chance and T=16-7 and E=4-7
for the combination. Under the red filter (T =67, E=30), and the orange
(T=173, E=34), the rates of growth were very similar to each other, that
under the orange being slightly better than that under the red for the
greater part of the third series. Unlike the summer results, the growths
under these two filters were poorer than that under the ordinary glass
sereen. Under the green filter (T=13-5, E=3-3) growth was poor, and
suggested the importance of the relative energy transmitted when the
light intensity was low (Table IX).

3. The difference in colour exhibited by some of the cultures has
already been referred to. When grown in ordinary culture flasks the
growths are yellowish brown. Under the coloured screens they vary
from arich dark brown shade to decided greenish tints. Under the reduced
light of the non-selective Wratten filters the cultures remained yellowish
brown as under the control. These colours are not due to differences in
the numbers of diatoms present, for counts made on April 9th gave 1244
per unit of volume under the glass filter and 1316 under the Schott blue,
yet the culture under the latter was the rich brown colour, whilst under
the ordinary glass the culture was yellowish brown. Under the red and
vellow filters the cultures always assumed a decided yellow-green shade,
whilst under the blue and green they were decidedly dark brown, i.e. the
cultures tended to assume colours complementary to those in which they
were grown. The dark brown colour of the cultures under the blue and
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green filters is probably an adaptation which helps to compensate the
deficiency of red and yellow rays by furnishing an added power to absorb
the rays available. This is of interest when it is considered that marine
diatoms are frequently abundant between depths of 5-15 metres in the
sea, being seldom found very near the surface because of the harmful
effect of high light intensity. It is known that at a depth of 5 metres most
of the red rays are absorbed, whilst at 15 metres the light that penetrates
is reduced to about 10-209 of the total intensity and is deprived of all
the red, practically all the yellow, and consists of green and blue light only.

4. The cultures showed the same periodic decrease in numbers of
diatoms similar to those of the summer series. Drops of solution from
the cultures gave pH values from pH 8:8-9-2, showing that the solutions
in which the diatoms grew were strongly alkaline. Whilst silica is highly
resistant to acids it yields to alkalines, and it is suggested that the falling
off in numbers is due to the fact that the thin shells of the dead frustules
are dissolved in the culture solutions. This view is upheld by the results
of the following experiments. A certain volume of culture solution
containing a known number of diatoms per mm.? was gently heated and
kept just below boiling point for some time. The solution was then made
up to the original volume with water and counts made for the number
of individuals present in the usual way. Nearly all the diatoms had
disappeared, suggesting that all but the most resistant frustules had
dissolved, the boiling being a quick method of showing what would be a
glow process in the culture solutions.

GENERAL CONCLUSIONS.

Three series of cultures of the marine diatom Nitzschia closterium were
grown under selective and non-selective filters, the transmissions of
which were known between definite limits of wave length.

From results of observations on the growth of the cultures it would
appear :—

1. That the amount of energy transmitted is of greater importance
than the precise wave lengths between which the energy so transmitted
lies. When the amount of radiation is small then growth tends to be
proportional to the relative energy, but when the energy received is too
intense then the effect is harmful to the cultures.

2. At all times the cultures tend to show chromatic adaptation when
grown under selective filters, assuming colours which are complementary
to those in which they are growing, e.g. a dark rich brown shade under the
green and blue screens and a decided green colour under the red and
yellow.
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Since these experiments were completed, Klugh (1930) has published
a further report on the effects of light of different wave lengths, but of
equal intensities, on the photosynthetic rates for certain green and red
algee. His results would appear to confirm the conception of the com-
plementary nature of the brown colour.

3. The cultures are subject to periodic decrease in numbers, which is
probably due to the thin siliceous shells of the diatoms being dissolved in
the culture solutions which have become highly alkaline.
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Studies on Ligia oceanica. 1. A. Habitat and Effect
of Change of Environment on Respiration.
B. Observations on Moulting and Breeding.

By
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InTrRODUCTION,

Tw1s paper is the outcome of work done at the Laboratory of the Marine
Biological Association at Plymouth during the period October, 1929, to
January, 1931, while holding a studentship under the Council for Scientific
and Industrial Research of Australia.

It gives me pleasure at the outset to express my thanks to the Director
and members of the staff at Plymouth for their interest and help in my
work, also to the many visitors to the Laboratory who have given much
assistance. In particular would I like to thank Dr. C. M. Yonge, without
whose help part of this work would never have been attempted.

During the course of sixteen months at Plymouth several aspects of the
biology of Ligia were touched on and it is my intention to deal with the
subject under three headings. The first, *“ Habitat and Effect of Change
of Environment on Respiration,” will include a general description of the
nature of the habitat of this animal with reference to its food, reaction to
light, animals which prey upon it, and an account of some experiments
upon its respiration. These latter were performed during the course of a
short visit to the Marine Station at Millport, Scotland, and much of the
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success of the results is due to the interest displayed and assistance given
by Miss 8. M. Marshall and Mr. A. P. Orr. I have also to thank Mr. Elm-
hirst, the Superintendent, for permitting me to occupy a table at the
Station during that period.

The second heading, *“ Observations on Moulting and Breeding,” will
cover work which occupied sixteen months during which the animals were
watched in the Laboratory and notes taken on their moulting and breed-
ing, with reference to temperature, ete. It will also include experiments to
discover the viability of the unfertilised ova. In Part IT will be described
the structure of the foregut, and the paper will be concluded with a
description of the processes of feeding, digestion, and absorption.

A. HABITAT AND EFFECT OF CHANGE OF
ENVIRONMENT ON RESPIRATION.

HISTORICAL.

Though many workers, particularly in the last decade of the nineteenth
century, have been interested in the lower Crustacea, attention was
mainly devoted to the Amphipods or, where Isopods were investigated,
the terrestrial members of that group received most attention. On the
whole Ligia has come in for very little notice, though occupying a very
interesting position amongst the Crustacea by virtue of its structure and
habitat. Among the more recent workers, Tait (1917) has carried out
experiments on immersion, moulting, limb-flexure, and colour change in
Ligia ; Stewart (1913) has also published the results of experiments on
immersion in salt and fresh water. An excellent description of the general
morphology of Ligia is provided by Hewitt (1907).

Hasrrar.

The distribution of Ligia is very wide, covering practically the whole of
the north coast of Europe ; it has also been recorded from Morocco and
America. The natural habitat consists of crevices in rocks just above high-
water mark, or where the beach is sandy they will be found under stones
and rocks at a similar level. When occupying such an area very large
specimens are rare, though females with brood pouches have been found
frequently. The largest animals occur on rocky areas, and a particularly
favourable spot is to be found along the quays at Plymouth where the
mortar has been washed out from between the rocks composing the walls,
forming ideal crevices in which to hide.

Ligia is a nocturnal animal, never appearing during the day unless dis-
turbed, and for that reason always difficult to obtain in any quantity by
daylight. At night, during low tide, they emerge in large numbers and
descend to the lower levels of the walls on which is growing a thick layer
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of Fucus vesiculosus and other algse. Here they feed, making the most of
the time while the tide is out, and while the seaweed forms the main article
of diet, nothing edible comes amiss, particularly if it be of the nature of
animal offal. One specimen collected from the region above that affected
by the sea-water and apparently feeding on moss was killed and the con-
tents of the gut examined under a microscope. Amongst the material
therein contained, moss capsules and part of a syneytium of Vaucheria were
casilyidentified. Evidently thisanimal is not confined to marine vegetation.

When feeding in this manner, with the aid of a torch specimens can be
collected in large numbers by simply walking along the base of the wall and
picking the animals off the seaweed. They are quickly disturbed by the
light and will retreat to the creviees if not captured quickly. The light
of a bright moon is sufficient to prevent them from emerging. How they
manage to feed on bright moonlight nights T am at a loss to explain, but
experience proved time and again that it was useless to expect to obtain
more than a dozen specimens from a wall which on dark nights provided
1000 specimens in just over two hours. Doubtless if they emerged during
the day they would be preyed upon by sea-gulls and other birds, and as it
ig, when feeding at night, they are liable to fall a prey to the common shore
crab, Carcinus menas. T have observed on several occasions an unfortu-
nate Ligia caught, by a sudden movement of these usually slow moving
animals, in the chel® of a crab.

Only very young individuals are found in the open during the daytime
and then not very abundantly. The young seem to have much less aver-
sion to light than the mature animals, this being noticed in those bred in
the laboratory as well as in nature.

IMMERsION EXPERIMENTS.

Though preferring a moist locality above high water, Ligia can with-
stand immersion for a considerable time in salt water. Stewart (1913)
immersed a number of Ligia in fresh pond water and others in sea-water,
but apparently took no measures to aerate the water with the natural
result that all died within 48 hours, those in fresh water living longer than
those in salt. These experiments were repeated, the water being changed
continually with the result that they survived nine days, death being
ascribed rather to lack of food than to the ill-effects of immersion. Tait
(1917a) showed that specimens immersed in sea-water survived for more
than 83 days (2 specimens) ; those immersed in half sea-water lived for,
at the most, 42 days; those in quarter sea-water only 15 days, while
others immersed in distilled water lived only a matter of hours. Care was
taken in every case to aerate the water. He showed, moreover, that during
that period of immersion those living in clean sea-water fasted, and
moulted normally,
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During the course of my investigations I carried out similar experiments
with animals of varying ages, employing the method in use by Sexton and
Clark of gradually changing the salinity of the water by adding a constant
amount of fresh water daily, having first removed a similar quantity. The
volume was kept constant by the addition of distilled water to counteract
evaporation. The water was aerated by passing a fine stream of air
through it and a small piece of Fucus was placed in each jar for food and
as an object of attachment for the Ligia. This, though not important,
is useful, as otherwise the animals will wander round and round the bottom
of the jar, periodically swimming vigorously about in an apparent attempt
to escape. If only a stone or shell be placed at the bottom Ligia will soon
settle down upon it.

Two jars, K1, E1, were employed containing each about 300 c.c. sea-
water, and four, K2, E2, E3, E4, containing each 250 c.c. Into each jar
were placed three small Ligia on 2nd December, 1929, In the two jars,
K1, K2, used as controls, the level of the water was maintained by the
addition of distilled water as required, and of the remaining four 5 c.c. of
water from E1, 10 ¢.c. from E2 and E3, and 25 c.c. from E4 were removed
daily, a similar quantity of fresh (tap) water being substituted. Moulting
was observed to occur in these young specimens.

Those undergoing the quickest dilution died first, surviving only five
days, while those in E2 and E3 were dead by 14th December, having
survived less than 12 days. There were animals still alive in K2 and E1
at the end of the month.

An interesting record was that of an adult animal which at some time
had fallen into a large jar of sea-water and become quite at home. This
jar was taken as a whole and placed under the system of aeration and dilu-
tion (E5), 25 c.c. being removed daily from a total volume of about 2 litres.
This started on 10th December.

It was noticed that the rate of beating of the pleopods appeared to be
considerably faster than when placed in sea-water, accordingly the time
for 100 beats was measured with a stop-watch, as follows :—

On 24th December time for 100 beats 60-8 secs.

25th . . . 60-0 ,,
29th - i 5 56-9 .,

5th January - i 536
18th: = % 5 50-0 .,

showing a steady increase in rate of beating with further dilution of the
sea-water. This was compared with the rate of beating of another speci-
men which had been in sea-water for some time and it was found that this
animal beat its pleopods very rarely and then only for a short time and
very slowly unless disturbed, when it would beat at the rate of 50 beats
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in 65-7 secs. On January 13th this specimen, E5—a female—was due to
moult but succumbed in the attempt, probably due to asphyxiation during
the process of liberating its pleopods.

While at Millport specimens had been collected from beneath stones
and small rocks that were moistened by a stream of fresh water running
into the sea, and when the tide rose were actually covered by water which
would have a very reduced salinity. Water from this pool was kindly
tested by Mr. Elmhirst and was shown to have a salinity only slightly
above that of normal fresh water.

Errect oF CHANGE OF TEMPERATURE ON RESPIRATION.

The following series of experiments carried out at Millport gives some
idea of the effect of change of temperature on the animal as a whole,
though most strikingly demonstrated by the change in rate of beat of the
pleopods. The first shows the effect of sudden change in temperature.

Three specimens were placed in sea-water at ordinary room tempera-
ture, and thermos flasks were prepared containing water at definite tem-
peratures. Into the neck of each flask was fitted a test-tube containing
sea-water at the same temperature as that in the flask ; the tubes were
corked to prevent loss of heat, and provided with thermometers. The
animals for experiment were then transferred to these tubes with the
following results :—

TABLE I

Evrect or SUDDEN CHANGE IN TEMPERATURE ON Licia IMMERSED
IN SEA-WATER.

At 4.35 p.m. Specimen A was placed in sea-water at 25° C.

5.03 p.m. apparently unharmed.

6.00 p.m. changed to flask at 35° C.

7.35 p.m. temperature down to 30° C., animal
almost dead, transferred to water at
15° C.

8.35 p.m. quite recovered.

At 4.35 p.m. Specimen B was transferred to sea-water at 30° C.

5.03 p.m. still living, temperature 29° C.

5.53 p.m. apparently dead, temperature 29° C.,,
transferred to water at 15° C.

7.35 p.m. had not recovered.

At 4.35 pm. Specimen C was transferred to sea-water at 35° C.

4.43 p.m, unable to flap pleopods, tending to curl
up, to all appearances dead, replaced in
cold sea-water.

5.23 p.m. completely recovered.
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Thus it will be seen that the greater the rise in temperature the shorter
the period of survival and yet though apparently dead, that is when all
movement of the pleopods has ceased, if transferred to more normal con-
ditions the animal may recover. Specimen C withstood a temperature
of 35° C. for 8 minutes and then recovered, though apparently dead.
Specimen B having been subjected to 30°C. for half an hour was unafiected.
though a further 50 minutes was sufficient to kill it.

This experiment led naturally to an attempt to discover the lethal
temperature for this animal when subjected to a gradual increase in tem-
perature, and a comparison of its survival in air under those conditions
with its survival in water.

A large tank was set up filled with water which was stirred mechanically
and the temperature controlled by a thermostat. Into this tank was
placed a number of small bottles each containing one Ligia, 30 specimens
being used in all. Half of these bottles were filled with sea-water and the
other half contained only the animals, five adult males, five adult females,
and five young specimens being used in each experiment. In order that
those immersed in water should not suffer from lack of oxygen the water
was changed at regular intervals, care being taken to ensure that the
added water was at the appropriate temperature. Each bottle was num-
bered and those filled with air were fixed into a wire basket and weighted
to keep them properly submerged.

The water in the thermostat was raised 1-0° C. every hour and kept
constant for that period. The sea-water inside the bottles was changed
once every three hours. The time of death of each animal was noted
along with the temperature. This information will be found summarised
in Table II.

TABLE II.

SHOWING TEMPERATURE AT WHICH DEATH OCCURRED FOR
INDIVIDUALS IN AIR AND IN WATER.

Temp. °C. 28 30 31 32 33 34 35
IN AIR.

Males - - - - - 2 3

Females - - - - 1 2 2

Young - - = = — 5 -
N WATER,

Males 1 2 - 2 — =

Females - - — 1 2 1 1

Young - 1 - 1 1 2 -
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The lethal temperature in air lies at about 34° C., though a certain pro-
portion survived that temperature for one hour and withstood for a short
time a further rise to 35° C., though none for more than 10 minutes. When
immersed in water the adult males seem to be much less able to withstand
any increase in temperature above 30° C., while the majority of adult
females and young of both sexes succumbed between 32° and 34° C.
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Fie. 1.—Graph showing the change in rate of beating of the pleopods with change
in temperature ;: drawn from the averages of the males, females, and young
in Tables III and IV.

Respiration seems to be the limiting factor for immersed animals ; the
continued beating of the pleopods to obtain sufficient oxygenation of
the blood while immersed, and the consequent drain on the energy of the
animal would account for the earlier death of immersed animals compared
with those in air. It was apparent that as the temperature was increased
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the rate of beat of the pleopods also increased. With a view to obtaining
data on the increase in rate of beat the above experiment was repeated
on a number of animals immersed in water, the time taken for 100 beats
being measured with a stop-watch at the end of each hour. In addition
to starting at room temperature and gradually increasing it another
experiment was run simultaneously in which, by adding ice, the tempera-
ture was lowered finally to zero. The results of these experiments,
expressed as the number of beats per minute, will be found in Tables TIL
and IV and depicted graphically in Figure 1.

TABLE IV.

Smowine NumBER oF BrEaTs PER MINUTE wWIiTH DECREASED
TEMPERATURE IN MaLms, FEMALES, AND YOUNG.

Temperature in degrees Centigrade.

No. 9 8 7 a 3 0
Mares.

I 75-8 758 Gi4-4 56-0 35-3 29-9

2 3 T6-5 82-0 56-2 39-9 30-7 28-7

Mean 76-2 789 60-3 480 33-0 29-3

FEMALES.

1 92-5 82-4 72-1 59-3 42-0 34-3

2 i 75-8 67-6 59-1 40-2 377 28-7

Mean 84-2 750 656 49-8 39-9 315
Youwe.

1 " i . 968 74-3 69-9 56-8 48-9 36-1

2 2 i . 926 652 60-0 49-5 41-6 36-9

Mean i . 947 69-8 650 53-2 453 36-5

On reference to Figure 1 it will be seen that in effect it is a straight line
graph, indicating a constant change in rate of beat as the temperature
rises or falls between 5° and 35° C. Between 5° and 0° C., however, there
is a tendency for the rate to become constant.

B. OBSERVATIONS ON MOULTING AND BREEDING.

HISTORICAL.

In October, 1929, a number of Ligia were brought into the laboratory
and kept under observation to watch the process of moulting and in the
hope of inducing them to breed. Since they were found under natural
conditions feeding on Fucus it was thought that they might survive for
some time if placed on moist Fucus in a bowl and covered to prevent
evaporation. To this end a number of finger bowls were employed, in
each were placed a piece of Fucus vesiculosus and a pair of animals to be
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observed and they were then covered with glass squares. Each bowl bore
a numbered label.

It was found by experience sufficient to wash the bowls and weed in sea-
water two or three times a week and to change the weed about once a fort-
night during the winter. In summer more frequent changing of the weed
was required, with washing on alternate days. Under these conditions
the animals lived, fed, moulted, grew, and bred apparently quite normally
for several months, some surviving 15 months before being killed, while
one is still alive at the time of going to press.

The cast cuticles of each animal, when not eaten, were preserved
(709, ale.) and the animals measured as soon as the new cuticle had
hardened after the process of moulting. Notes were taken of any changes
in colour of the skin or eyes, condition of brood plates and other points
of interest. From the information obtained it has been possible to recon-
struct a fairly complete history of the life of the animal subsequent to
emergence from the brood pouch.

As stated by Hewitt, the body is broadest across the fourth (free)
thoracic segment, gradually decreasing in size posteriorly. This statement
applies to all normal individuals with the exception of females which have
developed mature brood plates, in which case the greatest breadth is in
the third free thoracic segment, and by means of this distinction in shape
animals with brood pouche% can be picked out at a glance quite easily.

The colour of the eyes is normally black, but in a certain proportion,
particularly females, a chocolate brown occurs which is most noticeable
after each moult, gradually darkening as the new “* skin ” grows older. In
one young specimen found towards the end of 1929 the colour of the eyes
was noticed to be very bright red, while the general body colour was very
pale, almost white, probably due to lack of development of chromatophores.

The process of moulting has been described by Tait (1917b) and it will
suffice here merely to add the results of a few of my observations. With
reference to the ‘‘ chalky whiteness ™ which appears some time before
moulting on the ventral side of the first four free thoracic segments, rough
tests of its composition made by me support the statement of Herold
(1913) that it is a deposition of calcium carbonate. A gas that will not
support combustion is evolved when treated with acid, and the flame test
indicates calcium. This deposit appears a number of days before moult-
ing, the period varying with the time of year and the age of the animal, as
does also the interval between the posterior moult and the anterior. The
longest times are shown in adult males during winter (average laboratory
temperature about 14° C.), when the first appearance of the deposit may
precede the moult of the posterior portion by six days and there are four
full days between the moulting of the posterior and anterior portions ;
while the shortest times occur in young specimens in summer, when the



STUDIES ON LIGIA OCEANICA. 665

first appearance of the deposit, the posterior moult and the anterior moult
follow one another on successive days. The average laboratory tempera-
ture in summer was about 18° C. Further it may be worth noting that,
though there was little or no tendency for Ligia to eat their cast *“ skins
during the earlier part of their captivity, towards the end of the period
this tendency became more and more marked until it was seldom that one
could rescue a complete moult for preservation.

RaTe oF GrowTH AND BREEDING.

In Table V will be found figures showing the total increase in size for a
number of animals over different periods. It was noticed that members of
both sexes grew until a certain size was attained, after which further
moulting showed no increase.

TABLE V.
SHowinG ToTaL GROWTH OVER A Givex PERIOD FOR A
NUMBER OF ANIMALS.

Date Date
of first of last Total
Measure- Size Measure- Size Growth Time in
No. ment. in mm. ment. in mm. mm Months.
FEMALES.

1.  25/10/29 20-5x 90 27/5/30 22-5x 10-0 2-0x 1-0 7
4. 25/10/29 23-0 = 10-0 4/5/30 24-5x 11-0 1-5x 1-0 61
. ]2 /11/29 24-5x 10:5 11/8/30 27-5x 12:0 30x 15 9

b 31!’10{"9 22-5x 10-5 4/7/30 25-5% 11-0 30x 05 81

8. 31/10/29 23-2x 11-0 1/7/30 26-5x 11-5 3305 8

9. 12/11/29  22:8x 10:0 3/7/30 27-0% 12:0 42% 2:0 73
10. 22(10/29 22-0 = 10-0 18/2/30 23-8x11-0 1-8x 1-0 4
15, 12/11/29  237x 103 4/5/30 26-0x 11-5 2-3 % 1-2 53
18. 12/11/29 22-0x 10-0 8/5/30 23-8x 11-5 38x15 6
19. 12/11/29 21-0x 95 23/12/30 25-8x 11-0 4-8x 1-5 134
20, 12/11/29 24-5x 10-2 9/1/30 26:0x 11-5 1:6x 1-3 2
21. 12/11/29 20-0x 90 4/8/30 23-0x 10-0 30x 10 83
22, 12/11/29 22:3x 95 18/2/30 24-0 % 10-5 17 % 1-0 3}
23. 12/11/29 22:0x 95 18/6/30 25-0x 11-0 3-0x 15 71
24. 12/11/29 20-0x 90 5/2/30 232 10:0 32x 10 23
5. 12/11/29 25-8x 11-5 11/12/29 27-5x 12-3 1-7= 0-8 1

MaLEs.

2. 28/10/29 30-0x 14-5 25/4/30 31-8x 155 1-8x 1-0 6

6. 28;‘10..-'29 29-2x 13-8 20/12/29 30-3 x 140 1-1x 0-2 13
15. 5/11/29 27:0x 11-5 19/6/30 20-5 = 14-0 1-6x 25 73
19. ]’I."ll (29 26-7x 124 8/9/30 300 155 33x 31 10
20. 2/ 250 13-0 24/3/30 274+ 13-8 24 % (-8 3%
21. 23-0x 10-2 ﬁ 6;30 20-0x 14-5 60 4-3 63
22. 2f 23:0x 10-5 4"4.'30 286« 14-8 H6x43 43
23. l’-’ll ’9 250 11-0 8/ 11 130 30-0 = 14-0 50x 30 12
24, IZI’II_‘)E} 22-7 % 10-3 26"12"29 24-0x 120 1-3x 1-7 1%
27, 21/11/29 30-0x 14-7 ! 31-5x 16-5 1-5x 1-8 41
37. 23/12/29 31-0x 15-7 32:2% 17-0 1-2x 1-3 4
12. 22/10/29 30x 13 T-5x 33 45 20 5
14, 22/10/29 30x 13 /12, 205% 85  17T5x T2 14
26. 21/ 111129 61« 2-6 23/12/30 200« 875 13-9x 6:15 13
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Two young (30 x 1-3) liberated from the brood pouch on 22nd October,
1929, were kept alive in the laboratory. These both moulted within a
fortnight and again at the end of a second fortnight, this being continued
with gradually increasing intervals until April, 1930, by which time the
interval between moults was just over a month. Growth was not the same
in both cases, No. 12 moulting a few days before No. 14 and showing a
greater increase with each moult. By the end of January, 1930, more-
over, after the sixth moult the larger specimen was discovered to be a
male, the appendages appearing in the ““ skin ”* of the Tth moult. No. 14
at this time showed no signs of secondary sexual characters and was
‘assumed, therefore, to be a female, the brood plates being expected to
appear at a later stage. At this time, March 16th-18th, their respective
sizes were, male : 9-2 x40 mm. and female : 7-5 % 3-3 mm., and from now
until the beginning of September the interval between the moults
decreased, averaging about 21 weeks.

The size attained by April was such that it was found impracticable to
measure the animals accurately. They were still too small to be held in
the fingers as larger animals were treated and were too strong to be held on
the measuring slide with a brush, the method employed on them up to
date. Thus no measurements were taken through April, May, June, and
July. During the latter month No. 14 escaped, a most unfortunate loss.
It was not until the moult of July 2nd that the brood plates appeared
in this animal and it was noticeable that after this moult it was larger
than the male, having also decreased the interval between moults relative
to the male, so that now No. 14 was moulting a week before No. 12, a
complete reversal of the previous state of affairs. It was at this most
interesting point that the specimen was lost.

The male, No. 12, continued to grow, and by the end of July had
attained to 15-0x6-5 mm. Five successive moults brought it to 20-5 %
85 mm. at the end of December and after moulting again in January,
1931, was fixed at the beginning of February, having survived 14} months.
There is apparently only a very slight variation in the rate of growth in
summer and winter, the specimen holding very closely to an increase of
1-3x0-5 mm. at each moult, which was the average for the whole period.
The summarised histories of these two will be found in Table VI.

To return to the female. Had not the specimen been lost it is safe to
assume that it would have been at least as large as the male in December
(in view of its sudden increase in size relative to the male in July), by which
time it would have reached maturity and would have been able to produce
a brood ; in support of this we have the evidence of three females (No. 43)
who all produced broods on attaining a size of 22-0 95 or 10-0 mm. and
also the record of one female measuring only 19:0 x 85 mm. which was
found in the natural state with a brood. Thus we see that within 16
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months of birth, probably earlier, a female may produce her first brood of
young. Further, we see that by June, when the second brood might be
expected, the animal has attained a size of 24-5 x10-0 mm. (No. 21) and
from the history of No. 16 we see that this animal after having a period of
rest through the autumn might start breeding again in January with a
fourth brood in May and a fifth in August, most probably dying after
liberating that brood in November.

TABLE VL.
Numser 12. Numser 14.
Int. bet. Int. bet.
Moults Moults
Date. Size. days. Date. Size. days.
Birth 22/10/29 30x1-3 — 22/10/29 30x 13 —_
1st Moult — . (15) = — (15)
ad ., 43% 17 (16) 22/11/20  3-8x 1.7 (16)
3d  ,, 46 2.0 16 7/12/29 4-5x1-9 15
4th ., 53x 25 16 24/12/29 50x 21 17
5th ., 59x 25 17 56x 25 18
6th ., 7-0% 32 17 6:0x 2-5 18
Tth ., 80x 35 25 G-5x 31 25
8th ., 9-2x 4.0 23 7-5% 33 23
9th ., —_ 25 —_— 24
10th ., - 31 —- 31
11th ., — 26 — 23
12th ., — 17 C— 13
13th ., — 16 — 15
14th ., 150« 6:5 17 Lost.
15th 16-5 = 68 20 N.B. Female at this stage
16th  ,, 184 7-0 18 larger than male.
17th ., —_ 26
18th Y — 32
19th ., 9/12/30 20:5% 85 40
20th ., 30/1/31 == 52

Fixed.

* Indicates appearance of secondary sexual characters.

This hypothetical case has been constructed from data obtained from
the records of actual specimens, only the results from animals of compar-
able size being taken into consideration. The records of these animals
referred to in the text will be found in Table VII.

TABLE VIL

Extracrs FroM HisTories ofF Nos. 21, 24, axp 16.

Date of Date of Date of
No. Moult. Size, Moult. Size. Moult. Size.
21 25/12/29 23-0= 91 +7/2/30 230 10-1 3/5/30 24:0x 10-2
T4/6/30 24-5x 10-0
24, 25/12/29 23-5x 96 T5/2/30 23:2x 10:0
16. 122/5/30  25-0x 11-0  22/7/30  26:0x11-0  +19/8/30

T Indicates mature moult with brood.
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Thus it will be seen that the expected life of a female is just over three
years, the first being one of active growth, maturity being reached early
in the second with the production of perhaps two broods, while the third
year might see the release of three broods, culminating in the natural
death of the animal in winter. The average number of young produced in
each brood is about 80, a few cases of over 100 having been found, and
sometimes as few as 40, varying with the age of the animal.

In Table VIIT will be found the dates of spawning of the animals kept
in the laboratory. Through the winter the average period taken by the
eggs to develop and be liberated from the date of spawning was about
90 days, the young embryos becoming pigmented at about 40 days ; as
the summer approached this period was gradually reduced until a period
of 40 days only was required for the whole process during mid-summer,
No. 21 spawning on 5th June, pigmentation starting 27 days later, and
the brood being liberated on 15th July.

TABLE VIII.

SHOWING DATES OF SPAWNING AND MoNTHS OF YEAR IN WHICH
FEMALES WERE FOUND WITH Broop PoucHES,

No. Jax. Frs. Mar. Arr. May Juxe Jury Avg. Seer. Ocr. Nov. Dzc.

1 27/30 — —- — 30/30 — —

2. 18/30 — —

4 = = = e 6/30 — — 24/29

5. —_ — — —_ 10/30 — —_ 31/29

6. 28/30 — — @ —

7. 30/30 — - —

8. 21/30 — . -— “— -~

9. 26/30 — -

10. 20/30 — - “« =

15. —_ _ —_ 6/30 29/29
- - -

16.  20/30 — — 25/30 — —  21/30 — —

1T — — 10/30 —  — 5/29

18. 14/30 — —

19. 14/30  3/31 — —- 19/30 — —

20.  10/30 —  —

21. 9/30 — — 5/30 —

22. 20/30 — -

23. 730 —  —  19/30 —

24, 7/30 — —

25, — — 13/29

27. — —_— - 15/30 — - 15/29

29. 13/30 — —

30. — — 30/30 — - 27/29

3. — — 10/29

32. 15/30 — —

33. 9/30 — —_

34. 7/30 — —

35. 6/30 — - (7)/30 —

36. 4/30 — — 6/30 — —

37. 12/30 — —

39. 13/30 — o

40. 12/30 — — 17/30 — —

4. 330 — — 6/30 — —
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In Table VIII the figures refer to the day and year, being placed
in the appropriate month column, the date being that of spawning. The
dashes following each date indicate the months during which the brood
was developed and liberated. The arrows (reversed) show that the
specimen when collected possessed mature brood plates but that the brood
had been liberated, e.g. No. 8 collected in October, found to have mature
brood plates but young liberated, must have spawned in August and have
had young in pouch through September into October.

From this table it will be seen that Ligia may be found with a brood
during any month of the year, though the spring appears to be the main

Fia. 2—A, B, and C illustrate the form of the brood plates in three successive
moults (drawn from No. 19). A. Normal condition. B. Mature condition.
C. Reduced condition, always followed by a return to the normal. D. Re-
duced, with anterior projection; a modified form of C which occurs
occasionally (drawn from No. 41). All drawn to the same scale.

breeding season, if that term can be applied to any part of the year in
particular.

In the normal course of events about 10 days after the brood has been
liberated the female moults, the mature brood plates (Fig. 2, B) being re-
placed with small ones, even smaller than those of the ““ normal ”* state
(Fig. 2, A) in which they are rounded projections from the ventral sternites
of the first five free thoracic segments of the body. Instead of being
rounded, these ““ reduced * plates are pointed (Fig. 2, ¢). This condition
is invariably followed by a return to the normal condition at the next
moult. On a few occasions, without any relationship to temperature,
season or any other factor apparently, a variant of the reduced condition
appeared, the plates being pointed but each bearing a small projection on
the anterior edge of the plate (Fig. 2, n). This state was followed by
a return to the normal.
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ViasiLitry oF UNFERTILISED Ova,

The following is an abstract from the history of the pair of animals,
No. 23.
March 1st. Male carrying female ; latter about to moult.
Male removed, female left to spawn alone.
2nd. Female moulted posterior.
4th. TFemale moulted anterior.
Tth. Spawned.
(About May 14th. Young should have been liberated.)
24th. Female moulted posterior.
26th. Female moulted anterior.
29th. Male replaced.

Assuming that during the period in which the male was carrying the
female spermatozoa were transferred to her, then it is obvious that these
must have been cast off with the moult of 2nd—4th March, since the eggs
did not develop, and thus, in order that the ova should be fertilised,
copulation must oceur subsequent to the moulting of the posterior portion
at least. When the moult of the male coincides with that of the female,
as happened in several instances, the male would be unable to effect the
transference of sperm at the times of moulting each portion and thus it
would be advantageous that the ova should remain fertilisable until the
male had completed the moult. (In a state of nature it is not likely that
the animals pair or that any one female is restricted to any one male and,
therefore, the state of affairs described above would be purely due to
laboratory conditions.) Nevertheless, it may be seen from the following
extracts from the histories of two pairs of animals that the ova were
fertilised despite the overlap of the moulting of male and spawning of
female.

No. 32. Jan. 13th. Female moulted anterior.
14th. Male moulted posterior.
15th. Female spawned.
17th. Male moulted anterior.
Eggs fertile.

No. 36. Jan. 2nd. Female moulted anterior.
3rd.  Male moulted posterior.
4th. Female spawned.
6th. Male moulted anterior.
Eggs fertile.

In both these cases the interval between the posterior and anterior
moult of the male, during which the female spawned, was sufficient for
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the male to recover from the posterior moult and to fertilise the ova
before proceeding to slough the anterior portion, but if for any reason
copulation could not occur until the male had completed the moulting
of the anterior, then a period of three days must elapse subsequent to the
appearance of the eggs in the brood pouch before they could be fertilised.
That they can survive this period is demonstrated by the following cases
where the animals were separated for varying periods, the period of
separation being the interval between the appearance of the eggs in the
brood pouch and the reuniting of the male and female in the same bowl.

No. 16. 24 hours separation. Eggs infertile.

21. 40 hours 7 Eggs fertile.
19. 3 days 5 Eggs fertile.
6. 14 days " Eggs infertile.
41. 35 days . Eggs infertile.
23. 83 days 35 Eggs infertile.

No explanation for the infertility of No. 16 can be put forward other
than the possibility of sterility in the male due to age; the male was
full grown and died an apparently natural death in July, about six weeks
after the date of spawning.

It is certain, however, that copulation must occur after the female has
moulted the posterior portion and may be delayed until certainly three
days after the eggs have appeared in the brood pouch. This indicates
that the sperm are liberated into the cavity of the brood pouch rather than
being passed into the oviducts. Copulation was observed in one case
(No. 5) after the female had moulted the posterior portion and before
moulting the anterior, in which case if the sperm were not passed into the
oviducts they must have been retained beneath the brood plates of the
fifth free thoracic segment. Possibly, of course, copulation was repeated
after the completion of the anterior moult, certainly the eggs were
fertilised.

SUMMARY.

1. Ligia is a nocturnal animal inhabiting crevices in rocks above high-
tide level. It is omnivorous though Fucus spp. form the main article of
diet.

2. Immersion experiments were carried out in which the animals were
subjected to a gradual transition from salt to fresh water. None survived
this treatment for more than one month. It wasnoticed that the reduction
in salinity was accompanied by an increase in the rate of beat of the
pleopods.

3. Animals were subjected to sudden and gradual changes in tempera-
ture. One specimen survived a change from water at 15° C. to water at
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30° C. for 28 minutes, but was dead after 78 minutes ; a second, changed
from water at 15° C. to water at 35° C., was to all appearances dead after
8 minutes, but recovered after being replaced in water at the original
temperature.

4. The lethal temperature for Ligia, when subjected to gradual rise,
was determined for males, females, and young in water and in air. Those
in water died first, the males by the time 32° C. was reached, the others
succumbing between 32° and 34° C. The lethal temperature in air lies
about 34° C., a few surviving 35° for a short time.

5. The change in rate of beating of pleopods with change in temperature
was determined for immersed males, females and young. The tempera-
ture of the water was raised from room temperature to the lethal tempera-
ture and lowered from room temperature to zero, the rate of beating
being measured at regular intervals. The change in rate of beating is
proportional to the change in temperature between 5° and 35° C. Below
5% (. the rate of beating tends to become constant.

6. A number of Ligia were kept in the laboratory for a long time and
moulting and breeding observed. The greatest interval between moults
occurs in full grown males in winter, the shortest in young specimens
during the summer.

7. The growth rate was observed in a young specimen to average
1-3 mm. increase in length and 0-5 mm. in width per month. The growth
of a number of adults is tabulated.

8. A hypothetical reconstruction of the life of a female has been made
from the histories of several specimens. It is estimated that the length of
life of Ligia is 3 years, with a probable production of at least 5 broods of
young. The average number of young per brood is 80.

9. The time taken for the development of the young varies from 40
days in summer to 90 in winter.

10. The greatest number of animals with brood pouches is found in
spring, but breeding occurs throughout the whole year.

11. In the moult following the liberation of the young the brood plates
assume a shape (the reduced condition) distinet from that at any other
time. This is followed by a return to the normal condition at the next
moult. The reduced form is subject to variation in individuals.

12. Experiments indicate that copulation must occur subsequent to
the appearance of the mature brood plates in the female. The ova are
spawned about two days after the completion of the moult and, if unfer-
tilised, remain viable for at least 3 days subsequent to their appearance
in the brood pouch.
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1. FOOD AND FEEDING.

TuE normal food of Ligia is Fucus vesiculosus, though other species of
Fucus and even Laminaria are eaten. Fine epiphytic alge which form
furry growths upon the surface of the larger seaweeds when growing in
places sheltered from the full force of the waves are also eaten extensively.
Ligia is not, however, entirely vegetarian in its diet, having definite
tendencies towards scavenging and even cannibalism, as observed by other
workers who have kept this animal in captivity for any length of time.
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The method of feeding is best described as “‘ browsing.” The animal
clings to its food and cuts off very small portions with its mandibles,
passing them through to the cesophagus, whence they arrive at the
foregut.

Owing to the animal’s dislike of bright light it feeds at night and, since
its food is found on the Fucus zone, half-tide is required before it can feed ;
thus there is only a limited period during every twenty-four hours during
which feeding can occur. It is, therefore, necessary that the food taken
in should be dealt with as quickly as possible and the animal can be
observed feeding voraciously, passing a continuous stream through its
alimentary canal, the faces containing nearly as much undigested as
indigestible food.

2. STRUCTURE OF THE GUT.

(a) INTRODUCTORY.

One of the earliest workers on Crustacea to refer to the armature of the
foregut, or stomach as it was then called, was Sars (1867). Subsequently
Huet (1883), Rosenstadt (1888), Ide (1892), and Schonichen (1898)
studied the alimentary canal and its armature in practically every group
of Crustacea. Ide concluded that the stomach of the Edriophthalmate
orders (Tanaidacea, Isopoda and Amphipoda) was built on the same
structural plan as that of the Decapoda, whilst Gelderd (1906) found
homologies between the Schizopoda and the Decapoda. Hewitt (1907)
described the structure of the gut of Ligia, but ascribed to some parts of
the foregut names which are somewhat misleading. Rehorst (1914), in
his paper ““ Der Filtermagen von Asellus aquaticus,” gives an admirable
résumé of the conclusions of previous authors on this subject, as well as
giving a detailed description of the foregut of Asellus and assigning
functions to its various parts. Barnard (1924) deals with the general
shape of the foregut in Isopods, but does not go into detail of structure,
Finally, we have detailed accounts of the foregut in Astacus by Jordan
(1904), in Homarus by Williams (1907), and in Nephrops by Yonge (1924).

(b) TeE ForEGUT.

(i) The External Form and Musculature.

The main part of the foregut lies in the cephalic and first free thoracic
segments, supported by the sternal ale of the endophragmal skeleton
(see Jackson [1926], p. 899, and Lloyd [1908]). Viewed dorsally it is
rounded in front, tapering slightly posteriorly, its length being twice its
greatest width. The intestine envelops about two-thirds of its posterior
portion, only the anterior portion being closed in on all sides, the hinder
region consisting of plates which project freely into the intestine.
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A general idea of the musculature will be obtained from Text-Figure 1.
On the ventral surface are muscles attached to the ventro-lateral walls of
the gut and running towards the middle line, where they meet and form a
sheath (m.s.) to the structure lying immediately above. To the anterior
end of the sheath is attached a pair of muscles which can be traced
forwards and upwards, separating round the cesophagus and finding their

Text-Fia. 1.—A, Foregut and hepato-pancreas from ventral surface
showing musculature of foregut. B, same with hepato-pancreas,
lateral muscles, muscle sheath, and portion of intestine removed
showing some of internal structure of foregut through the ventral
wall.

f.a., filter apparatus: h.p., hepato-pancreas: i., intestine : L.m.,
lateral musele: m.s., muscle sheath: o., cesophagus; p.l.,
posterior ventral lamella.

distal attachment dorsal to the antennal fossee. On removal of these
muscles others will be seen attached to the ventral wall of the gut and to
the ““ median tooth ” of Hewitt’s description.

(i1) Internal Structure.

In the description of the foregut that follows the terminology employed
by Hewitt has been retained as far as possible, to avoid further confusion.
It has been essential to delete the term * tooth,” which is very misleading,
as are also the terms *‘ cardiac ™ and ‘‘ pyloric ” when applied to this
animal, the use of which suggests a division into two parts comparable
with the state of affairs in other Malacostraca. No such division can be
observed in the foregut of Ligia. For the term *‘tooth ” the word
“ampulla ” has been substituted for all cushion-like projections, hollow
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and covered with a thin layer of chitin. The term lamella has been
retained throughout.

From the anterior regions of the side walls of the foregut arises a pair
of large, bilobed projections, the lateral ampullee (La., Text-Figs. 2, 3, 4,
6, and 8), meeting above the opening to the aesophagus. Anterior to these
and hidden behind them is a pair of very small antero-lateral ampulle
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Texr-Fro. 2.—A, Foregut from dorsal surface with intestine cut open along mid-dorsal
line. B, same with dorsal lamella removed to show underlying structures.

a.v.l., anterior ventral lamella ; d.., dorsal lamella: f.a., filter apparatus; i.,
intestine ; lLa., lateral ampulla ; LI, lateral lamella ; m.a.0., median anterior
ampulla ; p.v.d., posterior ventral lamella ; v.l.p., projections from anterior
ventral lamells.

(a.l.a.) ; in the mid-line of the anterior wall arises a single large median
anterior ampulla (m.a.a.), while in the floor of the foregut lies a single
median projection, the ventral ampulla (v.a.). These are all provided with
strong, backwardly projecting bristles, and on contraction of the muscles
of this region these ampullee meet and effectively close the entrance to
the cesophagus.

From the floor of the foregut and directly behind the ventral ampulla
arises a pair of plates, the anterior ventral lamelle (¢.v.l.) forming to all
appearances the actual floor which here appears to have a median ridge.
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This ridge is formed by the approximated inner edges of these plates
which rise towards the mid-line, each bearing a pointed projection (v.l.p.).

The anterior ventral lamellee fuse laterally with the lateral lamellse
(1.1.), a pair of plates arising from the antero-lateral walls of the chamber,

Texr-Fro. 3.—Foregut opened along mid-line of the dorsal and anterior walls as far as
the opening of the cesophagus. The two halves of the dorsal lamella are drawn apart,
giving a flattened view of the main structures of the interior. The right half of the
median anterior ampulla has been removed to disclose the small antero-lateral
ampulla.

AA, BB, and CC indicate the lines through which the sections shown in Fig. § are
drawn.

a.l.a., antero-lateral ampulla ; a.e.l., anterior ventral lamella ; b.p., bristle plate ;
FI., Filter I ; f.a., filter apparatus ; La., lateral ampulla ; 1L, lateral lamella ;
m.a.a., median anterior ampulla ; p.v.l., posterior ventral lamella ; v.¢., ventral
ampulla ; v.l.p., projection from anterior ventral lamella.
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beneath the lateral ampullee and proceeding backwards and downwards
as a flap attached ventrally. They are provided along the free dorsal
edge with strong backwardly projecting bristles. The anterior ventral
lamellee, moreover, fuse posteriorly with a pair of long plates, the posterior
ventral lamelle (p.v.l.) which taper gradually to end in the intestine,
projecting considerably beyond the apparent limits of the foregut.

If the ventral lamellee are drawn apart a wedge-shaped projection is
seen arising from the true floor of the foregut, widening posteriorly and

Text-Fic. 4.—Sagittal section through cephalon and first free thoracic segment, slightly
to left of mid-line to include filter apparatus, showing internal structure of the right
side. The cut edges of the alimentary canal are heavily outlined in black.

a.v.l., anterior ventral lamella: d.l., dorsal lamella ; f.a., filter apparatus; h.p.,
hepato-pancreas ; i., intestine ; la., lateral ampulla; [I, lateral lamella :
m.a.a., median anterior ampulla ; oes., esophagus; p.v.l., posterior ventral
lamella ; v.a., ventral ampulla.

bearing on its postero-dorsal surface a finely pointed projection, similar to
those of the ventral lamellse, between which it is inserted. This structure,
for want of a better name, may be called the filter apparatus (f.a.). Tt is,
presumably, the “ median ventral tooth *” of Hewitt. Nothing appears
more certain than that it is not a tooth ; a more detailed description of
this apparatus appears below.

There remains one more lamellar structure to be mentioned, a simple
projection from the dorsal surface of the foregut, arising almost directly
over the junction of the anterior and posterior ventral lamelle and
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preceeding backwards to project freely into the lumen of the intestine,
the dorsal lamella (d.l.). This is, apparently, without setose armature.

On the floor of the foregut and on either side of the elongate ventral
ampulla lies a crescentic row of bristles, fused at their bases to form a plate
(b.p.), but with their distal ends lying against the sides of the ventral
ampulla in the mid-line and against the anterior ventral lamelle behind.
Beneath these bristles and on each side of the ventral ampulla is a channel
running posteriorly under the anterior ventral lamellz.

Text-Fia. 5.—Section through the foregut, slightly to left of mid-line, showing the
filter apparatus and associated structures. The arrows indicate the course of food
passing into the hepato-pancreas and the path taken by the secretion when forced
out.

a.v.l., anterior ventral lamella ; f.a., filter apparatus ; FIL., Filter IT ; A.p., junction
of hepato-pancreas with intestine ; 7., intestine ; m.s., muscle sheath ; o.f.c.
outer filter channel ; p.v.l., posterior ventral lamella : v.a., ventral ampulla,
v.l.p., projection from anterior ventral lamella ; v.v., ventral valve.

This will best be seen in Text-Figure 8. It constitutes Filter I. The
occlusion of this channel (o.f.c.) between the bristle plates and the anterior
ventral lamelle is effected by a row of hairs which project forwards and
interlock with those of the bristle plates.

Beneath the anterior ventral lamelle the channel is divided into two by
the filter apparatus (f.e.). As shown in Text-Figures 5, 6, and 8, this is
wedge-shaped in two directions. It is broader at the base than at its dorsal
edge and widens from in front backwards. On either side and parallel
with the dorsal edge lies a groove covered with strong bristles attached to
the ventral surface and free dorsally. This groove ends blindly anteriorly,
opening over the entrance to the hepato-pancreas posteriorly. This is

NEW SERIES.—VOL. XVIL. N0. 3. OCTOBER, 1931. E
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Filter IT. Rehorst describes similar structures in the foregut of Asellus
and the filters and filter channels of Ligia are directly comparable with
those of Asellus, for which reason I have used the names given by him.
Finally, there is a structure, the ventral valve (v.v., Text-Figs. 5, 6,
and 7), attached to the ventral wall of the intestine and bearing against
the lower surface of the posterior ventral lamellee. 'We have now a space
stretching from the ventral ampulla anteriorly to the ventral valve

Texr-Fie. 6,—Semi-diagrammatic hori- TexT-Fig. 7.—The ventral valve. e..
zontal section through the filter epithelium : ¢h., chitin.
apparatus showing its relationship to
the surrounding structures.

a.v.l., anterior ventral lamella; e.,
epithelium ; e.p., “elastic pad ™
of Rehorst; f.a., filter apparatus:
FII., Filter 1I; ¢ f.c., inner filter
channel ; lLa., lateral ampulla:
p.p., perforated plate; v.a., ven-
tral ampulla: ».v., ventral valve.

posteriorly which can be completely closed to any but liquid substances,
all the possible entrances being guarded by strong hairs.

The chitinous lining of the anterior ventral lamelle facing Filter IT is
composed of a double layer, the outer in contact with the filter being pro-
vided with very fine, upwardly projecting hairs, the inner being a plate
with many minute holes, the two layers being connected by a network of
fine fibres. Behind this inner plate lies the ordinary epithelial tissue,
but at a little distance, thus enclosing a second space. This, however,
is probably an artifact due to fixation since this space is found throughout
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where chitin forms the lining of the foregut. (See Text-Figures 6, 8,
and 9.)

Below is a list of the parts of the foregut as named by Hewitt in the
first column ; the terminology employed in this paper in the second,
and that used by Rehorst for Asellus, as far as it is comparable, in the third.

Lateral cardiac tooth. Lateral ampulla. Laterale.

Antero-lateral tooth.  Antero-lateral ampulla. —

Median anterior tooth. Median anterior ampulla. —

Ventral cardiac tooth.  Ventral ampulla. Y-shaped piece.

Ventro-lateral tooth.  Anterior ventral Infero-Laterale.

lamella.

Median ventral tooth.  Filter apparatus. Infero-Medianum.

Lateral cardiac Lateral lamella. Dorsal branch of the
lamella. Laterale.

Dorsal lamella. Dorsal lamella. Supero-Medianum.

Ventro-lateral pyloric ~ Posterior ventral Intero-Laterale.
lamella. lamella.

Actually Rehorst includes his Y-shaped piece as part of the Infero-
Laterale ; he also confines the term *‘ outer filter channel  to that portion
of the cavity enclosed between the two ventral lamellee which lies below
Filter II, the whole space being termed the ‘* storeroom.””*

(¢) THE HEPATO-PANCREAS,

This consists of three pairs of tubules lying along the alimentary canal
which they partially enclose. Their external morphology has been fully
described by Hewitt, but a little more must be said about their internal
structure. Reference to Plate I, Figures 4 and 5, will show that there are
small and large cells, as mentioned by many workers on the histology of
this organ in the Isopods. The cell walls are distinet and homogeneous, the
contents granular with many small vacuoles, the significance of which
cannot be entered into here. Each cell contains a nuecleus, and nucleoli
are present in most.

It is the opinion of Nushaum-Hilarowicz (1920) that the small cells are
young stages of the large ones which, as they become mature, break up,
liberating their contents into the lumen and thus providing the secretion.
In this respect Nusbaum-Hilarowicz supports the view held by Murlin
(1902) though Weber (1880) thinks that they are absorbing and secreting
cells respectively.

(d) THE INTESTINE

As McMurrich (1896) has shown, the portion of the alimentary canal

extending from the point of entry of the hepato-pancreatic glands to the

* T wish to thank Dr. H. G. Jackson for details of the technique employed by him in
dissecting the head of Ligia.
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rectum, usually termed the midgut, is, in Isopods, the anterior portion
of the proctodeal invagination and cannot, therefore, be justly termed
midgut. This statement is- supported by my observations on Ligia in
that the whole of this region is lined throughout by chitin. This layer
of chitin is, as McMurrich has shown, double, but whereas this author

[l
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Texr-Fie. 8.—Semi-diagrammatic transverse section through foregut, A and B passing
through bristle plates, ventral ampulla and Filter I ; C, passing through filter appar-
atus and Filter 11, as indicated by AA, BB and CCin Fig. 3. Al, Bl and Cl, enlarge-
ments of portions of A, B, and C.

a.v.l., anterior ventral lamella ; b.p., bristle plate; e.p., © elastic pad ”’ of Rehorst ;
f-a., filter apparatus ; FI., Filter I ; FIL., Filter IT ; i.f.c., inner filter channel ;
l.a., lateral ampulla; LI, lateral lamella; o.f.c., outer filter channel; wv.a.,
ventral ampulla.

describes both layers as homogeneous, in Ligia the inner layer appears to
be vacuolated (Plate I, Figs. 1, 2, and 3).

Murlin (1902, p. 310) describes the presence of minute pores which per-
forate the chitinous lining of the lumen of the ““ midgut ”* in land Isopods.
He does not illustrate these pores though he states that they are easily
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Text-Fie. 9.—A, semi-diagrammatic representation of transverse
section through ventral lamella and filter apparatus, showing
relationship between Filter I and * elastic pad™ of Rehorst.
B, semi-diagrammatic representation of horizontal section
through same region, showing network of fibres, perforated
plate and space behind plate.

a.v.l., anterior ventral lamella; ch., chitin; e., epithelium ;
e.p., “elastic pad of Rehorst ; f.a., filter apparatus; FII.,
Filter II: i.f.c., inner filter channel; n.f., network of
fibres ; o.f.c., outer filter channel ; p.p., perforated plate ;
., setae of ** elastic pad.”
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demonstrated in the fresh intima found in a moulted posterior portion of
the animal. Schonichen (1898) also found such pores in the Oniscidse and
Asellidee. Examination of similar material and also of sections has failed
to establish the presence of such pores in Ligia, but as will be seen from
Plate I, Figures 2 and 3, the chitin lining the epithelium of the intestine
is of a complicated nature.

It is composed of two layers of unequal thickness making up a total of
surprising thickness for such a region. The inner layer, comprising about
three-quarters of the total thickness, is of a loose spongy texture contain-
ing cavities, many of which are permeated by cytoplasm. The outer
layer is very thin but apparently homogeneous and quite imperforate.

In the absence of any pores in these layers Ligia is in perfect agreement
with MeMurrich’s description for Armadillidium, Porcellio, Gniscus, and
Idothea robusta.

The epithelium underlying the chitinous layer is devoid of cell boun-
daries and forms a syncytium. ¢ Supportive fibres ” arise from both this
layer and the basement membrane and run towards the opposite sides,
representing all that is present of cell walls.

The infoldings of the intima, which project into the syncytial layer, are
very regular and viewed from the surface under low magnification give
the impression of an epithelium composed of large, very regularly arranged
cells, each containing a large nucleus. This impression is heightened by
the arrangement of the muscle fibres on the outside which form a network,
each strand lying in a groove on the surface. No trace of a typhlosole
can be seen in Ligia.

(e) THE RECTUM.

The terminal portion of the alimentary canal is a short region with very
much folded walls, well supplied with muscles. It is separated from the
intestine by a sphincter. The epithelium in this region is a syncytium
continuous with that of the intestine, but much thinner.

3. PHYSIOLOGY OF THE GUT.

The structure and function of what we now term the hepato-pancreas
has been investigated in Isopods and other Crustacea by Weber (1880), his
work being done largely on Asellus. Murlin (1902) and Nushaum-Hilaro-
wicz (1920) have dealt similarly with the land Isopods, the latter going
into much histological detail, while Patrick (1926) alone has investigated
the cells of the hepato-pancreas of Ligia. Gelderd (1906) concluded from
his research on the function of the foregut that the *‘ cardiac chamber
primarily masticates the food particles ““as an auxiliary to the mouth
pieces ” and secondarily it ““acts as a sieve or filter for the further
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retention in the cavity of such particles of food that have not been suffi-
ciently divided.” The ““ pyloric chamber,” he says, has the function ** of
mixing the already masticated food with the ferments of the digestive
gland. This is brought about by the action of the spines and hairs upon
the pyloric pieces, when the chamber is put into movement by the
muscles.”

Hewitt (1907), speaking of Ligia, says : ‘ The stomach forms an efficient
mill for triturating the miscellaneous substances upon which the animal
feeds.” Tait (1917), in describing the structure of the foregut of Glyp-
tonotus, says : ‘ The use of the term ‘ gizzard ° (chosen apparently as an
improvement on the older and admittedly unsuitable term ‘stomach’)
is in itself misleading, for the name suggests that the function of the organ
is to triturate the food. The idea is disposed of by the condition of the
ingesta discovered in the midgut of the dissected specimens. When the
food had consisted of amphipods these were found, according to size,
almost intact or cut into longitudinal blocks of about } inch length.”
He goes on to say : ““ The cutting had evidently been done by the incisor
processes of the mandibles, the length of the blocks corresponded roughly
to the reach of these processes from the position of abduction to that of
adduction, and the food had evidently been * bolted * without the occur-
rence of any further process of comminution in the vestibule.” This latter
is the term he employs in place of the previous misleading terms. He is
further of the opinion that the foregut is *“ merely a propelling mechan-
ism.” While, in my opinion, the above description of the supposed method
of feeding of Glyptonotus applies equally well to Ligia, since I have found
the contents of the intestine to consist of equal sized particles of alge,
yet it will be shown that the foregut is more than a mechanism for pro-
pulsion. T have, moreover, through the kindness of Professor D. M. S.
Watson, been able to dissect a specimen of Glyptonotus and find that in
main principles the foregut resembles that of Ligia very closely. Hewitt,
in using the term * tooth,” admits its inadequacy, but still assigns to it
a triturating function, which rather nullifies the admission. None of the
structures termed by him ** teeth ”” are in any way comparable with the
hard chitinous teeth of the Decapods.

Assuming, then, that no further mastication is performed after the food
has passed the mouth parts, it will pass up the acesophagus as a ** mush ”
and will enter the foregut between the bristle plates and ventral ampulla
below, and the lateral and median anterior ampullee above. Here, by
contraction of the muscles enclosing this part of the vestibule (Text-
Fig. 1), to use Tait’s term, the liquid portion of the food will be squeezed
through Filter I carrying with it only very fine particles. The same motion
which compresses the food will tend to force it back into the larger cavity
of the foregut, by virtue of the backwardly projecting hairs with which
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it will be in contact all round. Tmagine now a contraction of the muscles,
shown in Text-Figure 1 running forward from the lateral lamelle, to occur
simultaneously with a contraction of the muscle sheath across the ventral,
convex surface of the foregut. The result would be the drawing apart of
the ventral lamelle and the pushing up of the filter apparatus. Thus the
secretion from the hepato-pancreas would be liberated into the cavity of
the vestibule and mixing would also be effected.

Moreover, on the return of the parts to their normal position, a quantity
of partly digested food would be caught between each ventral lamella and
the filter apparatus, and the liquid portion squeezed through Filter 11
into the inner filter channel, whence it would pass into the hepato-pancrezs
along witk the liquid forced through Filter I into the outer filter channel.

This process is further aided by the rhythmical contractions of the
hepato-pancreatic tubules. These were observed in the living animal,
through the transparent ventral surface of a recently moulted specimen, to
consist of waves passing forwards along the tubules expelling the contents.
On the relaxation of the muscles of the tubules, liquid was observed to
return into the lumen. The contraction of the tubules probably coincides
with that of the muscle sheath which, as we have seen above, separates
the ventral lamellee and elevates the filter apparatus. Thus is the secre-
tion from the glands passed into the foregut and intestine. With the
return of the parts of the foregut to their normal position and the relaxa-
tion of the muscles of the tubules, liquid forced through the filters into the
filter channels is drawn into the hepato-pancreas. The entrance from
the intestine is automatically closed by the action of the ventral valve.
Thus the liquid products of digestion may be absorbed in the tubules
of the hepato-pancreas. The more solid portions of the food, mixed with
the digestive enzymes, will pass into the intestine, where further digestion
and absorption will oceur.

It will be seen from the above description of the assumed functioning
of the foregut that no time is wasted with mastication, the whole principle
being one of extracting as quickly as possible the most readily obtainable
nourishment. It is suggested that this may be correlated with the limited
period during which the animal feeds, as described above, in which case
it would be expected also that the enzymes which break down the food
would be very powerful, and this will be shown to be the case.

Rehorst, apparently, assumes the filtering action to be quite passive,
at least in Filter I, and to the surfaces which come into contact with the
filters and are themselves setose, he assigns primarily the function of
cleaning the filters and keeping them free from large particles. This may
easily be an additional function in Ligia. Further, he assumes that the
space enclosed between the double layer of chitin lining the opposing
walls of the ventral lamelle is filled with liquid, forming an elastic pad
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which, pressed against Filter II, would separate the outer filter channel
from the space above. He makes no mention of perforations in the inner
wall of the pad, possibly they are absent in Asellus, but such a function as
he suggests for this pad, besides being superfluous, would be rendered
difficult in Ligia unless liquid could be forced in at will. The function of
this part remains somewhat obscure.

4. COMPARISON OF THE FOREGUT OF LIGIA WITH
THAT OF THE DECAPODS.

As may be seen from the work of Jordan (1904), Williams (1907), and
Yonge (1924), the foregut in the Decapods is divided into two parts,
the cardiac and the pyloric, to each of which are assigned definite
functions.

The cardiac portion is a sac serving mainly for the reception of food and
contains the masticatory ossicles which triturate the food and assist in the
mixing of the food with the secretion from the hepato-pancreas. The
food then passes into the pyloric region whence the liquid portion
and fine particles pass through the filter into the hepato-pancreas, the
larger particles passing above the press into the midgut.

Whereas the Decapods merely tear their food with their mouth parts
and pass it into the foregut for complete mastication and digestion, Ligia,
as has been seen, not being provided with a triturating mechanism in the
foregut, cuts up its food with the mouth parts and then depends on the
great power of its digestive enzymes to complete the process in the foregut
and intestine. Both are provided with means of limiting the size of the
particles entering the hepato-pancreatic tubules, and both the valves and
the plates of the Decapods and the ventral valve and lamelle of Ligia
prevent the blockage by food particles of the exit from the tubules.
Further, in the action of the ventral lamellze working in conjunction with
the filter apparatus, there is in Ligia a mechanism comparable with the
press of the Decapods.

5. DIGESTION.

(¢) Tue pH or toE Gurt.

In Table T will be found the pH of the different regions of the gut of
normally feeding animals, of starved animals (48 hrs.), and of those whose
pH had been estimated at different periods after feeding following on a
period of starvation of 48 hours or more.

From Table I it will be seen that the pH of the gut varies very
slightly from one end to the other, whether the animals are starved or
feeding. As a result of feeding after starvation the pH of the intestine
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was found to be slightly higher than the contents of the hepato-pancreas
and slightly lower than that in the same region of a starved animal.
This was the same whether estimated } hr. or 4 hrs. after feeding.

Tor the estimation of pH on the small quantities of liquid found in the
gut of this animal the method employed was that described by Wiggles-
worth (1927, p. 792), and used by him in similar work on the cockroach.

TABLE I.

SHowmne PH orF Gur UNDER DIFFERENT CONDITIONS.
ANIMALS ALL FEEDING,

No. Intestine. Rectum.
1. 6-0 6-2
2. 6-2 59
3. 6-7 —
4. 6-3 —
Mean. 6-3 6-05

ANIMALS STARVED FOR 48 HOURS.

No. Foregut. Intestine. Rectum.
1. — 6-05 6-0
2, 6-3 6-55 6-2
3. 6-3 6-45 6-2
4, 6-4 6-4 6-5
b. 6-3 6-55 6-1
6. 6-1 6-25 5-8
T 6-25 72 6-3
Mean. o627 6-49 6-16
STARVED ANIMALS BEFORE AND AFTER FEEDING.
Perjod of Starvation
No. hours. Intestine. Hepato-pancreas.
1. 48 6G-4 6-0
2. 60 6-3 6-0
Period of Starvation  Time after feeding
No. hours. hours. pH of Intestine.
1. 60 1 6-2
2. 60 4 6-2

Mean. - - 6-2
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(b) THE DigEsTIVE ENZYMES.

The enzymes secreted by the cells of the hepato-pancreas are passed
into the gut by rhythmical contractions brought about by the network
of muscles on the outside, described by Pump (1914).

An extract was made from the hepato-pancreatic tubules of a large
number of animals ground up with silver sand and extracted on ice in
distilled water for 48 hours.

This was then filtered and made up to a 109, solution based on the
weight of tubules and secretion obtained, the whole being kept under
toluol continuously. The pH of this extract was 5:9. Table IT shows the
result of incubation of various substances with this extract.

TABLE II.

5 c.c. substrate ; b c.c. extract ; toluol. Controls boiled. Temperature
30° C.

Presence of glucose determined by Fehling’s solution, and of di-
saccharides by Barfoed’s solution. Fatty acids produced by digestion
of fat titrated against N/100 NaOH.

— indicates no action; - indicates a trace; -} indicates positive
action ; - - indicates extensive action,

Substrate. Experiment after Control after
24 hrs. 48 hrs. 4 days. 10days. 24 hrs. 48 hrs. 4 days. 10days.

Starch 19, ++ ++4 - .. + + .. -
Glycogen

(Saturated) - L -+ -
Sucrose 59, ++ ++ - o
Raffinose 195 - +—+ i - -
Inulin 1% - - - - - -
Maltose 29 + ~+ = i
Lactose 29 fo - - -
Cellulose - - - - - - -
Amygdalin 194 f - - -

CN evov.

Salicin 19, + + .. L. = = o
Fibrin Digestion complete 24 hours. - - -

Positive reactions with
Millon’s Reag. and Br. water.
Olive 0il i 2-15 c.c. 2.0 c.c. " - 1-9 c.e. 1-88 c.c.

From the above Table it will be seen that most carbohydrates are
readily split up, the exceptions being Lactose, Inulin, and Cellulose,
while the protease is exceptionally strong, digestion of a large piece of
fibrin being complete within 24 hours. A lipase is also present.

In order to discover if any secretion was liberated by the intestine a
number of these were taken, split open, and washed carefully in water and
ground up as were the tubules of the hepato-pancreas, being extracted
in 509, glycerin for 48 hours. Table III shows the result of this
experiment, from which it will be seen that after 24 hours glycogen and
sucrose both showed a trace of reduction and starch after 48 hours.
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TABLE III.

b c.c. substrate with 5 c.c. extract and toluol ; incubated at 30° C.
— indicates no action; 4 indicates a trace; - indicates positive
action. Tests as before.

Substrate. Experiment after Control after
24 hours. 48 hours. 24 hours, 48 hours.
Starch 19 — + —
Glycogen (Sat) + + T
Sucrose 59, 4 -+ s —

Raffinose 19, —
Inulin 194 - s — £
Maltose 29, - + — -
Lactose 29, = S — e
Cellulose - - —
Amygdalin 19, — — — =
Salicin 194 — - — —
Fibrin — - - —-
Olive 0Oil - 0:35 e.c. &5 0-30 c.c.

The original sample of glycogen, however, was found to contain a cer-
tain amount of reducing sugar, while the trace of reduction in the other
two can be explained by the great ease with which they are reduced by
the secretion from the.hepato-pancreas, combined with the difficulty
experienced in washing the intestines completely free from that secretion.
It can safely be assumed that there are no enzymes secreted by the
epithelium of the intestine which can act on carbohydrates, proteins or
fats. Thus the whole of the digestion is performed by the enzymes
present in the secretion from the hepato-pancreas.

(¢) THE SUCROCLASTIC ENZYMES.

Since algze form the normal food of this animal, it was thought advisable
to investigate the possibility of enzymes being present which would reduce
pentosans and cellulose. Accordingly tests were made on Gum Arabic,
Agar Agar, and Pectin. No reducing substances were found in any case
after 24 hours’ incubation at 27° C., using 109} extract.

For the detection of a possible cellulase other tests were applied. A
small piece of clean Fucus was placed in the extract and incubated for
several days. At the end of that time microscopic examination showed
that the contents of only those cells whose walls had been cut through
were digested. Further, hand sections were cut and mounted on a slide
in the actual secretion from the hepato-pancreas, the cover glass being
sealed and the whole left in a warm, constant temperature for several
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days, being examined from time to time for dissolution of the cell walls.
None, however, was observed. In tests on filter paper and cotton wool
incubated for some time with the extract, Fehling’s solution failed to
demonstrate the presence of any reducing sugar. Thus it will be seen
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Text-Fig. 10.—Graph showing pH optimum and range of a,ctluty for
amylase ; invertase ——. ; glycogenase — —————

that this animal, though its main diet consists of Fucus and other
vegetable matter, is quite unable to digest either cellulose or the pentosans
contained in such food. Yonge (1927) failed to find a cellulase in extracts
of the wood-boring Isopod Limnoria lignorum.

A series of experiments was carried out to determine the pH optima of
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the various sucroclastic enzymes. The effect of the change of pH upon the
activity of the amylase, invertase and glycogenase is shown in Tables IV,
V, and VI respectively, below and in Text-Figure 10.

In these experiments Clark and Lub’s Buffer Solutions were used, at
first, for providing a known pH. These, however, were found in some cases
to be altered by the addition of the extract and did not give true readings.
The method then resorted to was that of adding a certain quantity of
acid or alkali and/or water to the extract and finding the pH of the
resultant mixture.

MacLean’s blood sugar method was used throughout in estimating the
amount of glucose. Briefly, this is as follows : The proteins are precipi-
tated from the sample by heating with acid sodium sulphate and adding
dialysed iron to the hot liquid. The mixture is cooled and filtered and to
the filtrate is added an excess of alkaline copper iodide solution. This is
then boiled for a definite length of time, during which an amount of copper
18 reduced equivalent to the amount of glucose present in the sample.
The iodine is liberated from the excess alkaline copper iodide by the addi-
tion of acid and titrated with sodium thiosulphate in the usual way. The
amount of iodine present in the total amount of copper iodide solution
added is also determined directly, the difference giving the amount of
copper iodide reduced by the glucose, from which the amount of glucose
present can be determined,

TABLE IV.
PH OPTIMUM FOR AMYLASE.

194 starch solution, 1 c.c. 109, enzyme extract, 1 c.c. Acid or alkali
and jor water to 2 c.c.
Incubated for 2} hours. Temperature, 28° (.

Acid Alkali H,0 Thio.

No. pH. 01 N Glucose
.0, N. c.o. N. o.c. c.c. mgm.

1. 1-0 -01 = 2 1:0 4-9 5-43 1-11
2, b 01 = - 15 5.1 4-37 1:53
3. -3 -01 - - 17 5-35 349 191
4 - = - - 2:0 5-65 2-96 213
5. - - 25 01 1-75 6-0 3:58 1-87
6. - - 1-0 01 1-0 6-2 3:h8 1-87
T = - 2-0 01 - 6-6 420 1-61
8 - = 3 -1 147 72 4-16 1-62
9 - - 45 1 1-55 79 4-78 1-37
10 - = 1-0 1 1-0 8-85 511 1-25
11 . - 15 1 D 9-15 527 1-18
12. 2 - 2:0 1 - 92 5-83 0-94
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TABLE V.

PH OpriMuM FOR INVERTASE.

695

59, sucrose solution, 25 c.c. 109} enzyme extract, 2:5 c.c. Buffer

solution, 5 c.c.
Incubated for 2 hours. Temperature, 32° C.

Thio.
‘01 N. Glucose
No. pH. c.c. mgni.
Ii 42 7-60 1-05
2. 46 6-60 1-79
3. 5-0 4-36 3-63
4. 54 3-46 4-39
5. 5-8 3-35 4-48
6. 6-2 3-66 4-22
i 6-6 3-87 413
8. 70 4-12 3-83
9 74 4-78 3-27
10, 7-8 5-15 296
11. 8-0 5-60 2-60

Norg.—In the above table the amount of glucose represented is, in
some cases, greater than the amount that can be estimated by the amount
and strength of reagents advised by MacLean. In estimating glucose in
this experiment half the quantity was taken and the result doubled.

TABLE VI.

rH OPTIMUM FOR GLYCOGENASE.

Saturated solution of Glycogen, 3 c.c. 109, enzyme extract, 1 c.c.

Acid or alkali and /or water to 2 c.c.
Incubated for 70 minutes. Temperature, 32° C.

Acid Alkali H,0
No. pH.
e.c. N. c.c. N. o.0.
1 2-0 01 - - - 4-85
2 1-0 01 — - 1-0 5-0
3 ] 01 — - 15 54
4, - - - - 2.0 57
5. - - 1-0 01 1-0 6-15
6 - = 2-0 01 - 6.4
7 - - 35 1 1-65 el
8 - - -4 1 16 3-8
9. - - -6 4 14 9-2
10. - - 1-0 1 1-0 9-6-4

Thio.

‘01 N.

c.C.

716
497
454
420
458
5:25
5-01
646
6-86
7-62

Glueose
mgm.

03

1-31
1-46
1-61
1-45
1-19
1-32
0-71
0-56
0-20
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There is a range of activity between pH 5 and pH 7 in the case of all
three sucroclastic enzymes, with the optimum lying between pH 5-65 and
pH 5-8.

(d) Tue ProTEOCLASTIC ENZYMES.

These are very powerful, so much so that it was necessary to reduce
the proportion of extract to substrate very considerably in order to pre-
vent the digest from acting too quickly. Table VII and Text Figure 11

6 r

Decree OF LIQUEFACTION

pH

Texr-Fig. 11.—Graph showing activity of protease, with change in pH,
on the liguefaction of gelatine.

represent the results of an experiment to determine the effect of change
in hydrogen ion concentration on the liquefaction of gelatine, i.e. the
conversion of proteins to soluble polypeptides.

In this Table the degree of liquefaction is expressed by the figures of an
arbitrary scale used by Yonge (1926a) who quotes Dernby, as follows :—

Completely solid.

Solid, but small pieces may be torn off by strong shaking.

Solid, but the surface moves somewhat when the tubes are shaken.
Soft. 5 Almost liquid.

Half liquid. 6 Entirely liquid.

F L S =
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From these it will be seen that the range of activity extends from
pH 5:35 to pH 5-85, with an optimum about pH 5-45 and a second at
pH 84, To determine the quantities of amino acids produced these were
estimated by titration with alkali after treatment of the digest with
909, alcohol. This proved an unsatisfactory method owing to the pre-
cipitation of proteins which masked the end point. S¢rensen’s formalde-
hyde titration was employed with more success on digests with blood
fibrin. The results of this experiment are given in Table VIIT and Text-
Tigure 12. Two optima were again found, the first at pH 6-4 and the
second at pH 8-4.
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Trxr-I'16. 12.—Graph showing optimum pH and range of activity for protease
on blood fibrin ; and on peptone — — — — — —
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TABLE VII.

PH OPTIMUM FOR THE PROTEASE BY THE LIQUEFACTION
0¥ GELATINE.

109, gelatine solution, 5 c.c. and 1 c.c. of the following mixture :
0-59;, enzyme extract in sea-water, 5 c.c., acid or alkali and/or water to

5 c.c. Temperature, 32° C.

Acid
No.

c.c. N.

1. 50 -1
2. 25 1
3. 50 01
4. - -
5. o i
6. - =
7. = -
8. - -
9 — -
10, - -

Alkali
N.

H,0

C.C.

2:5
5-0
2:5
40
2-0
1-0

40

pH

39
4-8
52

5-35
545

56
6-0
8-2
84

10-0

cacoococoocoo o ™

TABLE VIIL

PH OPTIMUM FOR THE PROTEASE.
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19, enzyme extract in sea-water, 5 c.c. Acid or alkali and Jor water to
5 c.c. Blood fibrin, 0-2 gm. Incubated for 5 days. Temperature, 30° C.

Acid

No.
c.c.
1 50
2. 3-0
3. 20
4, 15
5. 1-0
6. 75
1 ]
8. o
9. -
10. -
1L, -
12. -
13. -
14. -

N.

01
01
01
01
-01
01
01

Alkali

C.C.

01
01
01
01
01
01

H,0

c.c.

2-0
30
35
4-0
4-25
45
50
4-5
4-25
4-0
375
35

pH

34
375
4-0
4-85
53
5-65
6-0
6-4
6-6
6-8
T4
&2
84
9-4

NaOH
01N
c.c.

1-25
6-9
06
205
84
11-3
325
56-6
8-H
16-15
22-6
11-25
75-0
16-4

In order to determine whether the two optima were present when a poly-
peptide was used as a substrate the following experiment was carried out.
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A 109, solution of peptone was used as the substrate and the optimum
range of activity determined for the production of amino acids. Table IX
and Text-Figure 12 show the result of this experiment ; it will be noticed
that while the range of activity extends from pH 5-6 to pH 8-8 there is
now only one optimum point situated at pH 6-8, the higher optimum at
pH 84 having been eliminated.

TABLE I1X.
rH OPTIMUM FOR THE PROTEASE.

195 enzyme extract in sea-water, 5 c.c. Acid or alkali and jor water to
5 c.c. 109 solution of peptone, 3 c.c. Incubated for 22 hours. Tempera-
ture, 29°-30° C.

Acid Alkali H.,0 NaOH

No. pH 01N
€.0. N. (X N. €.C. e.c.

1 5-0 01 - - - 51 45-8
2. - = - - 50 5-35 50-0
3 - - 50 <01 - 56 50-0
4. - - 1-0 -1 4-0 G-05 43-8
5. - 2:0 -1 30 6-45 69-6
6. - 30 -1 2:0 6-8 69-7
T - 40 ik 1-0 7-25 62-7
8. - - 45 -1 H 76 63-3
9. - 50 -1 - 79 63-2
10. - - 4 1-0 46 8-4 59-6
11. - - ] 1-0 45 8-8 58-2
12, - - -6 10 4-4 9-15 57-1

In view of the fact that the pH of the gut lies between 5-8 and 6-7, the
higher optimum cannot be of use to the animal during digestion. It is
probable, however, that it may be an autolytic enzyme such as Shinoda
(1928) found in Astacus, and this supposition is strengthened by the
absence of this optimum when peptone was used as a substrate. Shinoda
also found differences between the optimum pH for the working of the
protease on different substrates such as have been recorded above.

6. ABSORPTION.

(¢) INTRODUCTORY,

This subject has been one of great controversy amongst the workers
on the physiology of digestion in Isopods for many years. An excellent
résumé of the work of previous authors is provided by Nusbaum-Hilaro-
wicz (1917) in a preliminary summary of his work, and at greater length
in the introduction to his paper of 1920.
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As mentioned above in the description of the intestine, McMurrich
(1896) showed that the so-called midgut is lined throughout by chitin and
thus, according to him, cannot absorb, but can serve only for the storage of
food, whereas Murlin showed this cuticle to be porous and demonstrated
the absorption of fat and certain albuminous substances. This latter
author did not discuss the question of absorption in the hepato-pancreas,
though he dealt with the structure of its epithelium and with its function
of secretion. '

(b) MeTHODS AND RESULTS.

In the investigation of the absorption of food in Ligia, the method used
was that frequently employed by workers of recent years. Iron, in the
colloidal form of ferrum lacticum or ferrum oxydatum saccharatum, in
this case the latter, was fed to the animals under investigation. After a
given period the gut and hepato-pancreas were dissected out and fixed,
the usual fixative employed being a 59, solution of ammonium sulphide
in 959, alcohol. In this case Yonge’s modification (1926b, p. 709) of
mixing the ammonium sulphide in alcohol with an equal volume of Bouin’s
fixative, just before use, was employed with satisfactory results. The
sections were treated for 10 minutes with a 109, aqueous solution of
potassium ferrocyanide, followed by a few minutes in a dilute solution of
HCI, a bright Prussian blue colouration resulting wherever the colloidal
iron had been absorbed. The sections were counter-stained with alum
carmine.

By means of this treatment it was possible to demonstrate absorption
throughout the whole length of the epithelium of the intestine and also
in that of the hepato-pancreas, as shown in Plate I, Figures 1-5.

In the latter organ the granules found usually at the bases of the cells,
termed zymogen granules by many authors, appear to act as centres
round which the absorbed material aggregates.

In the experience of most workers who have employed this technique
to demonstrate absorption, the colouration due to the iron tends to be
concentrated in localised areas, somewhat as in Figures 4 and 5 which
illustrate absorption in the hepato-pancreas. Inthe intestine the absorbed
material was distributed much more diffusely, dense in patches as shown
in Figures 1-3, but the greater mass of absorbed material (not illustrated)
appeared a much paler blue with denser centres, gradually fading away
towards the periphery of each region of absorption.

This effect was met with by Steudel (1912) when investigating absorp-
tion in the insects and is well illustrated by him. He describes the appear-
ance in the following words : *‘ Unterhalb des Kernes erscheint vielfach
das Plasma selbst (ob nur scheinbar oder in Wirklichkeit, ist zweifelhaft)
diffus blau gefirbt. Im diffusen Plasma liegen die Eisenkornchen in allen
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Grossen, teils deutliche Flecken, teils Punkte, teils kaum als solche zu
unterscheidende feinste Piinktchen, die einen allmihlichen Ubergang zu
der erwithnten diffus bliulichen Grundfirbung bilden.”

It is interesting to note that, though the chitinous lining of the intestine
in Ligia is not perforated, yet absorption occurs very largely in this region
of the alimentary canal. This can best be seen in Figures 2 and 3, Plate I,
in which the absorbed iron is shown in actual transit through the chitinous
layer.

One is struck by the resemblance between the relationship of this layer
to the underlying epithelium and that of the peritrophic membrane to
the absorptive epithelium in insects.

Steudel considers that the peritrophic membrane should be regarded
as an organ of protection and compares it thus with the filter of Astacus.
He states, moreover, that it allows only dissolved food to come into con-
tact with the epithelium. The chitinous membrane in Ligia appears to
function in an exactly similar way and to be analogous to the peritrophic
membrane of the insects.

One further point of interest might be noted. McMurrich (1896, p. 93)
remarks on the vacuoles ““ appearing as more or less extensive blisters
of the epithelium ”” which he noticed on the inner surface of the epithelium
of the ““midgut ” in the Isopods he examined. This peculiar condition
was met with to a very great extent in Ligia after feeding, suggesting that
it is associated with the absorptive processes. Its true significance is yet
to be discovered.

7. SUMMARY.

1. Ligiais an omnivore, though normally feeding on Fucus. Portions of
food are cut off by the mandibles and passed into the cesophagus. Its
feeding period is limited.

2. The foregut is provided with a number of ampullze and lamelle
which are furnished with spines and bristles and are so arranged as to form
a filter for the separation of the liquid portion of the food from the solid
particles.

3. A second filter is found in the floor of the foregut protecting the
entrance to the hepato-pancreas.

4. A ventral valve is present preventing the entry into the hepato-
pancreas of solid food from the intestine.

5. The hepato-pancreas consists of three pairs of tubules provided
with a muscular network for producing contractions. The epithelium
possesses discrete cells.

6. The intestine extends from the point of entry of the hepato-pancreas
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into the foregut, to the rectum. Its epithelium is a syncytium lined
throughout by a homcgeneous layer of chitin. No typhlosole is present.

7. The rectal epithelium is syncytial, chitin lined and muscular.

8. Food entering the foregut is subjected to pressure which forces
liquid through a filter, whence it passes into the hepato-pancreas.

9. The solid food is passed back, mixed with secretion from the hepato-
pancreas and further pressed to expel liquid which passes through a second
filter into the hepato-pancreas.

10. This is further aided by the tubules of the hepato-pancreas which
force the secretion into the lumen of the gut and withdraw liquid by
rhythmical contraction and relaxation.

11. The functioning of the foregut and associated organs appears to be
designed for quick extraction of nutriment from the food.

12. The pH of the foregut averages 6-3 ; that of the hepato-pancreas,
6-0; of the intestine, 6:-5; and of the rectum, 6-2.

13. The digestive enzymes are secreted by the hepato-pancreas; none
is secreted by the intestine.

14. The enzymes act readily on most carbohydrates, proteins and
fats.

15. No cellulase is present, nor any enzyme which will act on pentosans.

16. The range of activity of the sucroclastic enzymes lies between pH 5
and pH 7; the optimum occurs between pH 5-65 and pH 5-8.

17. The proteoclastic enzymes are more powerful than the sucre-
clastic,

18. The range of activity for the liquefaction of gelatine lies between
pH 5-35 and pH 85, with optima about pH 5-45 and pH 8-4.

19. Digestion of blood fibrin proceeds most rapidly at pH 6-4 and
pH 8-4.

20. The range of activity for the digestion of peptone lies between
pH 56 and pH 8-8; the optimum condition of pH being at 6-4. No
second optimum was found.

21. The existence of an optimum at pH 8-4 probably indicates the
presence of an autolytic enzyme.

22. Absorption was demonstrated by feeding with ferrum oxydatum
saccharatum, and occurs in the epithelium of both the hepato-pancreas
and intestine.

23. The appearance of the absorbed iron in the intestine was diffuse
and resembled that described by Steudel in insects.
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24. An analogy is suggested to exist between the chitinous membrane
lining the epithelium of the intestine of Ligia and the peritrophic mem-
brane lining the same region in the insects.

I wish to thank Dr. C. M. Yonge for his help throughout the course of
this investigation and for reading the manuscript before publication.
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EXPLANATION OF PLATE.

Fie. 1.—Portion of syneytial epithelium of anterior region of intestine in longitudinal
section, showing region of absorption demonstrated by iron saccharate. 24 hours
after feeding. x 400.

Fies. 2 axp 3.—Portions of Fig. 1 enlarged to show absorption of the saccharate through
the chitin. = 815.

Frc. 4.—T.8. through hepato-pancreatic tubule, showing absorption of iron saccharate.
100,

Frg. 5.—Cell from epithelium of hepato-pancreas, demonstrating absorption of saccharate.
2 P P Pa 2 P
x 425,

ABBREVIATIONS USED IN PLATE.

ch., chitin: I, lumen ; ., nucleus ; nl., nucleolus ; &., iron saccharate ; s.f., * sup-
portive fibres ™ ; v., vacuole. :
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INTRODUCTION.

Tue presence of hemoglobin in the invertebrates has generally been
found to be correlated with a habitat at times deficient in oxygen ; the
function assigned to the hzemoglobin being either that of storing oxygen,
or of transporting it at low pressures. Thus Leitch (1916) has shown that
in Planorbis the haeemoglobin is used only when the oxygen pressure is so
low that the necessary amount cannot be supplied by diffusion. Barcroft
and Barcroft (1924) suggested that in Arenicola it acts “ as a reserve store
which the organism can use up when it has not access to sea-water.” This
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indicates that in Planorbis and Arenicola, both of which have heemoglobin
dissolved in the plasma and are adapted to environments in which the
oxygen concentration must at times be considerably reduced, the function
of the heemoglobin 1s different.

Hill (1913-24), Meyerhof (1920) and others have shown that the funda-
mental mechanism of muscular contraction is an anaerobic one, by which
nearly the whole of the energy is liberated in the breakdown of carbo-
hydrate, as glycogen, to lactic acid ; while the recovery process, consisting
of the restoration of a portion of the lactic acid to glycogen, is aerobic.
It has also been proved that when an isolated muscle is stimulated in an
oxygen-free atmosphere lactic acid accumulates, and the tissue goes into
debt for oxygen, the magnitude of the debt heing proportional to the
quantity of the acid formed.

Slater and Davis (1926-28) have demonstrated that this phenomenon
occurs also in the whole animal. They found that the common cock-
roach and the earthworm, when subjected to oxygen lack, went into debt
and by this means were able to survive short periods of anaerohiosis.

It appears, therefore, that there are two mechanisms by which an animal
can obtain the oxygen necessary for its life. Firstly, the circulatory
system functioning under normal conditions ; secondly, the initial phase
of muscular metabolism providing an emergency mechanism by which the
animal is tided over short critical periods of oxygen deficiency.

In view of these facts it seemed of interest to study the respiration of,
and the function of heemoglobin in, Planorbis and Arenicola, and to find
more exactly the significance of the heemoglobin. Is it for the latter a
storer of oxygen and for the former a transporter at low pressures, or are
the animals able to go into oxygen debt and, therefore, not dependent
on their blood for a supply of oxygen during anaerobiosis ?

EXPERIMENTAL METHODS AND RESULTS.
A. PLANORBIS CORNEUS.

1. NormaL RATE oF RESPIRATION.

The respiratory rate was measured by observing the oxygen intake in
Barcroft’s differential blood gas apparatus (1914). Small snails weighing
about 0-5 gm. were used, one animal heing used for each experiment.
The snail, having been first lightly dried to remove moisture and organic
matter from the shell, was weighed and placed in the right-hand flask of
the apparatus. About 2 c.c. of water were added to each flask, a slight
additional amount being put in the left-hand flask to compensate for the
volume of the snail. In the reservoir of each was placed a small piece of
caustic soda to absorb carbon dioxide. The flasks were then attached to
the U-shaped manometer and the apparatus set shaking in a water-bath,
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the temperature of which closely approximated that of the room and was
constant to within 0-5° of 15° C. The oxygen intake was recorded every
15 minutes for several hours, ample time having been first allowed for
conditions of equilibrium to be established within the apparatus.

The average oxygen intake for a number of animals was 0-026 c.c.
per gm. per hour. The results from which this figure was obtained are
expressed in Table 1.

TABLE I.
Average in
No.of Weight Oxygen consumption in c.c. per hour. c.c. per
Animal.  gm. 1 2 3 4 5 ] gm. per hr.
1 0-49 0-022 0-015 0-021 0-017 0-024 0-019 0-040
2. 0-62 0-016 0-014 0014 0-012 0-018 — 0-024

0-65 0017 0-021 0014 0017 0-013 0-016 0-025
0-66 0-017 0017 0-010 0-018 0-015 0-017 0-024
3. 0-68 0-020 0-015 0-020 0:022 0-020 0-020 0-029
0-69 0-028 0-024 0-027 0-027 0-020 0-022 0-036
0-71 0013 0-011 0-016 0-012 0-020 0-014 0-020
4. 0-68 0017 0-013 0-014 0-015 0013 0-012 0-021
. 070  0-012 0011 0-013 0-013 - — 0-018

It may be seen from the above Table that the oxygen consumption of a
snail weighing 0-49 gm. was 0-040 c.c. per gm. per hour, while that of snails
weighing on the average 0-67 gm. was 0-024 c.c. per gm. per hour, or
0-016 c.c. less than that of the smaller animal. It is thought that, as in the
case of the cockroach (Davis and Slater, 1926), the apparent relationship
between the body weight and oxygen consumption is in reality a cor-
relation between age and oxygen intake, the younger animals having a
quicker metabolic rate. The oxygen consumption of two snails, Nos. 2
and 3 respectively, was measured for each on three different occasions.
The results for each are fairly uniform.

Figure 1 represents the oxygen intake measured at 15° C. over a period
of six hours, for a snail weighing 0-64 gm.

2. Tee Broop VoLUME.

Estimations of the blood volume were made in a Duboscq colorimeter.
The snail was bled as thoroughly as possible, the blood being collected from
the pulmonary cavity into which it had been driven by an artificially
stimulated contraction of the foot. About 0-5 c.c. was thus obtained.

A known volume of blood was diluted to 10 c.c. with distilled water
and used as the standard solution in the colorimeter. The rest of the
snail was chopped up under a known volume of water to extract the blood
from its tissues, and the wash-water was then filtered from the macerated
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tissue by suction through a Buchner filter. Ten cubic centimetres of the
diluted blood were then matched against the standard solution in the
colorimeter, and the concentration of heemoglobin in the sample of wash-

water estimated according to the formula CIZIE?X C,, where R, and R,
V1

are the readings on the colorimeter of the unknown and standard solu-

tions ; C, and C, their respective concentrations. Care was taken always

08

cc. OXYGEN

04}

02}

1 2 3 4 5 6
Hours
Fa. 1.

to use the same calibrated pipettes for measuring the solutions. The data
of one estimation are tabulated as follows :—

TABLE II.
Srowing EstimaTion oF Toran Broop v ONE SNAIL.
Weight of snail 1-61 gm.
Undiluted blood 0-42 c.c. made up to 4-29%, aqueous solution.
Wash-water 18-65 c.c.

Colorimelric Readings.

No. R, R, oy Oy
1. 1-27 1-65 4-2 3:23
2, 1-13 1-48 4-2 321
3. 1-08 1-37 4-2 3-31
4, 1-22 1-60 4-2 3-20
5. 123 1-64 4.2 335
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Mean Value for C,, 3-269,, therefore in 18-65 c.c. wash-water there is
0-61 c.c. blood, and the total volume of blood in the snail is 1-03 c.c.

The results of the experiments in Table ITI show the average blood
volume to be 0:58 e.c. per gm.

TABLE TIT.

Weight of Snail Volume of Blood Volume of Blood

No. in grams, in c.c. per gm. of Snail.
1. 0-75 0-47 0-63
2. 1-10 0-74 0-67
3. 1-14 0-86 0-75
4. 1-44 1-00 0-69
5. 1-54 0-79 0-40
6. 1-56 0-98 0-63
7. 1-58 0-68 0-43
8. 1-61 1-03 0-65
9. 1-83 0-83 0-45
10. 1-90 0-98 0-51

3. Tae OxveeN CapaciTy oF THE BLoOD.

The oxygen capacity of the heemoglobin was estimated by the ferri-
cyanide method in Barcroft’s apparatus and at a later date additional
experiments were made in Van Slyke’s manometric gas apparatus.

The experimental procedure was similar to that employed by Bar-
croft (1914), and Van Slyke and Neill (1924) respectively. A slight
modification of the Barceroft apparatus was, however, introduced by using
a small glass tube, as suggested by Keilin (1928, p. 217), to hold the ferri-
cyanide solution in place of the reservoir in each flask more generally
used for that purpose. The tube was hooked on to the reservoir in such
a manner that the contents, and if desirable the tube itself, could be upset
into the flask. This proved a more convenient method of bringing the
ferricyanide in contact with the blood as, owing to the small amount of
reagent used, great difficulty was formerly experienced in overcoming
the effect of surface tension in the narrow reservoir.

The snails were bled as deseribed above, undiluted blood from several
individuals being mixed and well shaken to saturate the blood with
oxygen. One cubic centimetre of the mixture was used for each
measurement of the oxygen capacity.

The experiments showed that in 1 c.c. of blood the amount of oxygen
held by the haemoglobin was approximately 0-013 c.c., the total oxygen
content of the blood 0-014 c.c. The results from which these values were
obtained are given in Table IV.
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TABLE IV,

EstiMarions MaDE oN 1 ¢.c. oF Broob.
Combined Oxygen by Total Oxygen Capacity of Blood
Bareroft’s Apparatus by Van Slyke's Apparatus

In ¢.c. m c.c.
0-011 0-015
0-010 ; 0-014
0-013 0-014
0-011 —
0-015 o
0-016 -
Mean 0-013 0-014

The length of time that the total oxygen content of the blood will last
the animal was calculated as follows :—

Blood volume per gm. of snail 0-581 c.c.
Oxygen content per c.c. blood 0-014 c.c.
Oxygen capacity of blood per gm. of snail 0-0081 c.c.
Oxygen consumption per gm. per hour 0-026 c.c.

Hence oxygen content of blood will last the animal 18 minutes.

4. SPECTROSCOPIC EXAMINATION OF THE HAEMOGLOBIN.
(@) Under Anaerobiosis

Although the oxygen reserve of the blood and the extent to which it
serves as a store of oxygen had been estimated, it seemed desirable to make
a direct observation of the blood pigment during anaerobiosis. Stated
briefly, the method of obtaining the information consisted of placing a
number of animals in an inert gas ; obtaining and examining a sample of
blood at frequent intervals ; noting at what time the bands of oxyhsemo-
globin were replaced by that of reduced hamoglobin. The examination
of the blood was in every instance made under anaerobic conditions.

The apparatus for examining the blood was comprised of a micro-
spectroscope fitted to a compound microscope. This, with the animals,
was housed in a large box into which a steady flow of nitrogen could be
maintained. Figure 2 illustrates the general structure of the box, the more
particular features of which, however, require a brief description.

The back and upper half of the front were of glass, the rest of the box
being made of wood, one inch in thickness. The top was removable to
allow for the entrance of the microscope which, when once in place, was
not withdrawn until the conclusion of the investigation. The top could
be screwed down firmly and the junction between it and the rest of the box
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was made air-tight by means of putty. To allow for focussing the micro-
scope, the draw-tube projected through an opening in the top, the opening
being lined with baize, so that the tube fitted snugly and yet could be
moved up or down. At the bottom right-hand side was situated an inlet
tube for nitrogen, the outlet being located on the opposite side near the
top. Near the inlet tube a small door was cut, and by means of this open-
ing the animals were admitted to and withdrawn from the box. The aper-
ture into which the door fitted was lined with baize, and during the experi-
ments when the door was shut the outside was covered with adhesive tape to
prevent the leakage of nitrogen through the cracks, the pressure of nitrogen
inside the box tending to be greater than atmospheric. In the lower half
of the front two fairly large holes were made and over each the wrist part
of a rubber glove was stretched and held in place by being firmly nailed,
between two strips of elastic, to the wood. Seccotine was then run round
the outside edge of the join which proved to be air-tight. By means of the
gloves it was possible, without letting in any air, to put one’s hands inside
the box and thus manipulate the animals. Both the inner and the outer
surfaces of the box were painted, the inside also being coated with
paraffin wax.*

The nitrogen used for producing an oxygen-free atmosphere was filtered
on its way to the box through alkaline hydrosulphite and alkaline solu-
tions of pyrogallol to remove the traces of oxygen usually present in
the commercially prepared gas. At the commencement of each experi-
ment the air inside the box was swept out with nitrogen for half an hour
or longer, the outlet tube was then closed, the door opened and the animals
quickly placed inside. A constant flow of nitrogen was maintained
throughout the experiment, the excess escaping around the draw-tube of
the microscope. The atmosphere in the box was frequently tested for
oxygen by Haldane’s gas analysis apparatus. A connection between the
latter and the outlet tube had been established with pressure tubing.
Tests showed that the atmosphere in the box was never entirely anaerobic,
the partial pressure of oxygen being approximately 0-5 mm.

At frequent intervals separate snails were bled directly on to a clean
glass slide, and the blood examined for the presence of reduced hsemo-
globin. The whole operation of bleeding the snail and noting the condition
of the haeemoglobin took only a few seconds.

On account of the ability of Planorbis to hold a quantity of air in its
lung it was necessary, before placing the snails in the nitrogen-box, to
expose them for a few minutes to a vacuum. The investigation of the
time taken for the blood to be reduced was also performed on snails in

* T am indebted to the Department of Botany, University College, London, for
the use of the microspectroscope and to Mr. A. G. Nicholls for the construction of the
nitrogen-hox.
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which the air had not been removed from the lung. Comparison of the
results of these two types of experiments revealed the extent to which the
lung supplemented the blood as a store for oxvgen.

The results are given in Figure 3.

A survey of the investigation shows that for the experiments in which
the snails were without air in their lungs the hemoglobin was fully re-
duced, in some instances after subjection to only 10 minutes anaerobiosis,
and in all cases some reduction had occurred ; while after 25 minutes it was,

Frg. 2.

with two exceptions, fully reduced. If, however, the snails were used with
their lungs full of air, the blood remained in the form of oxyhemoglobin
for 40 minutes, while between 40 and 80 minutes both the oxy- and
reduced forms of hemoglobin were found. After 80 minutes it was, with
a few exceptions, completely reduced.

It is, therefore, clear that the total oxygen supply in the blood will last
from approximately 20 to 25 minutes, and this is in fairly close agreement
with the theoretically determined value of 18 minutes. The airin the lung
will supply oxygen for 40 minutes, so that altogether Planorbis is well able
to endure an hour’s subjection to oxygen deficiency.

The experiments also substantiate Leitch’s evidence that the combined
oxygen is the last to be used by the animal but, whereas she found only
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enough for three minutes and did not think it constituted a reserve, this
investigation indicates that it may indeed be a reserve of some import-
ance, since the oxygen supplied by the blood considerably prolonged the
animal’s survival in an anaerobic atmosphere.

(b) Under Aerobiosis following Anaerobiosis.

It was important with reference to subsequent oxygen debt experiments
to ascertain if the animals, having been exposed to an anaerobic atmo-
sphere, oxidised their heemoglobin immediately on admittance to air. If
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F1a. 3.—Diagram illustrating the time taken for the reduction of oxyhmmoglobin in
Planorbis : A, in snails in which air had been removed from lungs ; B, in snails with
air in lungs. Separate animals were examined at frequent intervals. O, indicates
presence of oxyhmmoglobin; &3, presence of partially reduced hamoglobin ; 2,
presence of almost completely reduced hemoglobin ; X, presence of reduced hemo-
globin.

N.B. The condition designated as partially reduced hamoglobin was that in
which the bands of oxyhmmoglobin were very faint: that of almost completely
reduced haemoglobin in which the faint oxyhemoglobin bands were almost entirely
masked by a weak reduced haemoglobin band.

oxidation were not almost instantaneous the amount thus used would be
included in the oxygen intake, thus giving a false value to the oxygen
debt.

These experiments were, therefore, undertaken to measure the time
taken by the animals for oxidising their heemoglobin. For this purpose
1t was again necessary to carry out in the nitrogen-box the procedure of
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exposing the animals to oxygen deficiency until the blood was reduced.
They were then admitted to air in groups of two for varying periods, the
blood being, however, collected and examined under anaerobic conditions.
An additional piece of apparatus, a small stoppered hottle, placed on the
floor of the nitrogen-box, was so arranged by means of an inlet tube that
it could be connected directly with either the nitrogen supply or com-
pressed air, while an outlet tube, extending to the exterior of the box,
provided an escape for whatever gas was run into the bottle.

The experimental technique was as follows : nitrogen having been run
into the box and into the bottle sufficiently to expel the air, the outlet
tubes were closed and the animals placed in the box, the flow of nitrogen
being continuous.

The blood from several snails was inspected until the heemoglobin was
found to be reduced ; two were then exposed to a current of air in the
bottle for a definite time, at the end of which they were removed and the
blood examined. Before removing the snails, however, the air in the
bottle was expelled by a flow of nitrogen so that there was no intro-
duction of air into the nitrogen-box. The details of a typical experiment
are given in Table V, and the collective results in Figure 4.

TABLE V.
R indicates reduced hazmoglobin ; O, oxyhemoglobin.
Period of

_ Anaerobiosis Time in Air Condition of
No. in min. in min. Haemoglobin.

1. 60 0 R

2. 62 0 R

3. 65 2 R

4. 65 2 R

B, 90 5 R

6. 90 5 R

7. 105 10 R

8. 105 10 R

9, 135 30 0
10. 135 30 0

During the above experiment the partial pressure of oxygen in the box
was estimated after 45, 75, and 120 minutes, the values obtained being
respectively 0-60, 0-70, and 0-53 mm.

From an examination of Figure 4 it will be seen that Planorbis does not
oxidise its haeemoglobin immediately on exposure to air. Oxidation starts
after 10 minutes and is complete within 20 minutes.
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5. OxveEN DEBT EXPERIMENTS.

This investigation was undertaken to find if Planorbis went into oxygen
debt when the period of anaerobiosis exceeded that provided for by its
reserve of oxygen. The evidence so far obtained indicated that the reserve
was sufficient, for approximately one hour.

The presence of an oxygen debt following an anaerobic period would be
marked by an increase in the oxygen consumption equivalent to the
oxygen used by the animal at rest during the same period in air.

The method of measuring the oxygen debt in these experiments was as
follows: one snail was weighed and placed in the Barcroft apparatus with
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Fie. 4.—Diagram illustrating the time taken for oxidation
of the hamoglobin in separate animals (Planorbis). O,
represents the presence of oxyhmmoglobin; &, the
presence of partially oxidised hmmoglobin; X, the
presence of reduced hemoglobin.

one cubic centimetre of water and some caustic soda to absorb carbon
dioxide. The apparatus was kept shaking in a water-bath, at 16° C.
Observations were made on the animal’s oxygen intake over a period of
two to three hours, then by means of pressure tubing connecting the
apparatus with the nitrogen supply, suction pump and pressure gauge
the apparatus was emptied of air and refilled several times with nitrogen,
the snail being left in this anaerobic atmosphere for whatever length of
time was required. At the completion of the anaerobic petiod the appar-
atus was refilled with air and the oxygen intake again noted for several
hours. Commercial nitrogen, before being introduced into the apparatus,
was filtered through alkaline hydrosulphite and washed in several alkaline
solutions of pyrogallol. Although these precautions were taken to purify
the gas a trace of oxygen, amounting to a partial pressure of about 0-5 mm.,
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was always present. This did not, however, appear to upset the experi-
ments.

It is important to remember when interpreting the results, that the
observed increase in respiration will be due in part to the oxidation of the
hemoglobin and that this amount must, therefore, be subtracted before
the true value of the oxygen debt can be ascertained.

Since the average blood volume was estimated at 0-58 c.c. per gm. of
snail ; the oxygen capacity of the heemoglobin at 0-013 c.c. per c.c. of
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Fic. 5.—Graph showing the oxygen consumption of a snail weighing
0-48 gm. The period of experimental anaerobiosis was 1 hour ;
the period of true anaerobiosis, 10 minutes; temperature 16-5° C.

blood, it follows that the combined oxygen of the heemoglobin, 0-0075 c.c.
per gm. of snail, will be the amount needed for the oxidation of the
heemoglobin. It was also necessary to calculate the time the combined
oxygen would last the animal, this being done for each on the basis of the
normal oxygen intake during the experiment. This amount, plus 40minutes
for the supply of oxygen in the lung, was then deducted from the period
of experimental anaerobiosis. Thus, if a snail were subjected to two hours
oxygen deficiency and the haemoglobin estimated to have enough oxygen
for 20 minutes, the period of true anaerobiosis would be one hour ; and from
the observed oxygen intake following anaerobiosis was subtracted the
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amount needed for oxidation of the hemoglobin. These corrections were
applied to all experiments.

Figures 5, 6, 7, and 8 illustrate typical experiments. The line AB shows
the normal oxygen intake before anaerobiosis ; BZ the period of experi-
mental anaerobiosis; BC the period of true anaerobiosis estimated by
deducting from BZ the length of time for which the oxygen in the lung
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Fra. 6.—Graph showing the oxygen consumption of a snail weighing 0-82 gm. The
period of experimental anaerobiosis was 2 hours ; the period of true anaerobiosis,
61 minutes ; temperature 15° C.

and that combined in the blood would last the animal. The broken line
BB'represents the amount of oxygen it is assumed the animal would have
used had it not been subjected to anaerobiosis ; the hroken line CC’ is
that along which post-anaerobic respiration would have proceeded had it
been equal to the normal resting value. The line CD shows the oxygen
consumption after anaerobiosis less the estimated amount needed for
oxidation of the heemoglobin.

It will be seen from Figures 5, 6, and 7 that when the anaerobic period
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has ended, the animal takes up more oxygen than it normally requires,
the excess being equal to the amount it would have used during the time
it was in nitrogen. Figure 8 illustrates an experiment in which the period
of anaerobiosis did not extend beyond the time for which the animal was
provided with oxygen by its lung and there was, therefore, no debt.

The results show that for short anaerobic periods up to approximately
one hour, the extent to which anaerobiosis was carried, Planorbis went

cc, OXYGEN
.
“

-038F 0 B8 57 Y 4

1 | E 1 1 1 1 1
A 1 2 1 2 3 4 5
Hours

Fre. 7.—Graph showing the oxygen consumption of a snail weighing 0-50 gm. The
period of experimental anaerobiosis was 2 hours; the period of true anaerobiosis,
68 minutes ; temperature 16° C.

into debt for oxygen. The magnitude of the debt was proportional,
within the limits of experimental error, to the time of anaerobiosis ; the
period of recovery was longer.

6. DIScUssION.

Planorbis inhabits rivers, canals, ponds and marshes, the water of
which may be deficient in oxygen during periods of drought and stagna-
tion. It has been shown by Leitch (1916) that normally enough oxygen
is supplied to the snail by diffusion through the surfaces exposed to the
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water. When the oxygen pressure falls below that necessary for diffusion
the hamoglobin is reduced and, to facilitate the oxidation of the blood,
the animal renews the air in its lung by rising frequently to the surface.
The present investigation shows that the combined oxygen is sufficient
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Fie. 8.—Graph showing the oxygen consumption of a snail weighing
0-50 gm. The period of experimental anaerobiosis was 30 minutes.
There was no period of true anaerobiosis. Temperature 16° C.

for approximately 25 minutes. Leitch’s evidence that the combined oxygen
is the last to be used by the animal is further substantiated.

Barcroft (1928) has shown that the main dissociation of Planorbis
blood occurs between oxygen pressures of 1 to 10 mm. of Hg.

It is concluded that the h@moglobin functions primarily as a trans-
porter of oxygen at low pressures. The combined oxygen may be con-
sidered as a reserve only in the sense that it supplements the oxygen held
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in the lung, with the result that the animal is for a time independent
of reduced oxygen pressures in the water. The significance of the
haemoglobin is, therefore, that it furnishes the means whereby oxygen
is secured and transported to the tissues at times of lowered oxygen
pressure.

The importance of the lung should not be overlooked as, in addition to
facilitating the oxidation of the blood, it provides a mechanism by which
the animal can obtain oxygen as long as it has access to air.

The investigation establishes the ability of Planorbis to put up an
oxygen debt. Planorbis appears, therefore, to be especially well adapted
for survival in an environment at times deficient in oxygen.

B. ARENICOLA MARINA.

1. NormAL RATE oF RESPIRATION.

The experimental procedure for the estimation of the oxygen consump-
tion of Arenicola differed only slightly in detail from that already described
for Planorbis. Measurements were carried out in Haldane’s blood gas
apparatus which was kept shaking in a water-bath, the temperature of
which ranged between 10° and 12° C., the variation of the temperature
for each experiment not exceeding 0-5° C. Carbon dioxide was absorbed
by small strips of filter paper moistened with 109, sodium hydroxide
solution. The measurements were made on worms varying in weight from
2 to 9 gm., one worm being used at a time and readings taken over a period
of six hours. Except for rhythmic contractions of the body wall the worm
remained quite still.

The results of six determinations are given in Table VI and show that the
average oxygen consumption is of the order of 0-:031 c.c. per gm. per hour.
The large animals appear to use less oxygen than the small, but yet adult,
animals. It seems, therefore, that in the case of Arenicola there may be a
relationship between body weight and oxygen intake.

TABLE VI.

Average,
No. of Weight Oxygen Consumption in c.c. per hour. c.c. per
Animal. in gms, 1 2 3 E 5 6 gm. per hr.

2-4 0-¢80 0070 0-085 0-100 0-097 0-098 0-037
36 0-170 0-150 0-150 ©-152 0-118 0-132  0-040
0130 0-136 0-140 0100 0-114 0-115 0-028
5-2 0125  0-100 0-120 0090 0-115 0-090 0-020
71 0260 0-240 0-206 0-250 0-220 0220 0-034
9-5 0315 0273 0-252 0265 0-255 0-245 (-028

s U b B9 BO) e
H=
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In Figure 9 the general character of the results is exemplified by the
curve which represents the oxygen used per hour at 11-6° C, by a worm
weighing 5-2 gm.

2. Broop VoLuME.

The blood volume of Arenicola was determined by the same colori-
metric method as that outlined for Planorbis. The manner of bleeding the
worm was as follows : the worm was opened along the mid-dorsal line to
expose the body-cavity : the ceelomic fluid allowed to drain out and the
cavity dried as thoroughly as possible : the heart and blood vessels were
punctured and the escaping blood removed from the body-cavity with
a pipette. In this way it was possible to obtain about 0-5 e.c., the rest of
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the blood being extracted by suction through a Buchner filter after the
chopped-up worm had been left standing for some time under water.

In Table VII are given the results from which the average blood volume
was estimated to be 0-382 c.c. per gm.

TABLE VIL.

Weight of Worm Jolume of Blood Volume of Blood
No. om. c.c. per gr. of Worm.
1. 6-65 2:57 0-386
2. 6-87 343 0-500
3. 7-49 2:33 0-312
4. 770 ; 2:56 0-333

It cannot be claimed that the colorimetric method is absolutely
accurate and these results should be considered to be only roughly ap-
proximate to the true value. The presence of the black pigment from
the epidermis rendered accurate colour comparison difficult.
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3. OxveEN CapaciTy OoF THE Broob.

Estimations of the total oxygen content of Arenicola blood were carried
out in the Barcroft and in the Van Slyke apparatus, the procedure being
identical with that already described for the experiments on Planorbis
blood.

The results given in Table VIII show the oxygen capacity of the heemo-
globin to be 0-087 c.c. per c.c. of blood, the total oxygen content 0-097 c.c.
per c.c. of blood.

TABLE VIII.

Estivarions Mape oN 1 c.c. or Broop at N.T.P.
Combined Oxygen by Total Oxygen Capacity of Blood
Barcroft’s Apparatus by Van Slyke’s Apparatus

c.c. c.c.
0:097 0-098
0-085 0-097
0-084 0-097
0-085 0-096
—_— 0-099
— 0-096
Mean 0-087 0-097

The length of time that the total oxygen content of the blood will last
the animal may be calculated as follows :—

Blood volume per gm. of worm 0-382 c.c.
Oxygen content per c.c. of blood 0-097 c.c.
Oxygen capacity of blood per gm. of worm 0-037 c.c.
Oxygen consumption per gm. per hour 0-031 c.c.

Hence, oxygen content of blood will last the animal 71 minutes.

4. SpECcTROSCOPIC EXAMINATION OF THE HAEMOGLOBIN.

(¢) Under Anaerobiosis.

Arenicola blood was examined for the same purpose and by the same
method as deseribed for Planorbis. The worms were dried lightly on filter
paper before being placed in the nitrogen-box. The process of obtaining
the blood was as before, the worms being opened longitudinally, the blood
vessels cut and a drop of blood transferred from the body-cavity to a glass
slide and covered with a coverslip. The results are expressed in Figure 10.

The first sign of reduction occurred after 20 minutcs, while after half an
hour the hemoglobin, although not completely reduced, was as nearly
reduced as it was ever found. The analysis of the nitrogen atmosphere
in the box showed a partial pressure of oxygen of about 0-5 mm., which
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may perhaps explain the failure of the heemoglobin to appear completely
reduced. The dissociation curve of Arenicola hamoglobin, as given by
Barcroft and Barcroft (1924), showed that at this pressure the oxygen
saturation of the blood is about 8%,.

Since the hzemoglobin was never found in a state of complete reduction
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Fia. 10.—Diagram representing the time taken for the reduction of oxyh@moglobin in
Arenicola. Separate animals were examined at frequent intervals. O, indicates
presence of oxyh@moglobin ; {3, presence of partially reduced hemoglobin; @, presence
of almost completely reduced hamoglobin.

it is impossible to arrive at any further conclusion concerning the time the
oxygen supplied by the blood will last the animal. This investigation
shows, however, that the supply is sufficient for at least 30 minutes.

(h) Under Aerobiosis following Anaerobiosis.

Figure 11 shows the results obtained for Arenicola, the methods being
the same as those used for Planorbis and described above.
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16, 11.—Diagram representing the time taken for the oxidation of the hemoglobin in
Arenicola. Separate animals examined at frequent intervals. ¢, indicates that some
oxidation has occurred though it is not complete ; @, presence of almost completely
reduced hamoglobin.

It is interesting to note that the hamoglobin was still in the reduced
state after 10 minutes exposure to air, while after 20 minutes, although some
oxidation had occurred, well defined hands of oxyh@moglobin were never
found. The explanation for this may be that the temperature at which
the experiments were conducted, 20° to 22° C., was higher than that of the
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animal’s normal environment at that time of the year, which was ap-
proximately 15°C. This, coupled with a fairly long exposure to almost
complete anaerobiosis, injured the animals to such an extent that recovery
did not take place during the time of the experiment.

5. OxyGEN DEBT EXPERIMENTS.

Two series of experiments on the ability of Arenicola to put up an
oxygen debt were made in the Barcroft apparatus. In the first, the
weighed worm was placed in the respiration flask of the apparatus with
1 c.c. of sea-water, and a strip of filter paper moistened with 109,
solution of NaOH, to absorb carbon dioxide, was placed in the reservoir,
the anaerobic atmosphere being produced as before with nitrogen.

In the second series, hydrogen, washed through sodium hydrosulphite,
pyrogallol and silver nitrate solutions, replaced nitrogen. No water was
added, the flasks being simply rinsed with sea-water and used moist.
Carbon dioxide was absorbed by a small rectangle of filter paper wet with
109%, solution of KOH.

The measurement of the oxygen debt was made by observing the normal
oxygen intake immediately before and after the period of oxygen lack,
anaerobic conditions within the apparatus being attained as before.
Analysis of the gas, whether nitrogen or hydrogen, revealed a partial
pressure of oxygen of about 0-5 mm.

Observations made during the period of anaerobiosis showed that the
volume of gas in the respiration flask gradually diminished, constant
volume being attained after about 30 minutes, from which it was concluded
that the worm used this small amount of oxygen and was not, therefore,
under strictly anaerobic conditions until no more oxygen was available.
In a few experiments constant volume was never attained and these were
discarded. It was noted that the worm was capable of movement at the
completion of the anaerobic period.

To estimate the period of true anaerobiosis allowance was made for the
time taken by the worm to use the oxygen impurity in the apparatus and
the combined oxygen in its blood. A mean value for the combined oxygen
was obtained as follows :—

Volume of blood per gm. of worm 0-382 c.c.

Amount of oxygen combined with Hb per c.c. of blood 0-087 c.c.

Hence, amount of combined oxygen per gm. of worm  0:033 c.c.

The length of time that the combined oxygen will last is dependent on
the animal’s normal oxygen consumption.

To represent the true value of the debt a deduction was made from the
increased oxygen intake following anaerobiosis corresponding to the
amount needed by the animal for oxidation of its heemoglobin. These
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corrections were, at the best, only approximate, as they did not allow for
individual variation in blood volume and concentration of heemoglobin
in the blood, nor for the fact that before constant volume was attained
in the apparatus the worm must have been subjected to partial anacro-
biosis.

Some typical results of the oxygen debt experiments are illustrated
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Fi6. 12.—Graph showing the oxygen consumption of a worm weighing
45 gm. The period of experimental anaerobiosis in hydrogen was
2 hours: the period of true anaerobiosis, 56 minutes; temperature
13° C.

by Figures 12, 13, 14, and 15 in which AB represents the normal oxygen
intake measured before anacrobiosis; BZ the period of experimental
anaerobiosis ; BC the period of true anaerobiosis estimated by deducting
from BZ the length of time needed for constant volume to be attained
within the apparatus and that for which the combined oxygen of the blood
was calculated to last the animal. The broken line BB’ represents the
oxygen it is assumed the animal would have used had it not been deprived
of air ; the broken line CC’ the oxygen intake equal to the normal resting
value. The line CD shows the oxygen intake following anaerobiosis, the
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correction for the oxidation of heemoglobin having been applied ; while
CE is the total oxygen intake following anaerobiosis as measured during the
experiment.

Figures 12 and 13 illustrate experiments in which a partial debt was
found. It will be noticed that the excess oxygen intake was equal to
about half what the animal would have used during the same time in air.
Figure 14 is typical of the results of the majority of experiments in which
there appeared to be no oxygen debt. Figure 15 illustrates an experi-
ment in which the period of experimental anaerobiosis was 30 minutes, the
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Fie. 13.—Graph showing the oxygen consumption of a worm
weighing 3-4 gm. The period of experimental anaerobiosis
in hydrogen was 1 hour 36 minutes; the period of true
anaerobinsis, 39 minutes ; temperature 14° C.

oxygen impurity in the apparatus enough for 3 minutes and the combined
oxygen in the blood sufficient for 40 minutes. The worm was, therefore, not
under anaerobic conditions as far as its blood was concerned, and thus
there should be no debt, as was found to be the case when the amount
needed for the oxidation of the hsemoglobin was subtracted from the
observed oxygen intake.

The investigation on the ability of Arenicola to go into oxygen debt has
given, on the whole, inconclusive results. The first series of experiments,
in which nitrogen was used, indicate that the oxygen consumption after
anaerobiosis was below normal. The second series of ten experiments
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with hydrogen showed two instances of a partial oxygen debt. If, how-
ever, no deduction for the oxidation of the heemoglobin is made, two out
of the six experiments in which nitrogen was used show an oxygen debt,
the remaining four a partial debt. Five of the experiments with hydrogen
give a debt and four others only a partial oxygen debt.

It seems reasonable to conclude that Arenicola will oxidise its hamo-
globin in the course of one or two hours. Although the correction allowed
for this may be too great, as is indicated by the experiments in which the
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Fiz. 14.—Graph showing the oxygen consumption of a worm
weighing 3-6 gm. The period of experimental anaerobiosis
in hydrogen was 2 hours: the period of true anwerobiosis,
41 minutes ; temperature 13° C.

corrected value for the oxygen intake falls below normal, the failure of
the majority to show an oxygen debt cannot be entirely due to the error
introduced by this correction.

6. TuE HaBiTaT AND HABITS OF ARENICOLA.

The worms used for this research were collected from a sandy beach
forming part of Batten Bay, on the east side of Plymouth Sound. The
area inhabited by Arenicola is uncovered between high and low tides for
approximately three hours. The sand is black, with the exception of the
surface layer, which is brown to a depth of one-quarter to one-half an inch.
It is well known that black sand indicates the presence of sulphides from
decomposing organic matter, while the brown colouration is the result
of the oxidation of sulphides by the atmosphere. Arenicola burrows to a
depth of one to two feet below the surface. The burrow, which is U-shaped
and open at each end, is construeted by the animal pushing and eating
its way through the sand. The entrance is not sealed at low tide by the
castings. These are, in general, coiled in a heap around the opening in
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such a manner that the latter is clearly visible. Tt was observed that
whereas the surrounding sand is black that lining the burrows is brown,
similar to the surface sand. The brown layer is approximately 1 mm. in
thickness and extends throughout the entire length of the burrow.

The oxygen content of the interstitial water was determined as follows.
Samples of the water from one foot below the surface were taken from
a marked area on three occasions, each sample consisting of four lots of
water collected at intervals of approximately one hour, so that the first
was obtained just as the tide uncovered the area and the fourth just as the
tide again reached the area. The boring apparatus used to obtain the

cc. OxyGen

. 15.—Graph showing the oxygen consumption of a
worm weighing 2-8 gm.  The period of experimental
anaerobiosis in nitrogen was 30 minutes. There was
no period of true anaerobiosis as the worm had a
supply of oxygen sufficient for 43 minutes. Tempera-
ture 11° C.

samples consisted of a hollow iron tube, two inches in diameter and two
and a half feet in length, closed at the bottom and terminating in a spiral
spike. Near the bottom was a double row of holes, 5 mm. in diameter,
blocked on the inside by means of a plunger which could be withdrawn
as desired. The borer was forced into the sand to the required depth and
the plunger then removed so that the water could drain in through the
holes. The water was obtained by sucking it up into a large separating
funnel the stem of which reached to the bottom of the borer. Three
successive samples of water were thus collected and run into bottles of
approximately 250 c.c. capacity. Precautions were taken to keep the
water as free as possible from contact with air by sampling under liquid
paraffin.

The estimation of oxygen was made in the laboratory by Winkler’s
method. Time was first allowed for the sediment invariably drawn up
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with the water to settle. This was necessary as the sediment contained
sulphides which on the addition of acid liberated hydrogen sulphide, the
latter combining with the iodine from Winkler’s reagents. The bottles
were then opened and water free from sediment, drawn off from the upper
layer, was transferred under oil to smaller bottles of 60 c.c. capacity. The
estimations of dissolved oxygen were then carried out.

The remaining water in the large bottles was tested for hydrogen
sulphide by adding acid to samples of water free from sediment and to
other samples well mixed with sediment, and testing these with lead
acetate paper. It was found that the water which had been shaken up
with sediment generally gave a positive test for hydrogen sulphide,
whereas that lacking sediment invariably gave a negative test. It was,
therefore, concluded that the method of allowing sediment to settle before
estimating the oxygen was sufficient to prevent the interference of hydro-
gen sulphide with Winkler's reagents.

Control experiments were devised to find the margin of error introduced
into the oxygen estimations by the unavoidable handling of the water in
the field. For this purpose sea-water was boiled to expel air and samples
siphoned into several of the 60 c.c. bottles. The rest of the boiled water
was then sucked up into the separating funnel, run into 250 c.c. bottles,
and samples transferred from them to other 60 c.c. bottles under oil. The
technique was as far as possible an exact reproduction of that employed
in the sampling of water from the field. The oxygen concentration
was determined by Winkler's method. The difference between that
found in the siphoned samples and that in which the water was trans-
ferred by the separating funnel represents the error introduced by the
handling of the water. The average error introduced by this method
of sampling the water was found to be 0-44 c.c. of oxygen per litre.
Table IX gives the oxygen content in ¢.c. per litre of the interstitial water.

TABLE IX.

Date of Oxygen content of water from sand in c.c. per litre at
Sampling. Exposure. 1 hour. 2 hours. 3 hours.
Oct. 24. 0-107 0-058 0-142 0-145

0-066 0-151 0-137 0-034
0-114 0-125 0-165 0-028
Nov. . 7. 0-137 0-021 0-136 0-130
0-126 0-055 0-124 0-197
0-114 0-073 0-241 —
Nov. 10. 0-212 0-220 0-130 0-266
0-199 0-135 0-151 0:125

0218 0117 0-206 0-143
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The highest value of oxygen found was 0-27 c.c. per litre, and as the
experimental error was 0-44 c.c. per litre it is clear that there is practically
no oxygen in the interstitial water at any time. The variation in the
values of oxygen present in samples collected at a given time may, per-
haps, be explained by the amounts of sediment in the bottles being
different, and by the difference in the length of time the water was exposed
to the sediment.

The data so far presented show that the worms burrow in black sand,
the interstitial water of which at a depth of 1 foot lacks oxygen. The
burrows, however, are lined with brown sand, indicating that oxidation
has occurred.

A few observations have been made in the laboratory on the burrowing
habits of Arenicola. It was noticed that in the process of burrowing the
worms acted as small suction pumps, that is, by everting and inverting
the proboscis water was drawn towards the anterior end from all sides.
The worms begin their burrows when covered with water and it is clear
that as they move into the sand water will flow in behind them, thus
oxidising the lining of the burrow which consists of particles of sand held
together with mucus and forming a layer about 1 mm. in thickness. It was
noted in one case where a worm had died in its burrow and lost blood that
the red colouration did not diffuse into the surrounding water. This indi-
cates that the water in the burrows cannot be considered as part of the
interstitial water.

It is presumed that when the tide is high the worms have no difficulty in
obtaining oxygen, as they can either maintain a current through the burrow
or come into direct contact with fresh sea-water by moving to the surface.

During the period of intertidal exposure they are most generally found
at a considerable depth below the surface. It is probable that during this
period, which lasts for approximately three hours, conditions approaching
anaerobiosis will occur. The water in a completed burrow was observed
in the laboratory to move and to change its direction of motion suddenly,
as the worm alternately protruded and withdrew its proboscis. Fine
particles of sediment were observed in motion within the burrow. It is,
therefore, assumed that the movement of the worm within its burrow will
keep the water in a state of constant motion, thus bringing it all into
contact with the air at the surface. Since the openings are not more than
0-5 ¢m. in diameter the surface of water exposed to the air is obviously
restricted and thus only a limited amount of oxygen can be dissolved
in a given time. This amount will, however, be used by the worm as the
dissociation of its blood occurs mainly at very low oxygen pressures.
It is thought that the oxygen thus acquired, in conjunction with that
already combined with the hamoglobin, will be sufficient to satisfy the
animal’s requirements during low tide.
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7. DIsCcUssION,

Barcroft and Barcroft (1924) have shown that the dissociation of
Arenicola blood takes place mainly at oxygen pressures of between 1 and
~ 3 mm. of Hg. It is evident that in well acrated water respiration is
effected by the diffusion of oxygen through the gill filaments into the blood
stream, the transport of oxygen by the hemoglobin taking place only at
reduced pressures.

The great affinity of the heemoglobin for oxygen and the consequent
low pressure at which it dissociates adapt Arenicola particularly well to
its environment.

It is concluded that the primary function of the hasmoglobin is that of
transporting oxygen during the period of lowered oxygen pressures to
which the worms are probably subjected at low tide. The theoretically
calculated amount of combined oxygen is enough for an hour and, while
it is not suggested that the hamoglobin functions chiefly as a storer of
oxygen, the reserve it holds will be of great service to the animal.

The experiments on the ability of Arenicola to go into oxygen debt gave
on the whole unsatisfactory results. In a few instances the oxygen intake
following anaerobiosis was in excess of the normal. This would seem to
indicate that Arenicola is able to go into debt for oxygen, but that its
ability to do so is limited. The limiting factors may perhaps be a low
buffering power on the part of the tissues and blood. The concentration
of lactic acid was not estimated. In view of the results obtained this will
be necessary before it is possible to conclude to what extent the mechanism
of the oxygen debt is of use to the animal.

SUMMARY.

A study of the respiration and of the function of hemoglobin in
Planorbis corneus and Arenicola marina has been undertaken.

The oxygen consumption of Planorbis is of the order of 0-026 c.c. per
gm. per hour, measured at 15° C.

The blood volume is approximately 0-581 c.c. per gm.

The combined oxygen of the blood is 0-013 c.c. per c.c. of blood, the
total oxygen being 0-014 c.c. per c.c. The total oxygen capacity of the
blood per gm. of snail is estimated to be 0-0081 c.c.

The oxygen supplied by the blood is calculated to last 18 minutes and
is found by experiment to last 25 minutes.

The snail does not immediately oxidise its heemoglobin after subjection
to anaerobiosis. Oxidation begins after 10 minutes and is complete
within 20 minutes.

Planorbis goes into debt for oxygen when subjected to short anaerobic
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periods. The debt is proportional to the time of anaerobiosis, but the re-
covery period is longer.

This animal appears to be well adapted for survival in a habitat which
at times may be deficient in oxygen.

The function assigned to the haeemoglobin is that of transporting oxygen.

The oxygen consumption of Arenicola is of the order of 0-031 c.c. per
gm. per hour, measured at between 10° and 12° C.

The blood volume 1s approximately 0-382 c.c. per gm.

The combined oxygen of the blood is 0-087 c.c. per c.c. of blood, the
total oxygen content being 0-097 c.c. per c.c. The total oxygen capacity
of the blood is estimated to be 0:037 c.c. per gm. of worm.

"The oxygen supply of Arenicola blood is calculated to last 71 minutes
and is found by experiment to last at least 30 minutes.

Arenicola when transferred from anaerobic to aerobic conditions
partially oxidises its heemoglobin after 20 minutes. Instances of complete
oxidation were never found.

The results of the oxygen debt experiments are not conclusive. A few
instances of a partial debt were found. It is thought that the ability of
the worm to go into oxygen debt is limited.

The sand at Plymouth, in which the Arenicola burrow, is black, while
that lining the burrows is brown, similar to the surface sand. The burrows
open to the surface at each end and the openings are not blocked by
the castings. The amount of oxygen in the interstitial water is found to
be negligible at all times. The water in the burrows is not considered to
form part of the interstitial water. It is thought that the movements
of the worm within the burrow keep the water in motion so that oxygen
is being continually renewed at the surface.

The dissociation of Arenicola hsemoglobin occurring at low oxygen
pressures of between 1 and 3 mm. of Hg. seems especially adapted to the
needs of the animals. The significance of the heemoglobin is that it func-
tions ag a carrier of oxygen during the period of lowered oxygen pressures
to which the animals are liable to be subjected during intertidal exposure.
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Hydroid Pigments. I. General discussion and pigments
of the Sertulariidee.

By
Nellie M, Payne,

INTRODUCTION.

CELENTERATE PIGMENTS.

Tae literature on coelenterate pigments is not large, but is rather scattered
and somewhat difficult of access. In addition some pigment studies on
squids and worms appear in the literature as researches on ccelenterates.
An effort has been made in this paper to bring together the known results
that have been secured in the study of ceelenterate colouring matter with
the exception of such papers as deal with protective coloration, mimicry,
and the like. Compilations are not listed unless they contained an original
contribution either in methodology or view-point. Only papers where it
could be clearly ascertained that the animal studied was a ccelenterate
have been cited. In some of the older work done by non-zoologists, the
scientific name has been sunk to a mere synonym and the description of
the animal was insufficient even to place it to phylum.

The pigments of the ceelenterates include several types of compounds,
some of which may be used in respiration. Blanchard (1882) described a
blue, water-soluble pigment obtained from the circum-umbrellar region
of Rhizostoma cuveri. The aqueous solution of this pigment showed three
absorption bands in the red, yellow, and green respectively. Colasanti
(1880) deseribed a blue pigment from hydromedusz, which colouring
matter he considered as a compound of carotin and protein. Elmhirst
and Sharpe (1920) found a light-sensitive pigment in Aectinia equina and
Anemonia sulcata. The intensity of the colour was proportional to the
intensity of the light to which the Actinians were exposed. Elmhirst
studied the environment in relation to the colour, and Sharpe the chemical
properties of the pigments themselves. Sharpe came to the conclusion
that in Actinia equina the red and brown pigments may be the same
basic substance, the exact colour of which is due to the alkalinity or
acidity of the medium in which the pigments occurs. This animal used
blue and possibly violet-light rays; the light-sensitive pigment which it
contains has properties similar to those of chlorophyll and is used in
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respiration. Anemonia sulcata contained no hamoglobin derivatives.
It did contain small green algse along the inner border of the tentacles
and in the mesenteries. These algze contained a colouring matter very
similar to the chlorophyll of green leaves.

Fewkes (1889) described a case of pigment discharge by a hydroid
medusoid. Fiirth (1903) in his monograph on the physiology of lower
animals classifies the pigments of ceelenterates into seven groups:
(1) the blue pigment of the medusoid umbrella, (2) pelageine, (3) the
blue colour of the coral Heliopora ceerulea and compounds related thereto,
(4) the hematin series, (5) the red and purple pigments which include
colouring matters such as actinochrome, purpuridin, and the floridines,
(6) the lipochromes, and (7) the uradines, a sulphur-containing group,
which are yellow in the live animal, but turn black on its death.

Fulton (1922) described a red pigment from Actinia bermudensis. The
pigment is soluble in CS,, methyl, ethyl, and amyl alcohol, petroleum
ether, pyridine, and acetone. The pigment occurs in granules. Addition
of HCI or valeric acid deepened the red colour, but alkali produced no
change that was apparent. Geddes (1882) found that the * yellow cells ”
in ccelenterates were commensal organisms. These organisms, which
were algee, produced oxygen which was needed by the ccelenterate in
its respiration. The chlorophyll-like pigment, found in the ceelenterate
Anthea and in others, was thus due, not to the ceelenterate itself but to the
alga. GCriffiths and Platt (1895) obtained a violet pigment from the
medusoid Pelagia, to which dyestuff they applied the name pelageine
and ascribed the formula C,H,,NO,. Since the pigment was extracted
in amorphous condition only, it seems scarcely possible that the formula
suggested could be valid. Griffiths (1892) considered that the coelenterate
pigments had a respiratory function.

Haurowitz and Waelsch (1926) found a blue pigment in Vellela spirans,
which on spectroscopic examination showed absorption in both red and
violet, but no distinct bands. The pigment became reddish brown on
drying, or with treatment with aleohol or toluol. Kropp (1931)
extracted the colouring matter of Vellela spirans with water. The
extract was opalescent with a reddish colour in reflected light. Near
the neutral point it turned yellow, and successively pink and reddish
as the solution became increasingly acid. An aqueous solution of the
pigment showed diffuse absorption in the red, A=655 uu—0685 uu,
and blue violet 425—475 pu, but no sharp bands.

The most comprehensive work that has been made on the cwlenterate
pigments is that of Krukenberg (1880, 1882). He obtained a green pig-
ment with a red fluorescence from Anthea cereus.* The alcoholic solution
of this pigment varied from brown to green. The absorption spectrum

* = Anemonia sulcata.
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of the alcoholic solution was figured. Addition of acid changed the green
colour to blue and added a new band at the junction of yellow and green.
This author pointed out the similarity between the green pigments of the
coelenterates and the chlorophyll in plants.

Lancaster (1873) examined the pigment found in the stalked protozion,
Stentor ceeruleus, with a Sorby-Browning spectroscope. He found an
absorption spectrum containing two bands, the darker in the red extending
a little to the side of solar C line, and the second in the green. Stentor
miilleri gave absorption spectra like those of Hydra and Spongilla. Since
Stentor feed on Hydra, it served as a concentrating agent for the hydroid
pigment. Liversidge (1898) found a blue nitrogen containing pigment
in the coral Heliopora ceerulea. The pigment from ‘“ dead coral 7 dis-
solved readily in alcohol and acetic acid. Heating a concentrated residue
of coral extract produced an odour similar to that of burned fish. Liver-
sidge tested the solubility of the material in a large series of compounds
both inorganic and organic. Acetic acid proved to be one of the best
solvents. An alcoholic solution of coral contained more organic matter
than an acetic acid solution. The pigment was insoluble in kerosene, the
pure paraffines, in CS,, CCl,, or petroleum ether. Solutions were either
blue or green, depending on the solvent used, e.g. a sodium acetate
solution was green; a formic acid solution blue. The pigment did not
appear to be either a natural indicator or a reducing agent.

M’Kendrick (1881) described pigments that occurred in small granules
in several of the ccelenterates. He did not study the chemistry but
mentioned a yellow pigment in Chrysaora, a blue one in Cyanea, and a
pink in Aurelia. He gave simple methods for pigment extraction.

MacMunn (1885, 1890) found colouring matters in ceelenterates which
resembled these of vertebrate blood. Actinia mesembryanthemum* con-
tained a pigment which could be transformed either into heemochromogen
or hematoporphorin. This pigment was not actinochrome, which dye-
stuff is widely distributed in the Actiniee. In Sargartia parasitica occurred
a colouring matter in both reduced and oxidised states. This pigment
did not occur in any of the Actiniz. A green pigment which gave all the
reactions of biliveridin was found in the mesenteries of Anthea mesen-
thervum. A yellow pigment which differed from chlorophyll occurred in
the tentacles of Anthea cereus,t Bunodes balii, and Sargartia bellis. In
these species were both luteins and a pigment that gave absorption bands
in the red and violet part of the spectrum.

Merejowski (1881) described a carotin-like substance from ccelenterata
which he designated as tétranérythine.

Mosely (1873) found a pigment, the so-called actiniochrome, in Actinia
mesembryanthemumy which is a pale olive or merely a dirty white colour

* = Aeclinia equina. T =Anemonia suleata. 1 =4. cquina.
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in muddy water. This colouring matter also occurred in Bunodes crassi-
cornis which is a transparent green. In some specimens of B. crassicornis
the tips of the gonidial tubercules were bright red. Mosely determined
the absorption band for the red pigment but lost the drawing. He found
no similar colouring matter in Actinia mesembryanthemum* or Actinia
rosea. In 1877 Mosely found a hematine-like pigment in Bunodes crassi-
cornis. Teissier (1925) described an interesting case of pigment develop-
ment which paralleled the embryonic. This author believed that the
appearance of pigment in the eggs of Clava squamata was due to the libera-
tion of carotin from a compound of carotin and protein.

GENERAL CHEMICAL LITERATURE.

The nomenclature for the various pigments differs from author to
author. In the foregoing literature summary, the original term used by
the investigator in question has been quoted. Lypochromes, luteins, and
carotin belong to the group of carotinoids as the term is defined by Palmer
(1922). In this paper the nomenclature of Palmer will be followed. This
worker summarised the preceding work on carotinoid pigments and has
also made valuable contributions of his own to the study of chromatology.
Schertz (1925) described an accurate method for obtaining crystalline
carotin. He extracted the pigment with a highly purified ether kept over
sodium. Crystalline carotin kept in an ice box oxidised very slowly and
could be stored some months without deterioration. Wheldale (1916)
classifies plant pigments into two general groups : the plastid pigments
which include chlorophylls, xanthophylls, and the carotinoids, and the
pigments distributed throughout the cell or the anthocyanins, and their
derivatives, the flavones. The anthocyanins and flavones are character-
ised by their water solubility. In the plant kingdom there are two
vellows, one type soluble in water, the other in fat solvents. Wheldale
also pointed out that many white flowers contain a pigment made
apparent in alkaline solution. The flavones are natural indicators,
being white in neutral or acid solution, and yellow to orange in
alkaline. The flavones are oxidation products of the anthocyanins.
The flavone group forms characteristic salts with FeSO,, FeCl,, FeCl,,
and Ph(COO0),.

The ultimate source of the coelenterate pigments may be the plant
kingdom. Thus far, to the author’s knowledge, there has been no clear
example of either chlorophyll or carotin being a direct product of animal
metabolism. Geddes (1882) and others have demonstrated the algal
origin of ceelenterate chlorophyll.  An interesting paper by Palmer and
Knight (1924) describes the transfer of potato carotin into the blood of the

* =d. equina.
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potato beetle, Leptinotarsa decimlineata Say, and from this insect to the
predaceous plant bug, Perillus bioculatus Fabricius, in which the carotin
was in part deposited in the exoskeleton. Thus far the origin of the
ceelenterate pigments other than chlorophyll is unknown. It is altogether
possible that both carotin and flavones are of algal origin.

MATERIALS AND METHODS.

The hydroids studied by the present writer belonged to two distinct
groups, one including those bearing carotinoid pigments, namely, the
Antennulariide and Haleciidee ; the other including the Sertulariidae
which carried water-soluble yellow and brown pigments.

The characteristic of the colouring matters in these two groups,
respectively, was so different that the same method of treatment of the
hydroids previous to extraction could not be used. The caratinoid-
bearing group, of which Antennularia antennina, 4. ramosa, Aglaophenia
pluma, A. tubulifera, and Halecium halecinum were studied, were washed
in fresh water repeatedly before their pigments were extracted. The
hydroids thus freed of debris were dried in an incubator to air-dry state
and then extracted with CS,, CCl,, or ether. The pigments in each of the
species studied was more soluble in CS, than in any other of the solvents
used. Those used included CS,, CCl,, ether, absolute alcohol, pyridine,
petroleum ether, and chloroform. Details of the methods will be given
in a later paper.

The colouring matter of the Sertulariidee with the exception of the brown
of Sertularia pumila was so extremely soluble in fresh water that the
hydroids could not be freed of the usual debris and dirt clinging to them by
washing in fresh water. The most practical way of cleaning hydroid
material in these groups was washing in sea-water. The long stems were
then cut into small pieces and extraction made in either fresh or dried
condition. Alcohol or distilled water was the solvent used. A higher yield
of pigment was obtained from fresh than from dried material. The crude
extracts were allowed to evaporate, and during the evaporation were
stirred. Since the pigments were less soluble in cold than in warm water,
the extracts were chilled with ice to promote crystallisation, Crystals
were obtained with great difficulty. Acid solutions of pigments from
Sertularella gayi Lamaroux and S. polyzonias Linnzeus yielded a small crop
of crystals.

Although crystals of the pigments themselves were difficult to procure,
it was relatively easy to procure their salts in crystalline form. Lead and
iron salts of the pigments in the Sertulariide studied resembled the flavone
salts of the plant flavones.

The species studied were Sertularia pumala Linnaeus, Sertularia argentea
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Ellis and Solander, Sertularella gayi Lamaroux, Sertularella polyzonias
Linneeus, and Thuiaria articulate Pallas.

ResvrTs OBTAINED.

The nature of the pigments in the Sertulariidee had first to be studied
from a purely negative view-point. They were not soluble in the fat
solvents, CS,, CCl,, or petroleum ether, therefore they were not carotinoids.
Tests for free sulphur were negative, although the hydroids turned black
in death. The species Sertularia argentea, Sertularella gayi, S. polyzonias,
and Thuiaria articulata blackened readily on exposure to air. The yellow
pigments found did not reduce Fehling’s solution, nor did they present
the other characteristics of chrysomphanic acid. The pigment in the
Sertulariidee is not distributed evenly throughout the tissues but occurs
in small patches. This is especially true of the yellow species. The brown
species Sertularia pumila apparently has more nearly uniform distribution
of colouring matter.

No pigment solutions blackened on exposure to air. The blackening of
the hydroid might be due to some enzyme adsorbed on the tissues, and
not dissolved with the pigment. It is also interesting to observe that the
one intertidal species studied, namely, Sertularia pumila, did not blacken
on exposure to air. The other species used are normally covered at all
times by sea-water. The blackening may possibly be that of a pigment
not soluble in the same solvents as are the flavone-like pigments.

The yellow colouring matter in Sertularella gayi Lamaroux and Ser-
tularella polyzonias Linnseus were extremely soluble in distilled water.
An animal immersed in either distilled or tap water began to lose colour
from the instant it was placed in the solvent. In neutral or alkaline
aqueous solutions the pigment was a lemon-yellow. The gonophores
were especially rich in colouring matter. Extracts from fresh material
often had a greenish yellow cast. Rhomboid pigment crystals were
obtained from etherial solutions. By salt formation, type of erystal, or
differential solubility tests, the pigments from these two species, Ser-
tularelle polyzonias and S. gayi, could not be separated. It is possible that
these closely allied species bear a common pigment. A determination
of the chemical constitution of the pigments in question is necessary before
it can be said definitely whether there are one or two pigments involved.

Nearly allied to the colouring matter in the Sertularellas is the chromato-
phore group in the white or colourless species Sertularia argentea Ellis
and Solander. This hydroid can be used as indicator for hydrogen ion
concentration. It is colourless in neutral and acid solutions. The aqueous
extract of the chromatophore is colourless at pH 7, yellow at pH 8, orange
at pH 85, and finally brown in pH 10. Extracts of these chromatophore
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Species.
Thuiaria articulata
Pallas

Sertularia argentea
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Sertularia pumila
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in Nature.
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lemon-
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Ph(CO0),
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greenish
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FeSO,
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Influence of pH an
pigment colour.
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pH 7. pH 8.
brown lemon-
yellow
colourless  yellow (at
pH 8-5
orange)
yellow yellow
yellow yellow
brown brown
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pH 6-5.
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colourless

colourless
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yellow (at
pH 4
white)
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in ether or aleohol were also colourless. The presence of the pigment
became apparent when KOH or NH,OH was added to the solutions.
The pigment or rather the chromatophore group was insoluble in CCly,
C8,, or petroleum ether, but was slightly soluble in ether. The presence
of the pigment group in this colourless hydroid can be demonstrated by
holding the hydroid over NH,OH fumes. It was by this simple method
that Wheldale (1916) demonstrated the flavone in the white snapdragon.

The pigment in the Sertularia pumila was distinctly less soluble in water
than were the pigments from the other species. It was insoluble in
C8,, CCl,, and petroleum ether, even after long standing in contact with
these solvents. Sertularia pumila is also a natural indicator for pH, but
its colour changes lie on the acid side of neutrality. Characteristic salts
of the pigment were obtained with Ph(COO),, FeCl;, FeSO,.

The orange-brown species Thuiaria articulate Pallas contained a pig-
ment, also a natural indicator, which was readily soluble in water. Crystals
were obtained from slightly acid solutions. Addition of small quantities
of HCI to water, alecohol or ether solutions made them turbid. From these
turbid solutions rhomboid crystals were obtained. The pH of such
solutions must be controlled, for at pH 65 the pigment was decolorised.
Characteristic salts were formed with Pb(COOQ),, FeCl,, and FeSO,. In
solubility, erystal type, and salt formation the pigment of Thuiaria
articulata resembles that found in the Sertularellas.

The accompanying table gives the chief results obtained with the pig-
ments of the Sertulariidee. FEach of the species studied contained a water-
goluble colouring matter. The pigments were all natural indicators. In
solubility, erystal type, and salt formation the colours from Sertularella
gayi, S. polyzonias, Sertularia argentea, and Thuiaria articulata showed
marked similarity. Sertularia pumila contained a pigment which possessed
properties similar to the flavones, but was distinctly less water soluble
than the others studied.

SUMMARY.

1. The yellow colours of the hydroids include at least two groups, the
carotinoids found in the Antennulariide and Haliciidee and the flavone-
like pigments that occur in the Sertulariidee. From the literature a third
group, the uradines, may be added.

2. The flavone pigments and their relatives are all water soluble and are
thus distinguished from the carotinoids which are not water soluble, but
may be dissolved in the usual fat solvents.

3. In the Sertulariidee studied, a graded series of chromatophore groups
and pigments was found which ranged from the colourless species Ser-
tularia argentea Ellis and Solander, through the yellow of Sertularella gay:
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Lamaroux and S. polyzonias Linneeus, to the orange-brown of Thuiaria
articulata Pallas. The brown of Sertularia pumila is probably also a
flavone derivative.

4. The flavones and related pigments occur extensively in the plant
kingdom. It is probable that the flavone-like pigments found in the
Sertulariidee are of plant origin.
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Muds of the Clyde Sea Area. II. Bacterial Content.
By

Blodwen Lloyd, M.Sc., Ph.D.,

From the Dept. of Bacteriology and Botany, Royal Technical College, Glasgow, and
the Marine Biological Station, Millport.

With 2 Figures in the Text.

INTRODUCTION.

Ax important factor in the economy of the sea is the presence of bacteria,
which are found not only in the sea-water itself, but in the mud and sand
of the sea bottom. The parts of the sea which are most important bio-
logically are (i.) the upper twenty metres of water in these latitudes, and
(ii.) the uppermost layer of the sea floor in regions where the water is less
than a few hundred metres deep. The first is of interest as the zone
inhabited at the proper season by autotrophic organisms, chiefly phyto-
plankten. It is here that the products of photosynthesis are largely
formed ; upon these heterotrophic life in the sea is ultimately dependent.
Except in shallow water, there is insufficient light at the sea bottom for
photosynthesis, and the organisms inhabiting the sea floor are of necessity
heterotrophic. These organisms, among which are protozoa and the
majority of bacteria, derive their foodstuffs directly or indirectly from the
already organised proteins and carbohydrates of dead organic matter
accumulated on the sea floor. The bacteria found in this zone include the
following representatives of different physiological groups :—

(i.) Simple heterotrophs, which can utilise the proteins of dead
organisms, and which liberate ammonia as waste metabolite.

(ii.) Nitrifying organisms of the two types, () those which oxidise
ammonia to nitrite, and (b) those which oxidise nitrite to nitrate (14).
These bacteria thus assist in the regeneration of nitrate from ammonia.
This is important, because although ammonium-nitrogen can be utilised
by some algae and by higher plants, nitrate-nitrogen is in general more
readily assimilated by autotrophic plants. Now the low concentration
of nitrate is a limiting factor to plant growth in the sea, so it is desirable to
know what bacterial changes in the sea may result in its formation.

(iii.) Denitrifying bacteria. These are simple heterotrophs with a
gpecial mechanism for reducing nitrate and nitrite to elementary nitrogen,
the oxygen thus liberated being used for respiration (see p. 762).



752 BLODWEN LLOYD.

(iv.) Nitrogen-fixing bacteria, which fix elementary nitrogen by
synthesising nitrogenous compounds, possibly ammonia. These have been
isolated from algal slime along the coast-line (5, 6), but not from true
bottom deposits.

(v.) Sulphur bacteria, which oxidise hydrogen sulphide to free sulphur
(16).

The physiological importance of these and other groups will naturally
depend upon their numbers, and accordingly the experimental work
described below was undertaken (i.) to determine the approximate
numbers of bacteria present in samples taken from different types of
hottom deposits in the Clyde Sea Area, and (ii.) to make a preliminary
investigation into the different types of micro-organisms found.

HISTORICAL.

The earliest record of the bacteria in marine mud is that of Russel (13),
who noted that there were many more micro-organisms in the mud than in
the supernatant water. Drew (2) found that the exceptionally high bacterial
content of shallow coastal waters in the tropics was due to the fact that the
mud flats below were unusually rich in bacteria. These appear to be the
only general records of mud bacteria.

Other workers have studied special groups of organisms isolated from
marine muds. Nitrifying bacteria of both types were isolated by Thomsen
(14) at Kiel from bottom deposits close to the shore. According to Issat-
chenko (4), nitrate-forming bacteria are found in northern seas in bottom
deposits, but their number depends on the nature of the sea bottom ; he
found that they were absent from black muds, present in clay deposits,
and more abundant in calcareous sandy deposits.

EXPERIMENTALL.

(a) The Area Investigated.

The samples examined were all from the Clyde Sea Area, a brief descrip-
tion of which is given by Marshall and Orr (12); the stations used for
mud sampling are described by Moore (9, 10). The bottom deposits are
chiefly muds, with some sands ; these are classified into four types by
Moore (10), and stations representative of each of these four types were
selected for bacteriological analysis as under :—

(i.) Loch-head Type : Station 10, Loch Striven Head.
Depth 24 m.

(11.) Mid-loch Type :  Station 11, Clapochlar.
Depth 73 m.



MUDS OF CLYDE SEA AREA. 753

(iil.) Deep-water Type : Station 7B, Garroch-Corrie.
Depth 166 m.

(iv.) Sandy Type : Station 1B, Kames Bay.
Depth 25 m.

(b) Seampling.

The samples were obtained by means of the apparatus described by
Moore and Neill (11). The sampling tube is a cylinder which is sent down
open at both ends; thus the water through which it passes streams
through the tube and may deposit bacteria on the inside of the glass tube.
However, any error thus introduced is negligible, since (i.) it appears that
there is practically no streaming of mud up the sides of the glass tube when
the sample is pushed through, (ii.) the number of bacteria in the muds is
very much higher than that in the water above, and (iii.) the sub-samples
were taken from the centre of the core, which had not been in contact with
the glass.

(c) Laboratory Technique.

The mud samples were transported ashore in the sampling tubes. They
were taken below deck in order to keep them cool during the interval
between sampling and examination, and they were kept in the dark by
means of cardboard sheaths. The time interval between sampling and
plating depended on the distance of the sampling station from the labora-
tory, and varied from half an hour to four hours. On arrival at the labora-
tory the cylindrical tube was marked off into centimetre lengths, and at
selected intervals two sub-samples (a) and (b) were taken from the mud.
One sub-sample was used for determination of the interstitial water, and
the second was used for estimating the bacterial content.

This portion of the work was carried out in conjunction with Mr. Moore,
and the author wishes to acknowledge his kindness in taking the samples,
in dividing them into sub-samples, and in determining the amount of
interstitial water present in each sub-sample.

Sub-sample (@) was placed in a tared watch glass and weighed ; it was.
then dried to constant weight at 100° C. The difference between the first
and the final readings gave the total amount of contained water. From
these the figures the amount of water contained in sub-sample (b) was
calculated. Sub-sample (b) was placed in a tared sterile Erlenmeyer
flask and weighed ; filtered sea-water, sterilised by autoclaving for 30
minutes at 30 lbs. pressure, was then added to make up a volume of
100 ec.c. ; the pipettes used were sterilised by heating to 150° C. for 30
minutes. The whole was then shaken very thoroughly to disperse the
constituent mud particles. In the first series of dilutions (Station 7B,
14/4/30 and Station 1B, 10/4/30), lead shot was used to facilitate the
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breaking up of the mud. The use of lead shot was then discontinued, on
account of the toxic action of metals on most bacteria. It was difficult to
disperse the mud particles in sub-samples from the lower layers of mud,
which contained less interstitial water.

The diluted sample was then plated out on agar and on gelatine accord-
ing to the procedure previously described by the writer (7). Four agar
cultures and four gelatine cultures were made, a known volume of the
diluted sub-sample being added. In the first samples examined, the
amounts of inoculum were 1:0 c.c., 1-0 c.c., 0-5 c.c., and 05 c.c., but
it was found that the colonies which developed were too crowded for con-
venient counting, and in the later work the following amounts were used :
0-5 c.c., 0-5 c.c., 0-1 c.c., and 0-1 c.c.

The plates were incubated at room temperature (15° C.) for five days,
and then the bacterial colonies visible to the naked eye were counted.
Tables I-IV give the results of the counts ; from these the average number
of bacteria per c.c. in each diluted sub-sample was calculated. From
this average the number per gram of dry mud was calculated approxi-
mately to the nearest thousand.

In estimating the bacterial content of mud the following difficulties
oceur i —

(i.) The relative amounts of water and of solid matter in sub-samples
from different depths in any one series vary very much. The bacteria
are present both on the particles and in the interstitial water, but since
the organic matter in the mud is the source of their food supply, they will
naturally be more densely crowded on the solid particles. It was decided
to follow the procedure adopted in soil bacteriology (15), and to estimate
the number per gram of dry mud.

(ii.) Some bacteria, such as the nitrogen-fixing bacteria and the nitrify-
ing bacteria, do not grow readily on ordinary culture media, and the figures
given below therefore do not include these.

(iii.) Slow-growing forms, such as certain Spirilla, form very small
* pin-point ” colonies, which are not easily seen with the naked eye when
counts are made. For these reasons the bacterial content is probably
underestimated.

The numerical work was supplemented by some descriptive and diag-
nostic study of the species isolated ; for this the ordinary bacteriological
routine technique was adopted. In the course of this work many hundreds
of different strains were isolated. Only a few of these could be identified
as known species, and of the many unknown forms, only a few were
studied in any detail.
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TABLE I.

TsTivarions oF BacTeriAL ContENT oF Mup SampLes, StatioN 10, Locn StriveN HEAD.

Depth of

sub-sample

in em.
0-1

10-11
(1=

1
-3
=7
~11

(== L]

1

Agar Cultures, c.c.

05
255

166

8649
673
139
266

158
244
206

107

576
506
324
153

05
330
96

689
463
247
274

186
298
148
162

684
517
237
250

01
86
36

238
190
153
144

39
192

37

226
241

84
188

01
40
38

452
241

88
149

38
176
a3

29

139
203
118
214

Gelatine Cultures, e.e.

05
207
270

1005
611
221
433

285
607
263
195

431
®

326
374

05
330
244

940
443
225
417

226
641
323
146

244
507
518
360

Average per
e.c. of 1:100

dilution of
01 01 wet sample.
187 88 635
11 10 362
379 241 2005
214 93 1219
114 91 532
67 60 754
TABLE II.
Starion 11.
29 46 419
220 57 1014
31 26 456
a5l 45 321
148 95 1059
205 126 1307
74 38 716
83 116 724

Wt. of wet
sample in gm,
110
0-84

Pl
SR
ERCESRE

0-86
1-88
1-00
1-06

290
2:13
1.28
1-92

* (Colonies too crowded for counting.

No. of bae-
teria in
thousands
per gm. of
wet mud.
lit]
43

81
41
31
49

49
54
46
30

39
61
56

a8

Wt. of dry
sample in gm.
0-37
0-43

0-88
1:50
0-92
0-82

014
0-58
0-38
0-44

0-75
0-73
0-39
0-84

No. of bacteria
in thousands per
gm. of dry mud,
171
84

227
81
57
91

300
175
120

73

140
180
184

87
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Depth of
sub-sample
in cm.

14/4/30  0-1
10-11
27-28

Depth of
sub-sample

in
3/6/30 0-1

Depth of
sub-sample

in em.
0-1
5-6

10-11

Depth of
sub-samplz
in cm.

27/5/30  0-1
2-3
6-7

10-11

10/4/30

Agar Cultures, c.c.

10 1+ (1) 01
582 448 306 0
434 547 230 56
215 187 128 9

Agar Cultures, c.c.
05 5 " 01
147 29 22 43
7262 34 29
59 25 21 25
40 27 31 38
87 71 49 70
33 17 18 60
24 44 33 45
27 47 34 50
41 4 39 31

Agar Cultures, c.c.
10 10 05 0-1

* * 328 103
207 372 102 59

L * 120 35

Agar Cultures, c.c.
05 05 0 01
334 343 105 111
362 418 154 219
301 — 151 205
418 — 93 70

TABLE III.
EstivarioNns oF BacTeERIAL CoNTENT OoF MUD SAMPLES.
StaTion TB.

Gelatine Caltures, c.c.

10 10 05 01
743 585 370 48
353 432 195 18
355 312 239 12

Gelatine Cultures, ¢.c.
05 0-5 01 01
119 137 198 145
133 37 — 108
122 134 102 155

81 — 77 110

53 BT 71 58

96 129 81 53

*

* 114 101
124 119 84 47
* 185 46 115

TABLE IV.

Gelatine Cultures, c.c.

10 10 05 01
i * 622 150
* * * *
» * 168 68

Gelatine Cultures, c.c.
05 05 0 01
2200 189 131 109
* * 31 87
539 — 181 181
466 — 116 239

Average per
c.c.of 1:100
dilution of
wet sample.
593
435
280

350
206
267
212
215
202
257
221
263

StaTioN 1B,

1002
320
325

G642
908
1112
1001

Wt. of wet

sample in gm.

2.39
0-97
1-16

112
094
1-00
0-69
091
0-71
077
0-80
1-05

——to
= oo re
=

1-97
2-59
2:59
316

* Colonies too crowded for counting.

No. of bac-
teria in
thousands
per gm. of
wet mud,

24
45
25

al
22
27
31
24
29
a3
28
25

44
17
29

33
35
43
32

Wt. of dry

sample in gm.

0-73
0-39
0-51

0-31
0-30
0-33
0-23
0-31
0-24
029
0-32
045

No. of bacteria
in thousands per
gm. of dry mud,

81
110

55

113
69
81
092
69
84
89

107
28
46

70
63
69
47
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RESULTS.
(@) QUANTITATIVE WORK.

Station 10, Loch-head Type. In the sample taken on April 16th, the
number of bacteria at the surface of the mud was greater than at a depth

No. of bacteria in thousands per gram of dry mud.

50 100 150 50 100 150 200
£
(=]
s 5 5
-_E 10 10
E
]
100 150 200 250 300 100 150 200
5 5

o
o

-

w
1
om

Depth in mud in em.

201 20+

Fia. 1.—Bacterial Content of Marine Muds.

Above, Station 10, 16/4/30 and 27/5/30.
Below, Station 11, 16/4/30 and 27/5/30.

of 10-11 em. (Fig. 1). A second sample, taken on May 27th, showed a
surface increase from approximately 170,000 to 227,000 bacteria per gram
of dry mud. It showed also a progressive decrease from the surface down
to 6-7 cm., and an increase at 10-11 cm.; at this depth there was
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relatively little change in the bacterial content in the interval between the
first and second sampling (Table I).

Station 11, Mid-loch Type. The first sample taken on April 16th showed
a progressive downward decrease in the number of bacteria. After five
weeks, a second sample showed a surface decrease from 300,000 to 140,000,
so that there were then fewer bacteria at the surface than at 34 cm. and
at 10-11 cm. At 24-25 em. there was a slight increase in numbers (Fig. 1 ;
Table IT).

Station 7B, Deep-water Type. At this station mud samples from the
greatest depth of water were examined. The first sample, taken on April
14th, was marked by higher bacterial content at 10-11 cm. than at the
surface : at 27 em. the numbers were much lower. In order to determine
more precisely the vertical variation in bacterial content, the second
sample taken on June 3rd was divided into sub-samples at closer intervals.
It was found that the number was highest at the surface, but there were
two zones, at 3—4 em. and 12-13 em. respectively, where the bacterial
content increased. Below that level the numbers gradually diminished
(Fig. 2, Table IIT).

Station 1B, Sandy Type. The first sample, taken on April 10th, had a
moderately high surface number, but at 5-6 c¢m. an abnormally low
bacterial content—the lowest for any mud examined from this area ;
there were almost twice as many bacteria per gram at 10-11 cm. as at
5-6 cm. The second sample, taken some six weeks later, showed a great
decrease in the number of bacteria at the surface, a slight decrease at
2-3 em., a slight increase at 6-7 cm., and a decrease at 10-11 em. (Fig. 2,
Table IV).

Summing up these results (see Table V), it is seen in general that the
number of bacteria is in most cases greatest at the surface, that there is
usually a progressive decrease with increase in depth, that the number
fluctuates very widely near the surface of the mud, but that it remains
fairly constant at the greatest depths for any given station.

(b) DrscriprioNn or Mup BaAcTERIA.

In view of the large number of strains isolated, it was not found possible
to study the physiology and morphology of all the forms. Certain species
with special cultural or physiological characteristics were selected as types
for further study, and those organisms having many characters in common
were grouped together.

The marine muds examined were found to contain micro-organisms
belonging to the following groups :—

(i.) The most frequent organisms were small bacilli similar to those
found commonly in sea-water, and resembling the genera Achromobacter
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Bergey and Chromobacterium Bergey (1), which appear to be common in
fresh water. These organisms are true water bacteria.

TABLE V.

SumMarRY oF BacTEriaL ConTENT oF Mup. THE FIGURES REFER TO
THE NUMBER OF BACTERIA IN THOUSANDS PER GRAM OF DRY MUD,
APPROXIMATED TO THE NEAREST THOUSAND.

Depth Station 10, Station 11. Station 7B. Station 1B.
in em. 16/4/30 27/5/30 16/4/30 27/5/30 14/4/30 3/6/30 10/4/30 27/5/30
0-1 171 227 300 140 81 113 107 70
1-2 69
2-3 81 175 180 81 63
34 92
4-5 69
5-6 28
6-7 a7 84 69
10-11 84 91 120 184 110 46 47
12-13 89
20-21 69
24-25 87
25-26 73
27-28 53
29-30 58

Morphologically, they are non-sporing and Gram-negative, and may be
motile or non-motile. On agar they form moist, raised, more or less cir-
cular colonies similar to those of the colon-typhoid group, but they are
usually slower-growing, and they vary in colour from white or cream
to yellow or light brown. Physiologically, they were found to be extremely
inert. They grow as readily on the ordinary peptone-containing media
as on media prepared from fish extract, but they do not form indol from
peptone, and do not readily ferment sugars, not even dextrose. They are
thus physiologically much less active than terrestrial saprophytic bacteria
under the experimental conditions tried ; it is of course possible that this
group depends for its nutrition, not directly on the tissues of dead marine
organisms, but on the simple nitrogenous compounds and carbohydrates
dissolved in the water between the mud particles.

The bacteria of this class isolated from the mud samples have low oxygen
requirements. The colonies in cultures used for the quantitative work were
frequently found growing down into the medium away from the surface.
Although they prefer anaerobic cultural conditions, they are facultative
@robes, for after repeated sub-culture they grow equally readily in well
aerated parts of the culture medium. Most of these organisms were also
able to utilise nitrates as a source of oxygen by reducing the nitrates to
nitrites. Some strains carried the reduction a stage further, with evolu-
tion of gaseous nitrogen ; such denitrifiers were easily recognised because
of the ease with which they reduced nitrates to nitrogen even in the
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presence of some free oxygen. The occurrence of denitrification depends
not only on the physiological specificity of the organism concerned, but

No. of bacteria in thousands per gram of dry mud.
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on such external conditions as temperature, hydrogen ion concentration
and initial concentration of nitrate (8).
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(ii.) There occurred in the samples a small proportion of small Gram-
negative diplococei and sarcing forming cream, yellow or brown colonies.
They resembled physiologically the first group, but were morphologically
distinct. However, since morphologically bacteria are extremely plastic,
it is possible that these are stages in the life history of members of the first
group. '

(111.) The second group in order of numerical importance was found to
consist of relatively large, spore-forming bacilli similar to the forms
common in soil. Microscopically, they are often seen adhering in long
chains. Culturally, they are recognised by their white slightly raised
colonies, with a matt surface and irregular, dendritic or radiating outline.
Physiologically they are more active than the preceding group, for they
ferment the common sugars more readily ; dextrose and sucrose are
commonly attacked by these organisms, and a few are even lactose
fermenters. Some strains produced indol from peptone. Under favour-
able conditions most of the members of this group reduced nitrates to
nitrites, and a few reduced nitrates to gaseous nitrogen.

These organisms form a much larger proportion of the bacteria of the
muds than of the water above, and they present many resemblances to
the common spore-forming soil organisms. It is therefore necessary to
consider whether they are species peculiar to marine muds, or whether
they are terrigenous. It is not known whether they exist in the mud in
the spore state or in the vegetative state.

(iv.) A small proportion of spirilla occurs. They grow only slowly on
ordinary media, and the quantitative counts therefore often omit them.
They may, however, be found in a mud dilution by first sedimenting the
larger mud particles and then centrifuging the suspended micro-organisms
and finer mud particles. Large colourless spirilla containing sulphur
globules were occasionally found.

DISCUSSION OF RESULTS.

From the foregoing it is seen that in the Clyde Sea Area the bacterial
content of the sea bottom is higher than that of sea-water, even of the
water immediately overlying the mud. These results do not necessarily
represent the total number of bacteria, since it is highly probable that there
are many forms which do not grow on ordinary media, and therefore
escape notice. The bacteria of the mud may be affected by the following
factors :—

1. Oxygen. It appearsthat there ig no free oxygen in the mud itself, and
that oxygen cannot penetrate far below the surface. This has a marked
effect upon the distribution of the fauna ; Moore has shown elsewhere in
this Journal (10) that the oxygen-loving Copepods are restricted to the
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top few centimetres, while the Nematodes, on account of their lower
oxygen requirements, can penetrate deeper. It is evident that bacteria
are not as a class thus restricted, for they occur in very large numbers
even at a depth of 30 em. These bacteria thus live normally under
anzrobic conditions, though when cultures ave made they grow quite
readily in air. It is possible that the muds contain in addition many
strict aneerobes, whose presence would not be revealed by the ordinary
counting technique. However, some preliminary experiments with ansero-
bic cultures made from mud samples did not show any conspicuous
anarobe.

The terms ‘‘@robe” and ‘ ansrobe” have become increasingly
unsatisfactory, since it has been shown that the difference is only one of
degree, and that the so-called anwzrobic bacteria are really organisms
which require a low oxygen pressure. Some of these so-called anwrobes
can utilise combined oxygen ; the most important of these are the deni-
trifying bacteria, which will reduce nitrates, using the oxygen for respira-
tion, and liberating the nitrogen as waste metabolite. There is no direct
experimental evidence to show that denitrification occurs in muds.

Hitherto it has been thought that in temperate latitudes the destructive
effect of denitrifying bacteria on the nitrate in the sea was negligible, for
the following reasons :—(i.) the number of bacteria in the sea-water is
relatively low (7), and of these only a certain number are denitrifiers,
(ii.) free oxygen is present in sufficient amount to inhibit nitrate-destruc-
tion (3), and (iil.) the low temperature prevents denitrification (Gran, 3).
The last condition is the only one that applies to the muds, however, for
the number of bacteria is extremely high, and the aeration insufficient.
The hydrogen ion concentration, the low nitrate concentration, in fact,
all conditions except temperature, favour denitrification, so that on
theoretical grounds it would appear that loss of nitrate by bacterial
action is much more likely to occur here than in the sea-water above.

2. Hydrogen ion concentration. There is a slight downward decrease in
pH value in the muds (10), and there is also a downward decrease in the
bacterial content. However, although many micro-organisms are
extremely sensitive to changes in hydrogen ion concentration, the range
of variation here is too slight to account for the progressive downward
decrease in the number of bacteria.

3. Temperature. The rate of multiplication of bacteria increases with
temperature up to the optimum for any given species. No data for the
temperature of the muds are available, but the low temperature of the
bottom waters—from 7° to 14° (. in Loch Striven—(12) suggests that
the rate of multiplication of bacteria on the sea bottom is limited by this
factor.

4. Light Intensity. With increasing depth of overlying water there
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is diminished light intensity at the mud surface. This does not appear to
have any effect on the bacterial numbers ; there is no apparent relation
between the bacterial content at the mud surface and the depth of over-
lying water. This is confirmed by the fact that at the mud surface the
numbers are usually greater. In any case, even the surface of the mud
does not receive the short light waves, which are bactericidal in their
action. )

4. Food Supply. The most important factor affecting bacterial
numbers is the amount of available foodstuffs. The chief source of food
supply to the mud bacteria is the accumulated dead plankton. This is
subject to seasonal variations, for the amount of organic matter deposited
on the sea floor depends upon the flora and fauna in the waters above.
In the lochs of the Clyde Sea Area the sedimentation of phytoplankton
after the spring diatom increase is most important : Moore has shown
(10) that this seasonal deposition of diatoms forms well-marked layers in
the muds of undisturbed stations.

Such zones would be layers of intense bacterial activity, and would have
a much higher bacterial content than the intervening layers ; these zones
would continue to have a high bacterial content until such time as the food
supply was exhausted by the bacteria or other organisms competing for
the same food supply. That bacterial zonation occurs in the mud is shown
diagrammatically in Figure 2, where at Station 7B there are between the
surface and 7 cm. four zones of alternating high and low bacterial content.
A more detailed examination of the mud samples would probably show a
better correlation between the diatom layers and the zones of high
bacterial content, but this so far has not been done ; it would be necessary
to take many more samples, in order to ensure that such variations were
not chance variations.

Although the surface numbers are high, they are irregular, and do not
show any definite relation to the spring increase. For instance, the Loch-
head and Mid-loch types show a great difference in bacterial numbers,
though at these two places the spring increase is parallel, and of almost
equal intensity.

In the deeper mud layers, the food supply is gradually exhausted, but
the fauna becomes progressively reduced in numbers downwards, so that
bacteria are in all probability the predominant organisms at the greatest
depth.

It has already been pointed out that there are great fluctuations in
bacterial numbers at the mud surface. These fluctuations would depend
partly upon the varying amount of foodstuffs present, and also upon the
numbers of organisms such as protozoa which feed upon the bacteria.

The spring diatom increase at all stations was over by April 1st, 1930 ;
the accumulation of diatoms at the bottom then follows, the time interval
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depending upon the depth of the water. An accumulation of plankton
rain does not necessarily imply a sudden increase in the bacterial popula-
tion at the bottom. Different species may develop according to the
ordinary population curve with an initial lag period, a maximal growth
period, and a period of decay due to diminished food supply and accumu-
lation of toxic metabolic products. Different groups of bacteria may
follow one another, but there is at present no experimental evidence for
this. At the bottom of the sea, however, conditions are complex and
cannot accurately be reproduced in the laboratory, so that it is difficult
to gain exact knowledge of the growth and physiology of mud bacteria
under natural conditions.

In conclusion, the writer wishes to acknowledge the help received from
members of the Station staff at Millport.

SUMMARY.

1. The hacterial content of mud deposits in the Clyde Sea Area has
been investigated.

2. The number of bacteria is found to decrease from the surface down- -
wards.

3. The numbers fluctuate very much in the top mud layers, and there
is some evidence of bacterial zonation.

4. In the deeper mud layers the bacterial content for any given station
is fairly constant.

5. The predominant organisms were found to be water bacteria of the
Achromobacter and Chromobacterium type, and large spore-forming bacilli
similar to common soil bacteria.

6. The factors affecting the bacterial content of the muds are discussed.
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The Vertical Distribution of Marine Macroplankton.
X1 Further Observations on Diurnal Changes.

By

F. 8. Russell, D.S.C.,, B.A,,
Naturalist at the Plymouth Laboratory.

With 7 Figures in the Text.

Ox June 3rd—4th, 1926, a further series of observations was made on the
vertical migrations of plankton animals by means of collections with the
2-metre stramin ring-trawl. Thus, with the observations made on one
night in July, 1924 (1), and on two nights in June, 1925 (2), we now have
data for four nights.

Since so few observations of this nature have been made at sea it seems
desirable that the results obtained on this fourth night should be pub-
lished.

The collections were made in the same way as on the previous collec-
tions and the log, giving full details of conditions at the time of collecting,
has been given in a previous publication (3) in which the behaviour of the
young fisheg is described.

The collections are noteworthy for the very large numbers of animals
caught, catches as large as over 120,000 organisms for a ten-minute haul
being recorded. Swarms of Calanus finmarchicus and Crab zoeas were
chiefly responsible for these high numbers. It is also interesting to record
the presence in the catches at night of numbers of small Portunid crabs
up to about a size of 4 mm. in carapace breadth. Of thirty-eight specimens
examined all were Portunus depurator.® Small Pandalina brevirostris and
Crangonids also migrated at night into layers well above the bottom.
Many of the animals living in the upper water layers in the daytime were
much nearer the surface on the morning of June 4th than they were on
the previous afternoon. This is possibly due to the light intensity being
cut down by the enormous swarms of Calanus and Crab zoeas present on
June 4th ; it has already been shown that many of the young fishes were
affected in the same way (3, p. 833).

On the whole, however, the results are so confirmatory of the other
observations that it is unnecessary to deal with the data as fully as in the
two previous papers, They are therefore here given only in the form of

* Lam greatly indebted to Mr, R. Palmer for the identification of these young Portunids.
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diagrams for the many species (Figs. 1 to 7, pp. 776 and 782) and as a
Table setting out the complete catches of all organisms (Table I, pp. 783
and T84).

ComparisoNn oF Resurts oF Four SEriEs oF COLLECTIONS.

Tt is now possible to compare the results of the four series of collections
and on pages 771 to 775 are given in summary form the types of behaviour
shown by the more important species on the four nights in question,
namely July 15-16th, 1924, June 17-18th, and 18-19th, 1925, and
June 3-4th, 1926.

It must be realised that for most species we are dealing with a mixed
population, composed of individuals of different ages and perhaps sexes ;
this point has been emphasised in a recent publication (4) in which the
behaviour of Sagitta of different sizes is studied. It must also be borne in
mind that, in the method of collecting, the catches from the different
depths have not been made simultaneously (see 2, pp. 81 and 82). We
cannot hope, therefore, to attempt to draw conclusions on the funda-
mental factors controlling the behaviour of the animals. The time has
now come when a number of simultaneous collections must be made in
rapid succession during the hours of changing light intensity at dusk and
dawn, and attention must be given to the behaviour of each stage of
development of the species caught.

Nevertheless these four series of collections have given us a very good
picture of how the larger plankton animals behave as a whole throughout
the twenty-four hours in June and July in the waters off Plymouth.

After a careful study of the available data it is evident that whatever
be the physical and chemical conditions of the environment that control
the behaviour of the animals and provide the necessary stimuli, there
are two factors inherent in the animals themselves which are largely
responsible for the type of distribution shown by any species during the
night, namely :—

1. The depth at which the animal has been living during the previous
daylight.
2. The speed at which the animal is capable of swimming upwards.

In the report on the first night’s observations in 1924 (1, p. 779) the
types of behaviour shown by the different species were grouped under the
following four headings :—

1. Those that definitely migrated to the surface at night from the
deeper layers in which they dwelt by day, showing a very large
increase in numbers on the surface with a corresponding decrease
in the deeper layers.



VERTICAL DISTRIBUTION OF MACROPLANKTON, 769

9. Those that did not show a definite migration to the surface at night,
but merely extended their distribution into the surface layers,
which they avoided by day. In this case a diminution in numbers

. was shown at the region of maximum intensity in the daytime,
so that the distribution from surface to deeper layers was more
or less uniform.

3. Those forms whose daytime_distribution altered little or not at all
at night.

4. Those that showed a movement upwards from the bottom, appear-
ing in large numbers at night at a level about 10 fathoms from
the bottom.

Actually it seems probable now that these groups cannot be separated,
but that one merges into the other and a complete gradation can be
obtained in the different types of behaviour, depending largely on the
depths at which the animals are living in the daylight and the rates at
which they can swim upward. In the present paper the figures giving
the diagrams of vertical distribution for the different species (Figs. 1-7,
pp. 776 and 782) have been arranged in order to give more or less a com-
plete gradation from a species such as Leuckartiara (=Turris) which
migrates rapidly to the surface at dusk, to Mysids and other bottom-living
animals which have time only to reach the layers up to 20 metres below the
surface. Good examples also are given showing how in one group of animals
differencesinactivity willproduce different behaviouratnight. Thediagram
in Figure 6, for instance, shows that Mysids, chiefly Leptomysis gracilis, do
not apparently have time during the night to migrate in numbers above
20 metres, whereas Anchialus agilis, as its name implies, is able rapidly
to migrate right to the surface in considerable numbers (Fig. 5). A com-
parison of these figures with Figures 5 and 6 in the previous publication
(1) shows that in 1924 these two species of Mysids showed exactly the
same difference in their behaviour, the diagrams for the same species
being almost identical. Figure 7, p. 782, shows the behaviour of two
Cumacean species* at night ; Diastylis rostrata, like Leptomysis, did not
appear in numbers above 20 metres, but Bodoiria scorpioides, like
Anchialus, migrated right to the surface. It is interesting to record
as on a previous occasion (1, p. 797) that many of the Diastylis taken
above the bottom at night were females. The young swimming crabs also
were able to mount right to the surface in the dark, whereas the young of
Pandalina brevirostris, like Leptomysis, could not migrate in numbers above

* T am greatly indebted to Dr. W. T. Calman, F.R.S., and Dr. Isabella Gordon for
the identification of these two species as D). luevis Norman (=D. rostrata (Goodsir) in
“ Plymouth Marine Fauna "'} and Bodotria (= Cuma) scorpioides (Montagu) (=C. edwardsi

of Sars’, *Crustacea of Norway ). B. scorpioides is recorded for the first time at
FPlymonth.
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the 20-metre level. Many other examples can also be seen, such as Themisto
gracilipes as opposed to bottom amphipods. It is possible even that
some species, e.g. perhaps Bougainvillea and Steenstrupia, which show
no marked change in their distribution during the night hours, are pre-
vented from doing so by their inability to swim quickly.

A study of pages T71-775, in which the results for the three years are
compared, shows that for a great number of species almost identical types
of behaviour were shown for all three years. For other species differences
were shown, the animals behaving differently in one year from the other
two. In no case did a species behave in a different manner in all three
years. It is noteworthy that the majority of species showing the same
type of behaviour in all three years were those which lived deep down or
very near the bottom in the daytime, and whose depth is limited by that
of the bottom. For animals of this class power of movement may be said to
be almost more of a conditioning factor in their type of distribution at night
than such factors as light intensity. For animals living nearer the surface,
however, daylight may control the ultimate night distribution more, in
that it affects the daytime distribution of the animals, which are not so
limited in the depths to which they descend as are those which normally
live very near the bottom. It is therefore more likely that differences in
behaviour will be shown by those animals living nearer the surface in the
daytime (see 4, p. 404).

Differences in vertical distribution due to season also may affect the
behaviour of the animals ; Tomopteris, for instance, in June lives very
near the bottom in the daytime and its diurnal behaviour consequently
appears very different from that shown in July when they are well up in
the water during daylight.

At the same time the different animals are not all quite consistent in
their behaviour. For instance, it has been shown that Sagitta in 1925
(4, p. 404) was living very near the bottom in the daytime, possibly being
forced down by strong light owing to the clearness of the water, whereas
in 1924 and 1926 Sagitta was well up in the water in the daytime. There
is no evidence, however, that some of the other animals were affected to
so marked a degree. Such phenomena can only be understood when we
have far more observations carried out in greater detail.

A comparison of the four nights shows also that more of the deep-living
animals reached the layers up to the surface in the nights in June, 1925, than
they did on either of the nights in July, 1924, or June, 1926. It seems
possible that owing to the scarcity of plankton animals on the nights in
1925 their passage upward was less impeded by obstructing animals.
The presence of other animals in large numbers must in itself cause
modification of the behaviour to be expected of an animal in perfectly
uninhabited water. Both avoiding reactions and feeding reactions must
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tend to divert an animal from its pure responses to physical and chemical
environmental stimuli.

SUMMARY OF OBSERVATIONS oN Four Nigurs.
Steenstrupia nutans.* 1924, “ No marked vertical movements at night " :
numbers rather low.
1925.  First night—numbers rather low.

Second night : “in the dark there had been a decided movement
into the layers above 20 metres ” : did not extend in numbers much
above 12 m.

1926. No marked vertical movement at night; slightly higher in
water at dawn.

Leuckartiara octona.t 1924, “ By 9 p.m. the majority were caught
above a depth of 10 metres, and at midnight they were taken in
greatest numbers right at the surface.”

1925. ¢ On both nights—but more markedly on the first—there seems
to have been an active migration to the surface itself at dusk, followed
by a downward movement at night in the dark and a further upward
migration at dawn.”

1926. Although the numbers rather point to encountering horizontal
swarms there was a marked migration to surface at dusk, followed
by a descent in the dark and a further upward migration at dawn.
The meduse remained high in the water the following day.

Obelia sp.  1924. “ It cannot be said that there was any marked move-
ment towards the surface at night.”

1925.  “ The catches of Obelia were very small, and appear to indicate
little co-ordinated movement.”

1926. Entirely absent at night : no indication of movement at dusk.
Phialidium sp. 1924, *“ showed no signs of being affected by changes
in light intensity.”
1925. * There appear to be definite indications of an upward move-
ment on the part of these meduse at night.”
1926. No very marked movement at night shown.
Cosmetira pilosella. 1924. it would seem that here is shown a definite

migration to the surface at night.” Numbers rather low : present at
surface at dusk.

1925. On both nights were evenly distributed from sufface downwards
in the dark : no movement at dusk.
1926. Same as 1925.

* All specific names used are those adopted in the Plymouth Marine Fauna, 2nd edition.
1931.  Previously recorded as S. rubra. T =Twrris pileata in previous papers.
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Saphenia gracilis. 1924. *° Present at the surface both at 9 p.m. and at
midnight, and absent from there at other times,” Numbers low.
1925. * the impression gained is that in its diurnal behaviour Saphenia
resembled Cosmetira, except that in the daytime it went possibly
deeper.” .
1926. Resembled Cosmetira in its behaviour, except fewer at sur-
face itself.

Tomopteris helgolandica. 1924. Present in numbers right at the surface
at dusk and at night, but they were already high in the water in the
daytime, when the region of maximum abundance was at about
20 metres.

1925. On both nights Tomopteris appeared in numbers on the upper
layers at dark and dawn, being probably very near the bottom in the
daylight.

1926. Very similar behaviour to 1925, the majority probably living
very near the bottom in the daytime.

Sagitta sp. These have been dealt with separately in another publica-
tion (4), the populations having been divided up into different
size groups. There was, however, a very definite difference in the
behaviour in 1925 from that shown in 1924 and in 1926. This would
seem to be explained by the fact that in the daytime in 1925 the
Sagitta were almost on the bottom, whereas in the other two years
they were well up in the water layers in daylight.

Calanus finmarchicus. 1924. A definite migration to the surface at dusk,
followed by an even distribution from the surface downwards in the

dark.

1925. “ By dusk there had been a marked upward movement in the
water. . . . In the dark they were mostly distributed between the
surface and 25 metres. The movements . . . were not as marked

on the second night as on the first.”

1926. Adult females : Slight upward movement at dusk followed by
fairly even distribution from surface downwards in the dark. Larger
concentration at 5 metres at dawn.

Adult males: Being lower in the water in daytime than the females
hardly any had reached the surface by dusk, and the majority were
still deep in the water at night.

Candacia armata. 1924. Definite migration to the surface at dusk,
followed by fairly even distribution at night.

1925. Definite migration to the surface in the dark, but not at dusk,
as the majority were living very deep down in the daytime.

1926. Same as 1925.
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Mysids : Mostly Leptomysis gracilis.

1924. Appeared in larger numbers at night, but majority did not rise
above 20 metres.

1925. Similar behaviour to 1924 but rather more taken in surface
layers.

1926. Behaviour same as in 1924.

Anchialus agilis. 1924. “ Unlike the other Mysids, which never rose
much above 20 metres from the bottom, this form exhibited a very
sudden migration towards midnight right to the surface.”

1925. Similar to 1924 though fewer at surface and more evenly dis-
tributed.
1926. Behaviour same as in 1924.

Cumaceans. Showed the same type of behaviour in all three years,
appearing only in upper layers at night. It was noticeable that
the Diastylis species, probably D. rostrala, were not caught in
numbers above 20 m. at night, but that Bodotria sp. were able
to reach the surface (see page 769).

Themisto gracilipes.* 1924. “ A marked migration to the surface at mid-
night.”

1925. Very rare.
1926. Same behaviour as 1924.

Apherusa sp. 1924, “ Exhibited no marked movement at night.”

1925. Marked movement on both nights, being evenly distributed
from surface downwards.

1926. Probably same behaviour as 1925, though numbers at night
rather low. '

Bottom Amphipods showed same type of behaviour in all three years,
appearing in upper layers at night only.

Pandalid larve. 1924. “ Did not . . . show any marked change. . . .
There is perhaps a slight tendency to rise at midnight, but the larvee
never appeared in numbers in the surface layers.”

1925. There was a definite indication of an extension into the upper
layers at night.
1926. Rather similar behaviour as in 1924.

Crangowid larvee and post-larve. 1924, Appeared in upper layers at night,
but were still most abundant below 20 metres.

1925. Same as 1924. but larger numbers extending to surface.
1926. Same as 1925.

Phyllosoma larve. 1924, Marked movement right to surface by dusk :

but entirely absent at night.

* Parathemisto oblivia in  Plymouth Marine Fauna.”
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1925. Same as 1924 : still present throughout upper water layers at
night.
1926. Same as 1925.

Galatheid larve. 1924. *° At dusk and at midnight they tended to become
more evenly distributed from the upper layers downwards, but were
at no time very abundant on the surface.”

1925. Upper layers filled up right to the surface at night.
1926. Same as 1925 but not so marked, as they were living higher in
the water in the daytime.

Galatheid post-larve. 1924, Appeared in numbers at night in upper layers,
but still most abundant below 20 metres.
1925. In numbers right to surface itself at night.
1926. In numbers right to surface itself at night.

Porcellana zoeas. 1924.  had spread out by 9.30 p.m. into all layers,
and were still distributed in this manner at midnight.”

1925. * The midnight behaviour on these two nights was apparently
very unco-ordinated, but may possibly have been upset by the
presence of swarms.”

1926. Same as 1924, but more massed in upper layers in dark.

Porcellana post-larve. 1926,  Similar behaviour to that of Galatheid
post-larvee, but rather slower going down at dawn.

Upogebia larve. 1924, “ By 9 p.m. they were present in all layers from
the surface to 30 metres. At midnight by far the majority were
taken on the surface.”

1925. “ By dusk they were extending their distribution up to between
10 and 15 m., and in the dark they were most abundant actually at
the surface.” On second night ““the surface itself was not fully
populated as on the previous night.”

1926. By dusk many had already reached surface, and at night biggest
catch was just below the surface at 4 metres.

Pagurid larve. 1924. * There was a very slight rise at midnight, but no
ncrease in numbers at the surface.”

1925. A very marked movement, the surface layers being filled from
the surface downwards at night.

1926. Definite extension into surface layers at night.

Pagurid glaucothoé. 1924. *° At midnight they were taken on the surface,
but in greatest numbers at 20 and 30 metres.”

1925. “ In the dark they moved up into the upper water layers as far
as the surface itself, though the largest catches were still below 25 m.”

1926. Same behaviour as 1924.



VERTICAL DISTRIBUTION OF MACROPLANKTON, 775

Crab zoeas (mostly Portunids). 1924. * Extending into the upper
layers and surface at dusk and midnight.”

1925. ““ A considerable increase in numbers in the layers above 15 to
20 m. on both nights, an increase which was pronounced also at the
surface itself.”

1926. Same as 1924,

Crab megalopas (mostly Portunids). 1924. “ At midnight . . . appeared
on the surface in large numbers, being distributed from top to bottom.”
1925. A marked movement to the surface in the dark on both nights.
1926. A marked movement to the surface in the dark. Although at
the surface in the daylight they were mostly below 10 to 15 metres

at dusk.

SUMMARY.

1. Details are given of the results of a series of hauls with the 2-metre
stramin ring-trawl fished at six different depths in daylight, at dusk, in
the dark, at dawn and again in daylight on June 3rd—4th, 1926.

2. A comparison is given of the results obtained on the four nights
July 15-16th, 1924 ; June 17-18-19th, 1925, and June 3rd—4th, 1926.

3. The importance is stressed of the effects on the type of behaviour
shown by any animal produced by the depth at which it is living in the
daylight and the speed at which it can swim upwards.
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NOTES ON TABLE I.

SERIES 1.

Leuckartiara octona. At surface and 4-25 m. in first daylight series these were all small
medusa ; the larger medus® being in the deeper layers.
Tomopteris helgolandica from surface, 4-25 and 10-75 m., were all in a damaged state.
Nyctiphanes. Series one—all juvenile.
Mysids were very small stages.
SERIES 2.

Crab zoeas. Surface and 4-4 m. Mostly very small specimens.
Galatheid 1. Surface, small.

Porcellana zoea. Surface, small.

Pandalid 1. 44 m. Very small.

Crangonid 1. 4-4 m. Very small.

Hyperiid at surface = H. alba.

Nyctiphanes. All juvenile.

SERIES 3.

Leuckartiara octona. Surface. Small.
46 m. Half small.
12:3 m. Most small.
11 m. Small.
rest=some small.
Young Portunids. Thirty-eight examined at 25-9 m. by R. Palmer=
all F. depurator.
Young crangons up to 15 mm. long. At 25-9 there were two and at 35 m. three Philoceras
bispinosus in berry 12 and 15 mm. long.

SERIES 5.
Leuckartiara octong, Surface to 10 m. Many small: larger deeper.
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Clione limacina in Plymouth Waters.
By
Marie V. Lebour, D.Sec.,
Naturalist at the Plymouth Laboratory.

With Plates T and I1.

TuE pteropod Clione limacina (Phipps), now regarded as one of the tecti-
branchs, occurs at times in the neighbourhood of Plymouth. In 1930,
however, it was extraordinarily abundant, especially in the summer, and
was breeding freely. Although not specially recorded it has been seen
singly or in small numbers in almost any month of the year, and for some
vears the eggs and larvee (not recognised at the time as belonging to Clione)
have been seen in summer. So far it is known from the British coasts in
the North Sea and the west and extreme south-west of England. Its
distribution, as known up to 1908, is given fully for the area of Inter-
national Fisheries Invest'gations by Paulsen (1910). There it is shown
that it is an Arctic-boreal species, spreading southwards nearly to the Bay
of Biscay, which is about its southerly limit. It is known to occurin the
northern and mid North Sea, but not in the southern North Sea, and at
that time was only recorded from the Channel in the extreme west. It
is also common in the Atlantic. Paulsen was led to infer that Clione
limacina did not enter the North Sea from the Channel, but its prevalence
sometimes at Plymouth shows that it can come a long way up the Channel
and, as few samples are taken to the east and in the southern North Sea,
this view should be carefully reconsidered. It was also thought that the
presence of Clione limacina indicated Atlantic water, but as it may be
found in almost any month and breeds at Plymouth in summer, and as its
large numbers do not specially coincide with any influx of Atlantic water,
1t seems more reasonable to suppose that it is a permanent member of the
Channel plankton.

Paulsen (op. cit.) thinks that the nets used are too small for Clione, but
at Plymouth the larvee may be found in the finest tow-nettings (180
strands to the inch). It is perhaps more probable that the small larvee,
if present, are not generally recognised. At Plymouth the larva have been
found in the tow-nettings of any mesh, and the adults in medium and
course tow-nettings and in the ring-trawl.
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Clione limacina usually occurs with Limacina retroversa, on which it
probably feeds, as the usual food in Arctic waters is Limacina arctica, a
closely related species. It also feeds on other plankton organisms, being
extremely voracious and armed with powerful hooks, strong radula,
tentacles, and head-cones. Tt is itself economically important, for not
only does it form an important food for whales in Arctic waters, but is
also largely eaten by mackerel and herring. Hardy (1924) states that in
the North Sea Clione limacina, although of much less importance than
Limacina, was taken in fair numbers in the summer of both 1922 and 1923
and formed about 0-21 per cent of the total year’s food of the herring.

M’Intosh (1898) has described the late larvee in various stages from
St. Andrews Bay, all of which agree well with the Plymouth specimens.
He shows that the southern examples are much smaller than the Arctic
forms. Paulsen (op. cit.) is of the opinion that the Arctic form and the
more southerly form are two distinct races. The Plymouth specimens are
mature at 4 or 5 mm., the largest reaching to 12 mm. ; even at 3 mm. they
may contain quite large eggs. M'Intosh’s largest specimen measured
12 mm. The Arctic form reaches 40-41 mm. In support of Paulsen’s
view it is found that there are many more teeth in the radula of the adult
Arctic form. The usual formula is 14-1-14 or 13-1-13, the side teeth being
less in the younger individuals and gradually increasing with age (Pel-
seneer, 1886). In the Plymouth form the formula is 4-1-4 or 3-1-3 for
all adults examined, ranging from 4 to 10 mm. in length. In no case have
more than 4 side teeth been found. Thus the adults of the southern
form have a radula formula similar to the young of the Arctic form.
Another difference is the colour, which is much less intense than in the
Arctic form, the hermaphrodite organ being a pale pinkish yellow instead
of the brilliant orange-red of the Arctic form. It appears thusthat we have
truly a southerly form of Clione limacina differing from the northern form
in size, radula formula, and colour.

In the Arctic regions Clione limacina spawns in shallow water ; in the
Atlantic it spawns in the open sea. So far the breeding habits of the
southern form have never been described.

Clione limacina may occur at Plymouth in any month of the year. The
largest specimens have been seen in February and March and in August.
The greatest number were seen in the summer of 1930 when all through
June until the middle of August they were abundant, adults, young, and
eggs were to be found in the plankton both from the outside waters and
inside the Sound. Mr. O. D. Hunt notes that it also occurred abundantly
in the neighbourhood of the River Yealm, going up the river, and that they
teached 10 mm. in length. They were not seen to breed except in the
summer months and at this time nearly every individual from 3 mm. in
length carried eggs. If one of these laid eggs in a bowl, more eggs were seen
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inside, indicating more than one brood. Moreover, development takes
place very quickly, and probably only a few months are needed for quite
a large size to be attained. It is very likely that those eggs laid n the
summer vield mature animals the following summer.

If placed in a bowl on the Laboratory bench the mature individuals
will nearly always lay eggs overnight. From these eggs some of the larve
were reared until the stage in which the shell was lost and the three
circlets of cilia were formed.

The later larvee of Clione limacina have often been deseribed, but the
younger larvae which are provided with a shell are not so well known,
although very young larvae of other species of the Clionidee have been
briefly described (Krohn, 1860). From the work of Fol (1875) we know the
general form of the spawn of various pteropods, which appears to be of the
same character in all species, both thecate and naked. The eggs are
minute and laid in a perfectly transparent gelatinous ribbon, which is
sometimes free and sometimes entangled in any light hairy object which
may be floating in the plankton. There seems to be no reason to think, as
Paulsen (op. cit.) has suggested, that they are laid on the bottom, for the
eggs of both Clione and Limacina frequently appear in the plankton at
Plymouth. The eggs are placed in the gelatinous ribbon at regular
intervals, arranged differently in the different species, and are themselves
perfectly transparent and begin to develop when only a few hours old,
emerging as larvee, with or without a shell according to the species.

Clione limacina has been described many times, the chief works being
those of Eschricht (1838), Souleyet (1852), Boas (1886), Wagner (1885),
Pelseneer (1886) and Meisenheimer (1906). All these treat mainly of the
purely Arctic form. M’Intosh’s (op. cit.) description of the southern form
from St. Andrews Bay shows the differences between the two.

The eggs of Clione limacina are laid in a clear oblong or square gelatinous
mass, sometimes more elongated, the matrix being very elastic and catch-
ing in any light obstacle which may be floating about. A typical mass
may measure about 1 mm. to 1-2 mm. across, the perfectly colourless eggs
being scattered about irregularly, of an oval shape, and measuring about
0-09 mm. by 0-08 mm. (Plate I, Figs. 1 and 2). In two or three days the
larvee emerge. The newly-hatched larva has a thimble-shaped shell,
usually slightly irregular, measure about 0-15 to 0-16 mm. in length and
0-11 mm. in breadth. The shell ig very thin and perfectly transparent,
slightly pointed at the end, with the mouth widening a little. The larva
is fixed to the shell by longitudinal muscles reaching from near the tip
to the mouth of the shell (Plate I, Figs. 3, 4, 5). There is a well-developed
bi-lobed velum edged with large cilia and a ridge below edged with small
cilia, the two forming a groove to the mouth. The whole animal, including
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the velum, is capable of complete retraction into the shell. The beginning
of the foot sticks out between the velar lobes and is ciliated all over,
stomach, intestine, and liver are seen and there are two conspicuous
otoliths. The larva grows rapidly ; two or three days after hatching the
shell has inereased in length to about 0-18 mm. and the margin of the shell
is finely striated longitudinally (Plate I, Fig. 6). The velum projects far
out of the shell when the animal is swimming. In the next few days the
shell rapidly increases, very soon almost doubling its original length. It
has now reached the maximum size (Plate I, Figs. 7-8). Spicules can be
seen lining the stomach and in it remains of food. The larve in the bowls
were given a pure culture of Nitzschia and the spermatozoids of Fucus,
but the food inside the stomach was not usually recognisable. The
dinoflagellate Prorocentrum micans was once seen in the esophagus of a
larva which had lost its shell. There is strong ciliation down the intestine,
wsophagus, and round the mouth region. The shell now disappears. It
was not possible to be certain whether it was cast off or absorbed, but it is
probable that it was cast off, as empty shells were found in the bowl.
There are now three circlets of cilia round the larva, one at the neck, just
below the velum, one near the centre of the body, and one at the hind end
(Plate I, Fig. 10; Plate II, Figs. 1-6). The whole body is covered with
very fine cilia. Beginnings of the radula can now be seen and the tentacles
and head-cones begin to form ; the foot shows a small hind lobe and the
velum very soon disappears. The larva were reared in the finger-bowls
until the disappearance of the velum when they were 17 and 18 days old
and measured about 0-32 mm. in length. After this they died. They were
still quite colourless and transparent. Larvee were then collected from
the plankton, the earlier stages corresponding exactly with those reared
in the bowls. From this stage onwards the internal organs gradually
move forward so that, as has been noted by many workers, in the adult
they occupy only the fore part of the body, leaving the hind part for the
developing ova. Larve from the plankton slightly older than those
reared in the bowls and measuring 0-48 mm. in length had head-cones,
tentacles and hooks well developed, the radula present, the wings
beginning to form behind the foot ventrally (Plate I, Fig. 11). The liver
and intestinal mass has begun to move forward. At about 0-9 mm. to
2 mm. the wings are still more developed and at 2 mm. they may project
well beyond the sides of the body. Whilst they are developing the ring
of cilia at the neck becomes irregular as it is interrupted ventrally by the
foot and wings. At 2 mm. the intestinal mass lies almost entirely in front
of the middle ring of cilia (Plate 11, Figs. 1-6). At 2-8 mm. all the cilia
may have disappeared and the wings are well developed, the penis showing
at the right side. The last row of cilia may however persist even when the
animal is breeding. In a specimen 3 mm. long all the organs are formed,



CLIONE IN PLYMOUTH WATERS. 789

and it may now lay eggs. One specimen, 2-8 mm. long, had eggs nearly
ripe occupying the hind end of the body (Plate IT, Fig. 7) and one of 3 mm.
laid eggs in the Laboratory. Fol (op. cit.) notes that a young Clione
aurantiaca Fol. from Messina which still retained the last ring of cilia was
full of eggs. Pelseneer (op. cit.) suggests that this is Clione flavescens.
The animals have gradually been acquiring red and orange pigment in
parts, and although the adult is fairly transparent it is much less so than
in the young stages. The head end is bright orange-red, especially the
head-cones and tentacles and round the mouth, also orange-red at the
extreme hind end, the penis being pinkish yellow. The liver which
surrounds the intestinal mass is dark brown and very conspicuous, the
gonad sometimes pinkish yellow or sometimes colourless and the wings
a pale pink.

In 1930 Clione was unusually abundant in the neighbourhood of
Plymouth, but it had also been noticed in fair numbers, though not
specially recorded, in the previous years. In 1931, however, it was not
seen after January until late in August, when it was plentiful in the
outside grounds. It is evidently irregular in its appearances. The
following records from 1930 to September, 1931 (when it was last seen),
are given, showing that it has been observed every month during one
year :—

1980. January, February, March, April, May—in ring-trawl, from out-
side, fairly large specimens, especially in February. In tow-nettings
occasionally both inside and outside Sound.

June. Abundant all through the month. Many adults and young,

especially from outside. Eggs just seen in fine tow-net from W. of Eddy-
stone on June 30th.

July. Eggs, young of all ages, and adults very plentiful, inside and
outside. On July 17/18 one specimen of 4 mm. laid eggs during the night
in a finger-bowl. Many more did the same all through July.

August. Many in early part outside and inside, eggs, young and adult,
gradually dwindling, very few in latter part.

September. Very few. A few still breeding.

October 28th. One 1-9 mm. long, with hind circlet of cilia, from beyond
Eddystone.

November 6th. One with 3 circlets of cilia, from outside. November 17th.
Two with 3 circlets of cilia, 4 miles south of Penlee. November 21st. One
larva with 3 circlets of cilia. Between New Grounds and Breakwater.

December 3rd. Three larve with 3 circlets of cilia, off Eddystone.
December 4th. One with 3 circlets of cilia, off Rame. December 18th.
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Three with 3 circlets of cilia, from Sound. December 19¢h. Two with 3
circlets of cilia, off Mewstone.
1931, January 19th. Two with 3 circlets of cilia, off Mewstone.
August 25th. A few mature specimens and one larva with 3 circlets
of cilia, outside Sound. Some laid eggs in the Laboratory which
hatched.
26th. About 150 mature specimens and many larve from
Station E 2 between Eddystone and Ushant.
28th. A few adults, one larva with 3 circlets of cilia, near
Eddystone. Two larvae from inside the Sound.
September 3rd. Many adults and larve with 3 circlets, near Eddy-
stone.
9th. A few adults and larve, near Eddystone.
16th. Two adults and a few late larvee, near Eddystone.
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KEY TO FIGURES,
(Beale B is 6 times the scale of A.)
Prate I. (Fig. 1 Scale A., 2—11 Scale B.) Clione limacina.

Fia. 1.—Ribbon of eggs, laid in finger-bowl, 30.6.30.

Fie. 2.—Egg a few hours old, 0-11 mm. long.

I'ie. 3.—Empty shell of newly hatched larva, 0-14 mm. long.

Fra. 4.—8hell of newly hatched larva with animal retracted, 0-16 mm. long.

Fre. 5.—The same, side view, swimming.

Fic. 6.—Young larva, five days old, reared in Laboratory, 0-32 mm. long.

Fia. 7.—Empty shell of larva 12 days old, reared in Laboratory, 0-28 mm. long.

Fie. 8.—Larva 14 days old, reared in Laboratory, 0-38 mm. long.

Fie. 9.—Larva 16 days old, reared in Laboratory, having lost its shell, 0-35 mm. long.
Fie. 10.—Larva 18 days old, reared in Laboratory, having lost its velum, 0-32 mm. long.
Fre. 11.—Larva from plankton, 0-48 mm. long, side view.
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Prare II. (Seale A.) Clione limacing from plankton.

Fig. 1.—Larva 0-96 mm. long, side view.

Fie. 2.—Larva 1 mm. long.

Fie. 3.—Larva 1-44 mm. long, ventral view.

Fig. 4—Larva 1-6 mm. long, side view.

Fia. 5.—Larva 2 mm. long, dorsal view.

Fro. 6.—Larva 2 mm. long, ventral view, older than Fig. 6.
Fie. 7.—Larva 2-8 mm. long, with developing eggs.

Fic. 8.—Head of adult showing radula protruded.
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The Larval Stages of Nassarius reticulatus and
Nassarius incrassatus.
By

Marie V. Lebour, D.Sc.
Naturalist at the Plymouth Laboratory.

With 3 Figures in the Text and Plates 1-V.

THE two species of Nassarius (usually known as Nassa), N. reticulatus and
N. incrassatus, are both common at Plymouth. N. reticulatus, the larger
species, occurs from low water usually to a depth of a few fathoms,
more rarely from the waters outside the Breakwater, N. incrassatus
occurring between tide-marks and extending into deeper water, even to
46 fathoms.

The egg capsules of both are well known. It is necessary, however, to
modify a general statement present in most popular molluse and natural
history works (for instance, Cooke, 1895, p. 125), quoted by Flatteley
and Walton (1922, p. 272), that ““ Nassa reticulata lays egg capsules in
shape like flattened pouches with a short stalk. . . . Nassa incrassata
deposits solitary capsule