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FILTERING, FEEDING, AND DIGESTION IN
THE LAMELLIBRANCH LASAEA RUBRA

By Dorothy Ballantine

The Plymouth Laboratory

and J. E. Morton
Department of Zoology, Queen Mary College, University of London

(Text-figs. I-II)

Lasaea rubra is the smallest and commonest of Plymouth bivalves. It is
intertidal on rocky shores, often in immense numbers, in crevices and other
protected places, and in Pygmaeapumila (Colman, 1940).This bivalve is an
excellent laboratory animal. It remains fully active for several days under
laboratory conditions, and a large number of animals can be used in a single
experiment, eliminating the variations in activity found when dealing with a
few, or single.specimens of larger animals. Because of the relatively high
position Lasaearubramay occupy on the shore its feeding cycle is broken by
regular dry periods at each tide. Thus, for experiments relating to periodicity
in feeding,we have an animalwhosetimes of feeding can easilybe ascertained
and experimentallyvaried over a wide range. Lastly, in makingserial sections
and in examiningtotal gut contents, in work on the digestivesystem, the small
size of the animal is of obvious advantage.

The present paper is devoted to an account of filtering rates with various
food organisms, variations in filtering activity and the relation of filtering to
feedingand digestion. Further work hasbeen completedby oneofus(J.E.M.)
on the mechanism of digestion and the cycleof activity of the digestivegland,
and experiments are in progress on respiration during submersion and
exposure.

We record our special thanks to Dr Mary Parke, botanist at the Plymouth
Laboratory, for making availablethe unialgal cultures of the organismsused,
and for her invariable kindness and sound advice. One of us (J.E.M.) has
been the holder of a University of London Table at the Plymouth Laboratory,
and both of us are grateful to the Director and staffof the Laboratory for many
kindnesses. In particular, Dr H. W. Harvey, F.R.S., allowedus the frequent
use of his absorptiometer, and gave us great encouragement throughout the
work, while Dr B. C. Abbott gavevalued assistancein discussionand evalua-
tion of results.
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METHODS

Specimens of Lasaea ruhra were collected on the day of each experiment from
the limestone rocks below the Hoe bathing pool, in front of the Plymouth
Laboratory. To ensure the sampling of a constant population, collections were
made, except where otherwise stated, from as nearly as possible the same
group of crevices on an outcrop of rocks 18 in. to 2 ft. below the upper limit
of Chthamalus stellatus. The animals were used as soon as possible after
collection. In experiments on filtering rates a group of twenty animals was
selected for each experiment and placed in cultures of micro-organisms, in
optical glass cuvettes supplied by the Tintometer Co. Ltd., Salisbury. Six
such vessels were used in sets of replicate experiments, each containing 3' 5 mI.,
with an optical depth of 20 mm. The unialgal cultures employed as food were
grown in Erdschreiber (enriched sea water) medium, and it was found that
Lasaea rapidly resume normal behaviour in this medium, aggregating in a
cluster at the bottom of the cuvette and attaching to each other by byssus
threads, with foot and siphon extended (Fig. I). At this stage normal filtering
activity was assumed to have begun. With practice in selection, the eye could
pick out samples of Lasaea rubra conforming closely to a standard size dis-
tribution (Fig. 2A).

Filtering rates were determined by the measurement of the optical density
of the medium by means of a Harvey absorptiometer, constructed as described
by Harvey (1948). The chief modifications introduced were those outlined by
Spencer (1954) for use with micro-organisms. After a series of density-
dilution comparisons (see Fig. 2B) the concentration of organisms was taken
to be directly proportional to log optical density. Experiments were continued
for periods of 6-8 h, and readings of the optical density of the cultures were
taken at intervals. An adaptation period of the first hour was allowed, and the
rate of filtration was then calculated from the first to the fourth hours. In the

experiments using Arenicola haemoglobin, measurements were made on the
Dnicam spectrophotometer.

In experiments where filtering, feeding and digestion were compared it was
not possible to allow the animals to adapt themselves to experimental condi-
tions for the first hour. In these experiments measurements were made of
the amount of Phaeodactylum tricornutum filtered, the amount extruded as
pseudofaeces, the amount ingested and the amount digested. In order to do
this four experiments were set up and one was discontinued every half hour.
After the period of filtration, optical density was measured in order to calculate
the quantity of Phaeodactylum filtered, 3 mI. of the supernatant culture was
then removed, and the remaining 0'5 mI. containing the pseudofaeces was
then brought up to the original volume by the addition of 3 mI. of filtered sea
water. A second reading of optical density was then made, which-after
correction for the 0'5 mI. of supernatant culture left-gave the quantity of
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Phaeodactylum in the pseudofaeces. In each experiment the difference between
the amount filtered and the amount recovered as pseudofaeces was taken to
represent the fraction removed by ingestion. This difference was found in
practice to be too small to measure accurately by the absorptiometric method.
Gut contents were therefore measured directly by the quick dissection of two

1 mm

Fig. I. A group of Lasaea rubra, attached together by byssus threads in the normal manner.
The inhalant siphon and the foot are extended, and the arrows show the directions of
inhalant water currents.

40 60
Dilution (%)

Fig. 2. A: size distribution in mm of a typical group of 20 Lasaea rubra, selected in experiments
on filtering rates. B: the relation between dilutions of a culture of Phaeodactylum tricornutum
and the scale of optical density on the Harvey absorptiometer.
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animals from each cuvette, on dry slides under a binocular microscope. The
full stomach, and as much of the intestine as contained faeceswas isolated and
opened, so that the total contents were shed upon the slide. Remains of tissue
were as far as possible removed and the total gut contents taken up in 0'2 m!.
of filtered seawater. The concentration of Phaeodactylumcells was then esti-
mated by haemacytometercounts, a measure being thus obtained of the total
number of organisms ingested, and of the proportion of intact, undigested
cells, and of' ghosts' constituted by the thin walls of empty, digested cells.
(The proportion of 'ghosts' in the original culture was found for present
purposes to be negligible.)

In experiments using mixed suspensions the proportions of the various
constituents of the suspension were measured by haemacytometer counts
before the experiments and either the supernatant culture, pseudofaeces or
stomach contents were againcounted at the end, in order to determinewhether
any selection in feeding had occurred.

RESULTS

In the series of experiments on filtering rates a large number of results were
obtained with Phaeodactylum tricornutum (Table I). Phaeodactylum was
selected for this purpose because it was both readily available in culture and
acceptable to Lasaea. After the first hour filtering was usually continued at a
more or less constant rate for 6 or 7 h, and Fig. 3 shows curves for a typical set
of six experiments. Filtering rates were calculated from optical density by
applying the formula

Pt=PO exp [- :r tJ
used by J0rgensen (1949).1 Initial optical density at I h was corrected to 500,
and the fall in 3 h was calculated from the corrected 4 h reading, using 3' 5 m!.
of culture and a group of 20 animals in each cuvette. Thus, m, equalling the
volume in mI. of water filtered by 20 animals in I h, was calculated as 2'684
(2'699 -loglo corrected optical density after 3 h).

The effects of temperature on the filtering rate with Phaeodactylum are
expressed in Fig. 4. It may be considered that temperature changes will exert
an effect on the direct rate of current flow (see Gray, 1928) rather than on the
efficiency of filtration by the gill; but Fig. 4, which is closely comparable with
Galtsoff (1928, p. 23, fig. 8), suggests that the measurement of filtration rate
gives a reliable measure of current flow. The scatter is widest in the experi-
ments at the lower temperature range, where the behaviour of the bivalves
was least predictable.

1 M =quantity of water in cuvette; m =quantity of water filtered; Pt and Po are the con-
centrations of suspended material at times t and 0 respectively.
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TABLE I. FILTERINGRATES OF LASAEA RUBRA WITH PHAEODACTYLUM

TRICORNUTUM

(Each value represents the volume filtered in ml./h, over 3 h by 20 animals,
at room temperature.)

Filtering rates for 20 animals

0'403,0'681,0'513, 0'786
0'9162, 0'2203, 0.6764, 0.8758, 0'450, 0'952, 0'543, 0'471, 0'550,

0'339, 0'963, 0'698, 0'380, O'3II, 0'212, 0'339, 0'260, 0'499,
0'189

0'565, 0'565, 0'963, 0'612, 0'680, 0'754, 0'456, 0'745, 0.804, 0'499,
0'492, 0'488, 0'715, 0'664, 0,644, 0'506, 0'496, 0'715, 0.685,
0'676

0'364, 0'308, 0'419
0'406, 0'536, 0'399
0'4744, 0'9212, 0.809, 1'435, 0'628, 0.847
0'795,0'754,0'524,0'577, 1'469,0.8179
0'3672, 0'6396, 0'9162

Set of experiments
I
2

3
Time in hours

Fig. 3. Six curves showing the filtering rates of sets of 20 Lasaea rubra in Phaeodactylum, in
a typical series of experiments over 5t h. It is suggested that the highest rate (Expt, 6)
approaches the value likely to be achieved by continuous filtering by all the animals
during the whole experimental period. The scatter points show the end values of optical
density in a further series of twenty experiments, all values being determined with reference
to an initial base line of 500 absorptiometer units.
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Comparisonwith otherLamellibranchs

A pumping rate of I ml.jhj2o animals at 15°C is cited in Table II for
Lasaea rubra as being typical of the higher rates obtained with groups of
mainlyadult animals,sampledas in Fig. 2A.Table II summarizesthe informa-
tion on the filtering rates for other lamellibranchs.Verwey (1952,pp. 193-4)
gives a useful review of what has already been published on this subject.
Filtering rates are produced by comparison of the volume of water filtered by
one animal with the volume by displacement of the total animal with shell
closed.

Filtering Rates with other Organisms

Table III gives the list of organisms employed for comparative experiments
on the filtering rate of Lasaea. Each was presented in unialgal culture at or
slightly below the concentration of the laboratory culture, and the filtering
rates obtained are shown in Table IV and Fig. 5, to which the range of values
for experiments with Phaeodactylum has also been added for comparison.

As can be seen from Table IV a striking variation appeared in the filtering
rates with various organisms, in particular with Gymnodinium veneficum, in
which no sustained filtering is observed at all, and which has been shown to
be toxic to fish, other molluscs (Ballantine, unpublished) and Hemimysis
lamornae (Bainbridge, 1953, p. 393, as Gymnodinium II). Experiments were

TABLE II. COMPARISON OF THE FILTERING RATE OF LASAEA RUBRA

WITH OTHER LAMELLIBRANCHS

Estimated Vol. water
mean volume filtered in

Rate of filtering of single I hjvolume Temp.
Species Author (mljh) animal of animal CC)

Lasaea rubra (sample - I m1. approx. 1'2 mm3 42 15-16
as in Fig. 2A) (for 20 animals)

By direct method
Ostrea virginica Loosanoff & Nomejko 13,000 to 20,000 100 em3 130-200

(1946)
O. virginica Galtsoff et al. (1947) 6,000 to 12,000 100 cm3 60-120
O. virginica Galtsoff (1928) 3,900 (max.) 100 em3 39

Immature and growing animals-indirect method
Mytilus edulis (15 mm) J0rgensen (1949) 160 0,8 em3 200 17-20
M. edulis (30 mm) J0rgensen (1949) 750 5 em3 150 17-20

Mature animals-indirect method

M. edulis (48 mm) Willemsen (1952) 1,100 19 em3 58 12-15
M. edulis (67-69 mm) Willemsen (1952) 1,700 30 em3 57 12-15
M. edulis (77-80 mm) Willemsen (1952) 1,900 40 em3 47 12-15
M. californianus Fox, Sverdrup & Cun- 1,400 38 em3 35 20-23

(74 mm) ningham (1937)
Cardium edule Willemsen (1952) 500 c.23 em3 22 17'3-

(30-40 mm) 19'5
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therefore carried out on the effect of pre-treatment with G. veneficum on the
subsequent filtering rate in Phaeodactylum. When placed in the toxic culture
the Lasaea fail to aggregate or to put out the foot and siphon, but in spite of this
shell-closure some of the toxin (which is present both in the cells and the

TABLE III. PHYTOPLANKTONIC ORGANISMS USED IN EXPERIMENTS ON

FILTERING RATES OF LASAEA RUBRA
Plymouth

culture no.

85
90
B
28

103-

102
I
87

104
100

97

Organism
Chlorella stigmatophora Butcher
Chromulina pusilla Butcher
Dicrateria inornata Parke
Exuviaella baltica Lohm.
Gymnodinium veneficum nom. provo

Ballantine
G. vitiligo nom. provo Ballantine
Isochrysis galbana Parke
Nannochloris atomus Butcher
Peridinium trochoideum (Stein) Lemm.
Phaeodactylum tricornutum Bohlin

(=Nitzschia closterium f. minutis-
sima of Allan & Nelson)

Prorocentrum micans Ehr.
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Hours required to remove 25 % of

the suspended matter

Fig. 4. The relation between filtering rate of Lasaea in Phaeodactylum and temperature.
Filtering rate is expressed inversely as the time required (in hours) to remove 25 % of the
suspended food under the experimental conditions. (Cf. Galtsoff, 1928, fig. 8.)

0 8

Classification Cell size (fL)

Chlorophyceae 2'5-4'5
Chrysophyceae 1-2
Chrysophyceae 3-5"5
Dinophyceae 9-15
Dinophyceae 9-19

Dinophyceae 7-18
Chrysophyceae 5-6
Chlorophyceae 2-3
Dinophyceae 20-30
Chrysophyceae 20-40

Dinophvceae ,\0-40
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supernatant water) must enter the mantle cavity,and the extent of the retarda-
tion of subsequent filtering is roughly proportional to the duration of contact
with the toxin (eventually nearly all animals appeared to recover). On re-
moval from the toxic culture the experimental animals were washed for
30 min in several changes of filtered sea water, and full activity of foot and
siphon was observed before placing them in Phaeodactylumculture. Control

experiments were carried out with animals in sea water for a period equal to
the exposure to Gymnodinium. Table V and Fig. 6 show the results obtained
in these experiments, and Fig. 7 shows the end-points, referred to a base-line
of 500 units of optical density, in two series of experiments and controls.

FilteringEfficiency
In dealing with the filtering efficiencyof the gill, and the problem of the

presence of a mucous sheet over the gill aiding in the retention of minute
particles, several lines of approach were used. In sections of Lasaea rubra

TABLE IV. FILTERING RATES WITH VARIOUS ORGANISMS CALCULATED

OVER A 3 H PERIOD

(Expressed as ml.jhj20 animals)
A

Average rate,
calculated from
mean density

Expt. no. Organism (see Table III) Rates for separate experiments decrease
1-6 Chlorella stigmatophora 0'481, 0'426, 0'377, 0'326, 0'346

0'263, 0'226
7-12 Chromulina pusilla 2'120, 1'515, 1'490, 1'490, I0'910, 0,888

1'02713-18 C. pusilla 0'860, 0,840, 0'766, 0'550, J0'487, 0'403
19-24 Dicrateria inornata 0'449, 0'416, 0'294, 0'246,

}
0'270, 0'246 0'443

25-28 D. inornata 0'880, 0'643, 0'502, 0'491
29-34 Exuviaella baltica 1'184, 0'994, 0,870, 0'860, 0'902

0'814, 0,814
35-40 Gymnodinium veneficum No filtering -
41-46 G, vitiligo 0,606, 0'426, 0'374, 0'370, 0'384

0'366, 0'223
47-52 Isochrysis galbana 2'181, 1'562, 1'338, 1'298,

}
0'688, 0'595 1'171

53-55 I. galbana 1'150, 0'941, 0'785
56-61 Nannochloris atomus 0'436, 0'374, 0'354, 0'314, 0'343

0'297, 0'296
62-67 Peridinium trochoideum 0'492, 0'320, 0'192, 0'139,

1
0'176,0'097

r
0'293

68-70 P. trochoideum 0'492, 0'387, 0'342
71-76 Prorocentrum micans 1'129, 1'129, 1'129, 1'068, I0'860, 0'524 1'07977-81 P. micans 1'365, 1'359, 1'230, 1'198, J0'780



Fig. 5. The range of filtering rates exhibited by Lasaea rubra in all experiments with Phaeo-
dactylum (Table I), and with the various organisms listed in Table III. The horizontal
line on each range of values indicates the average filtering rate with that organism.
Gymnodinium veneficum is omitted, as showing no measurable filtering rate in any
experiment.

filtering' Aquadag' no mucous covering could be detected by these staining
methods.

Lasaea has also been shown to filter organisms and particles of size ranging
from I to 5° fL (i.e. from Chromulina pusilla, marine bacteria and' Aquadag'
to particles of 'Kieselguhr'). In general, the size of the organism, like the
concentration of the suspension,appeared to haveno correlatableeffecton the
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stained with AIcian blue (see Steedman, 1950), or with mucicarmine or azan,
mucous glands could not be detected in the epithelium of the filaments.
This evidence is admittedly open to the objection that the contents of
glands actually present might have been discharged during feeding immediately
prior to fixation, but even on the gills of animals fixed while actually
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TABLE V. EFFECT OF PRETREATMENTWITH GYMNODINIUM VENEFICUM

(Filtering rates of Lasaea rubra in Phaeodactylum tricornutum,)

Filtering rate (ml.jhj20 animals)
A

6
Time in hours

Fig. 6. The effect of pretreatment with Gymnodinium veneficum on the subsequent filtering
rate of Lasaea in Phaeodactylum. D-D and 0- - -0 are curves for control experi-
ments; I:8J~ and EB-- -EB for animals pretreated for 2 h in Gymnodinium; and
.-. and8- - -e for animalspretreatedfor 10h.
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5 h in Gymnodinium 20 147'8 15'2 0'411 0'644 0'243
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in 10 h

3 10 h in Gymnodinium 6 189 41'43 0'166 0'189 0'104
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filtration. This would indicate a high degree of filtering efficiency of particles
down to 1fL size.

With marine bacteria suspensions (Fig. 8) some filtration occurred in the
first 20 min, but later ceased, probably because of lack of oxygen, and the
possible toxicity of the bacteria themselves.

.,
~400>'-
~.,
E
0

.~ 300
~

J:>
<I:

500

200

Fig. 7. The fall in optical density in 3 h of Phaeodactylum culture (from an initial base level of
500 absorptiometer units) in experiments using Lasaea TubTa pretreated for 5 h with
Gymnodinium veneficum, as compared with controls using Lasaea TubTafrom sea water.
The horizontal line on each range is the average for that range. Two sets of experiments
are recorded, and the higher level of the values obtained from Wembury is to be
attributed to the use of animals larger than the average experimental size illustrated in
Fig. 2A.

In addition to experiments using colloidal graphite (' Aquadag' 'c' and
Graphite's '), which gave rather variable results, work was carried out based
on the results of J0rgensen & Goldberg (1953) on the removal from suspen-
sions, by the gill of Mytilus and Ostrea, oflarge protein molecules of vertebrate
haemoglobin, and Haliotis and crab haemocyanin. The greatest retention
(25%) was obtained by J0rgensen & Goldberg with crab haemocyanin, with
less than 10% retention in the other experiments. It was suggested that
filtration by, or adsorption on, a mucous sheet was responsible for the uptake
of these large molecules. Parallel cases are the reports of the survival of clams
for periods of several months in filtered beef-tea, and the known ability of
lamellibranchs to live for long periods in particle-free solutions of organic
nutrients. A series of experiments was carried out on Lasaea, using sets of
20 animals in 5 mi. of a solution of Arenicola marina haemoglobin in sea water
(Table VI). It is perhaps necessary to point out that the percentages quoted
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in these results are not direcdy comparable with those of J0rgensen & Gold-
berg, as experimental conditions varied in ways not ascertainable from the
results as presented.

350

'" 300"
-.;;>
L.
8'"
E
0
-;:;
a.
15 250
~
<C

.

200
0 1

7: 1~ 2
Time in hours

Fig. 8. The filtering activity of Lasaea in suspensions of marine bacteria. Filtering ceased
after 40 min, and the slight increase in optical density in some of the experiments after
2 h is probably to be attributed to bacterial division and the resuspension of bacteria from
released pseudofaeces.

TABLE VI. REMOVAL OF THE HAEMOGLOBIN OF THE BLOOD OF

ARENICOLA MARINA, AFTER 12 H

Readings at 415 mfL peak*
A

Readings at 540 mfL peak
A

1st 2nd 1st 2nd
Expt. no. reading reading % fall reading -reading % fall

1\ 1350 u5° 15
2 I 20 Lasaea used in 1350 u50 15
3

J
' each expt. 1350 1275 5'5 210 195

4 1350 1275 5'5 210 180
5

}

Controls 1350 1350 - 210 210
6 (No animals) 1350 1360 - 210 210

* A slight shift of peak between the first and second readings occurred both in experiments
and controls, possibly due to oxidative changes.

9'3
8,6

Filtering,Feedingand Digestion
In experiments for the comparison of filtering, feeding and digestion rates

(Tables VII and VIII), Lasaea rubra was found to ingest Phaeodactylum
rapidly to the full capacityof the stomach. With the use of a thick suspension,
the amount required to fill the gut is only a small fraction of the total filtered.
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The surplus of the filtered material is extruded from the pallial cavity as
loosely compacted pseudofaeces. The results obtained using cultures of
Phaeodactylumshow that after 2 h 4° % of the material within the stomach
was digested, after continuous heavy feeding up to the time of examination.
The results from Table XIV indicate that within a short time the total food
ingested may be submitted to digestion.

Inspection of the curves for the four experiments shown (Fig. 9A)reveals
that the rate of filtering continued to increase over the 2 h experimental
period. Since, however, the curve for each of the four experiments closely
agrees with the curve obtained by plotting the end-points ofExpts. 1-4, it is
considered that this artificialcurve givesan accurate picture of the conditions
obtaining in any of the individual experiments.The largervalue of the filtering
rate towards the end of the experiments (Table VII), as compared with the
values cited in Table I, may be ascribed to the greater number of large-sized
Lasaeaused in order to facilitatedissectionof the gut. The shapeof the curves,

TABLE VII. SYNOPSISOF RESULTSIN EXPERIMENTON FILTRATIONAND
FEEDING IN LASAEA RUBRA

and the progressiveincrease in filtering rate, is probably due to the increased
delay shown by these larger animalsin acclimatizingthemselvesand resuming
natural behaviour in the cuvettes. The total of digested cells can be seen to
have risen steadily throughout the experiment (Fig. 9B), and the proportion
of digested cells is probably rather greater than is apparent here, as some cells
must have been completely digested, and have disappeared altogether. This
number is not likely,however, to be large, as with experienceeven the faintest
,ghost' cells can be recognized, and the total time of the experiment was not
sufficient for very extensive digestion. Fig. 10 sums up the evidence from
these experiments in a single diagram.

Most recent opinion agrees that any sorting that occurs on the gillsor labial
palps of lamellibranchs takes place by size and weight of particles, and that
'selection on other grounds, as according to organic or inorganic content, or
according to digestibility or unpalatability is out of the question' (Verwey,
1952). But since Fox (1936)earlier maintained that particles could be sorted
according to their acceptability, and Loosanoff (1949) states that feeding
Ostreaare capable of choosingbetween different flagellates,it was decided to

Filtering rate
(calculated from Total no. of

fall in density Phaeodactylum in No. of
of supernatant) Total no. of pseudofaeces (from Phaeodactylum

Time (ml.{h{ Phaeodactylum counts and in stomachs of
from start 20 animals) filtered calibrarioncurve) 20 animals

th 0,815 0'77 x 106 0'7 X 106 0'0725 X 106
Ih 1'100 2'99 x 106 2'06 X 106 0'93 X 106
It h 1'205 6,63 x 106 3,67 X 106 2'90 X 106
2h 1'825 13'39 x 106 8'79 X 106 4'60 X 106
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TABLE VIII. FEEDINGAND DIGESTION IN A CULTUREOF PHAEODACTYLUM

(Starting time of experiment 10.00 h, 18 August 1954.)

Total Phaeodactylum in stomach in thousands
A,

Animal I

, , ,
Expt. Intact Digested Intact Digested Intact Digested

no. Time cells' ghosts' Total cells' ghosts' Total cells' ghosts' Total
I 10.30 4 - 4 3 0'25 3'25 3'5 0'12 3,62
2 II'OO 37 8 45 28 10 38 32'5 9 41'5
3 IL30 82 40 122 134 40 174 108 40 148
4 12.00 102 80 182 172 106 278 137 93 230
5* 12.30 16 7'5 23'5 24 8 32 20 7'75 27'75

* The rate of Expt. 5 was noticeably slower than that of the other 4; the values at 12.30 h
approximate most closely to those of Expt. 2 at ILOO h. These figures (Expt. 5) have not been
expressed in the graphs in Fig. 9.
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Fig. 9. A: the filtering rate of Lasaea in Phaeodactylum over 2 h in Expts. 1-4 referred to on
p. 252. The broken line represents the hypothetical curve obtained by joining the points
at which Expts. 1-4 were discontinued. B: above-the optical density of the suspension
of Phaeodactylum and of the resuspended pseudofaeces, over 2 h, in the experiments
referred to on p. 252; below-the numbers of cells (total,intact and digested) in the
stomach of a single Lasaea at the same intervals (numbers estimated by haemacytometer
counts).
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carry out some experiments on discrimination in Lasaea. It seemed likely
that, in a smalliamellibranch able to digest naked or thin-walled organisms
better than diatoms and or armoured dinoflagellates,any sorting mechanisms
available for rejecting large or unsuitable organisms would operate very
effectively. Experiments were set up with the following mixtures, each
cuvette containing 20 Lasaea: (a) Phaeodactylum tricornutum / Dicrateria
inornata; (b) Peridinium trochoideum / Dicrateria; (c) Phaeodactylum / Chromu-
lina pusilla; (d) Phaeodactylum / Thalassiosira fiuviatilis; (e) Phaeodactylum /
, Kieselguhr' (diatomaceous earth). .

16

4.

12

'"0
~

)(

~ 8
u....
0

0
z

0
1 '
2"

112 2

Time in hours

Fig. 10. Cumulative numbers of Phaeodactylum cells filtered, ingested and digested over a
period of 2 h in the experiments referred to on p. 252. Black area represents digested
cells, dark stipple the intact cells within the stomach, light stipple the cells rejected as
pseudofaeces, and the unshaded area cells remaining unfiltered.

In (a) (Table IX) proportions of the two organisms in the supernatant were
estimated before and after the animal had filtered, and, as might have been
expected, no significant differences were found, i.e. no selection takes place
between organisms as they enter the inhalant siphon. If any noxious or toxic
substance is present the animal evidently ceases filtering and closes the shell
(see p. 247, Gymnodinium veneficum). In (b) (Table X) estimates of the
proportions of the two organisms were made in the original mixture and in the
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resuspended pseudofaecesafter 6 h feeding. This would givea measure of the
sorting by the gills and labial palps, after filtration, but before entry into the
mouth. There appears to be a significantlygreater proportion of Peridinium
in the pseudofaeces, and therefore some selection of Dicrateria in the food
taken in. From experimental results below (Tables XII and XV) we know
that Peridinium is indigestible, and, further, is much larger (25fL) than
Dicrateria(5fL).There is thus the interesting possibility that sorting by size
and weight may take place; it would be desirable, however, to do further
experiments before concluding that this type of sorting between different
organismsplaysan important part in the economyof Lasaea.l In (c)(Table XI)
(PhaeodactylumI Chromulina)estimates were made as in (b), after 10 h
filtering, but no apparent sorting took place. This would agree with the
acceptability of both organisms presented singly and with the absence of an
easily sortable organism of very large size such as Peridiniumin (b).

In (d) (Table XII) direct estimates were made from the stomach contents
of the Lasaeaafter 2 h feeding. Here selectionat first sight appears to be in
favour of Thalassiosira,but when allowanceismade for the total disappearance
of somePhaeodactylumby digestion,the ratio maynot be significantlydifferent
from that in the original culture.

In the final experiment (e)Lasaeawas fed with a mixture of Phaeodactylum
and large empty diatom frustules of 'Kieselguhr' (diatomaceous earth).
Quantitative determinations were not made, but animals were fixed and
sectioned after 2 h feeding, when the distribution of ' Kieselguhr' could be
followed carefully. In some animals, though not all, the stomach contained
particles OffKieselguhr' reaching 30-35fL in size. By far the greater part of
the ingested material was a mass of pure Phaeodactylum,while the rejecting
areas of the gill margin, labial palps, sides of the foot and ventral edges of the
mantle were heavilyloaded with diatom fragments. It is clear that, in a heavy
concentration of Phaeodactylumand large diatom fragments, sorting, though
not fully effective,does occur.

Further experimental animalswere fed on a mixture of Phaeodactylumand
,Aquadag'. Although the present writers would agreewith MacGinitie (1941)
that this substance produces unnatural feeding behaviour, there is evidently
no barrier to its ingestion. Large massesof' Aquadag' were found embedded
in mucus in the stomachs of sectioned animals. The' Aquadag' did not
appear to disperse within the stomach, but to pass in a compact bolus directly
to the intestine.

1 The Peridinium/Dicrateria mixture was presented in 'thin' culture so that the fraction
taken into the gut and that rejected in the pseudofaeces might be of comparable order of
size. Thus any difference in the proportions of the two organisms ingested are unlikely
to be obscured by a markedly greater bulk of pseudofaeces.
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TABLE IX. PROPORTIONS OF PHAEODACTYLUM TRICORNUTUM AND
DICRATERIA INORNATA REMAINING IN THE SUPERNATANTAFTER6 H
FILTERING

Control at 10015 h
Control at 16015 h
After filtering till 16oI 5 h (I)

(2)
(3)
(4)
(5)
(6)

Average value for six
experiments

Ratio
(

Phaeodactylum :

1°59

1°67

1065
1°53
1°76
1°53
1°46
1°55

1°58

Dicrateria

I
I
I
I
I
I

I

TABLE X. PROPORTIONS OF PERIDINIUM TROCHOIDEUM AND DICRATERIA

INORNATA IN THE RESUSPENDED PSEUDOFAECES AFTER 6 H FILTERING

Control before experiment

In pseudofaeces after 6 h (I)
(2)
(3)
(4)
(5)
(6)

Average value for six
experiments

(

Dicrateria

2°55

2°36
1°88

1'53
1°43
1°21
1'51

1°65

Ratios

Peridinium
I
I
I
I
I
I
I

I

TABLE XI. PROPORTIONS OF PHAEODACTYLUM TRICORNUTUM AND

CHROMULINA ,PUSILLA, IN THE RESUSPENDED PSEUDOFAECES AFTER
10 H FILTERING

Control before experiment
In pseudofaeces after 10 h (I)

feeding (2)
(3)
(4)
(5)
(6)

Average value for six
experiments

17

Ratios
, ,
Phaeodactylum : Chromulina

1°7 I

2°1

1°98
1'49
2°3
1°92
1°47

1°88

I
I
I
I
I
I

I

JOURN. MARo BIOL. ASSOC. YOLo 35. 1956
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TABLE XII. PROPORTIONS OF PHAEODACTYLUM TRICORNUTUM AND
THALASSIOSIRA FLUVIATILIS IN THE STOMACHCONTENTSOFLASAEA
RUBRA AFTER 2 H FEEDING

Ratios

Control count of mixture
before feeding

Ratio in stomach contents (I)
after 2 h feeding (2)

(3)
(4)
(5)

, ,
Phaeodactylum : Thalassiosira

7'6 I

Average value for five
experiments

5'5
7'5
6'5
4'6
7'5
6'3

I
I
I
I
I

Digestive Activity

Estimation of the digestive powers of Lasaea rubra was approached in two
ways. First, the enzymic activity of a centrifuged homogenate of the whole
animals was tested, using methods cited in Stephenson (1939). From much
previous work on the digestive powers of lamellibranchs (see Yonge, 1926;
Fox & Marks, in Fox, 1936) it was thought safe to assume the presence of a
protease, amylase and lipase among the enzymes of the digestive gland. This
was verified by confirmatory spotting tests, and in addition a slowly acting
pectinase was found (a wedge of carrot flesh was reduced to pulp after 7 days,
control wedges remaining intact). Protein, in the form of dogfish blood cor-
puscles, was found after 2 h to have undergone extracellular digestion within
the lumen of the stomach, as seen in stained sections of Lasaea. After 12 h
no result was obtained with the ~bsorptiometric determination of cellulase
activity (see Stephenson, p. 316) as used by Newell (1953) with Ostrea.

Secondly, the stomach contents of Lasaea were examined at intervals after
feeding with possible natural foods. Experiments of the classical kind, using
artificial' type' substrates, such as cotton-wool, filter-paper and fibrin, in in-
completely controlled conditions in vitro, seemed less likely to give an exact
picture of the animal's natural digestion. The condition of the gut contents
at stated times after feeding with the flagellates Isochrysis galbana and
Peridinium trochoideum, and with Phaeodactylum tricornutum and Thalassiosira
fluviatilis is shown in Tables XIII-XV. These results show a rapid and com-
plete digestion of Isochrysis and Phaeodactylum. Whatever the true structure
of the wall of Phaeodactylum (see Wilson, 1946, and Hendey, 1954) it is
evidently very easily attacked by digestion to release the protoplasmic contents
of the cell. The majority of ingested Phaeodactylum had become' ghosts' in
45 min (Table XIV). Easy digestion of these two organisms is accompanied
by rapid filtration, and they seem likely to be a nearly ideal food.

By contrast with these easily digested organisms we have the results using
a heavily walled diatom, Thalassiosira, and an armoured dinoflagellate,
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Peridinium. Peridinium is not digested, nor is this surprising, as its digestion
would require a cellulase, which Lasaea lacks. Further, there is a correlation
between low filtering rate and indigestibility. With Thalassiosira it was found
difficult to make reliable absorptiometric measurements of uptake by Lasaea,
as its normal habit in thick culture is to lie in a sludge close to the bottom of

TABLE XIII. CONDITION OF THE GUT CONTENTS OF LASAEA FED WITH

VARIOUSORGANISMS

(Examined in sectioned and stained materiaL)

Gut contents

Stomach-cell walls of Peridinium all intact,
many organisms still containing organized
stainable protoplasm, somewhat shrunk due to
fixation. No digestion. Intestine-well recog-
nizable cell walls with contents. No digestion

Intestine-little evidence of digestion. Cell-wall
plates still clearly recognizable

2 h in Phaeodactylum tricor- Stomach-filled entirely with' ghost' cells. In a
nutum* few cells a bluish staining material (azan),

probably leucosin rather than protoplasm,
remains (see Hendey, 1954). Digestion com-
plete. Digestive gland lumen-entirely filled
with' ghost' cells in same condition as those in
stomach. I ntestine-' ghost' cells even more
eroded than in stomach. Digestion complete

Stomach-no trace of organized protoplasm or
intact cells. Digestion complete

Stomach-digestion complete as in (4)
Stomach and intestine-only a few cells digested,
majority intact

Stomach and intestine-little digestion. Some cells
appear empty, but there is little breakdown of
cell contents, even in faeces. Cell walls are
always clearly defined. Digestion is apparently
very slow, and the majority of cells are passed
in faeces before digestion

Less digestion than in (7). Almost all the cells
show clearly defined protoplasmic contents

Stomach-contained relatively few diatoms,
showing only slight traces of digestion

Stomach-diatoms almost all undigested.
Intestine-faeces formed of compacted masses
of cells, mostly quite undigested

* See also Table VIII, p. 254, and Table XIV, p. 260.

Specimen
no. Feeding

I h in Peridinium trochoideum

2 I h in P. trochoideum

3

4 2 h in Isochrysis galbana

5
6

2 h in I. galbana
2 h in . Thalassiosira fiuviatilis

7 . 2 h in T. fiuviatilis

8 2 h in T. fiuviatilis

9 2 h in T. fiuviatilis

10 2 h in T. fiuviatilis

the vessel, though it is easily stirred into suspension and can thus become
available for short periods for filtering. It is found that Lasaea can slowly
digest Thalassiosira, presumably with the aid of the pectinase in the digestive
gland, which would aid in separation of the siliceous valves. The process is,
however, very slow, and it seems likely that diatoms are not in nature a good
or sufficient food.

17-2
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Animal Time after
no. feeding

I 45 min

TABLE XIV. CONDITION OF THE STOMACH AND INTESTINE CONTENTS OF

LASAEA RUBRA AFTER FEEDING WITH PHAEODACTYLUM TRICORNUTUM

(Animals fed on Phaeodactylum for 3 h, then placed in filtered sea water. Stomachs were dissected
from living animals, contents diluted to 0'2 mI. with sea water and counts made.)

Counts of cells Total in
in 0'1 rom", stomach in
after dilution thousands

Stomach Whole cells 48 56 28 32 82
, ghosts' 64 76 80 64 142

2

Remarks

Most of the 'ghost' cells
heavily eroded, visible
only with difficulty

Also much detritUs re-
maining from before
feeding with Phaeo-
dactylum

24
50

3 32*

Faeces with large no. of
flagellates and detritus,
in addition to Phaeo-
dactylum

No cells remaining with
contents and 'ghosts'
much further digested
than in I and 2--only
visible with difficulty

4 2h Stomach Whole cells
, ghosts'
Whole cells
, ghosts'
Whole cells
, ghosts'

2 4
18 17
6 7

28 34
5 6

22 18

41*

5

6

2 hIS min Stomach 75*

2 h 30 min Stomach 'Ghost' cells as fully
digested as possible
while still remaining
visible

* 'Ghost' and whole cells not estimated separately in total in stomach.

51*

DISCUSSION

Filtering Rates

Although all of the animals, so far as could be detected, kept their valves open
and siphons out for most of the experimental period, an important cause of the
variations in filtering rate recorded must have been the temporary cessation of
activity of some of the animals. An attempt has been made to reduce these
variations as far as possible by using 20 animals in each experiment and per-
forming as many experiments as was practicable. It is also thought probable
that the highest filtering rates have the greatest significance, and approximate
most closely to a natural filtering rate in the field. On this basis, the filtering
rate of Lasaea in Phaeodactylum compares closely with that of an adult (74 mm)
Mytilus californianus, as estimated by the indirect method of Fox et al. (1937)
(see Table II). A similar order of values was reported by Willemsen (1952)
in adult Cardium edule and Mytilus edu/is by a method very closely comparable
to the one used here. Smaller specimens of Mytilus edulis have shown a faster

Faeces Whole cells 24 44 56 76
, ghosts' 28 52 56 76

I h 20 min Stomach Whole cells 16 8
, ghosts' 30 20

Faeces Whole cells 0
, ghosts' 4

I h 45 min Stomach All digested
to an ad-
vanced stage
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TABLE XV. CONDITION OF THE STOMACH CONTENTSOF LASAEA RUBRA,
AFTER FEEDING WITH PERIDINIUM TROCHOIDEUM AND THALASSIQ-
SIRA FLUVIATILIS

(Stomachs were dissected from living animals, contents diluted to 0'2 mI. with seawater,
and counts made.)

1. Peridinium trochoideum

Counts of cells in
I mm3 after dilution

9 6* 2 4

Cells
Frustules with con-

tents intact
Frustules empty* I - - - 50

Intact I I I - 150
Empty - - I - 50
Intact 1 - - - Very few taken into
Empty - - - - stomach
Intact 2 I - I 200

Empty - I - I 100

Intatt 4 2 - - 3°0
Empty - 2 - - 100

Intact 2 2 - 3 350
Empty 2 I - 3 300
Intact 4 3 2 I 500
Empty - 2 I I 200

Intact 4 3 3 2 600
Empty 5 4 I I 550
Intact 7 3 6 6 1100
Empty 2 3 I 2 400

Intact 1 - 1 I 150
Empty I - - - 50

Intact - I I I 150
Empty 1 - - - 50

Intact 6 3 I - 500

Empty I I I - 150
Intact I I - I 150
Empty - 2 I - 150

* Sample counts of original thick cultUre for proportion of empty frustules: intact frustules
1:5.

Animal
no.

I

Animal
no.

I

10

II

12

13

Fed (h)
I

Fed (h)
I

2

3

4

5

6

7

8

9

Estimated total cells
in stomach

105°

Cells

Cells with walls and
contents intact

Cells empty - - - -
Intact 5 I 4 I
Empty - I I -
Intact I I - -
Empty ----
Intact 4 I I -
Empty - - - -
Intact 7* 4* 4 2
Empty - - - -
Intact 4 I I -
Empty ----
Intact 5 6 3 4
Empty - - - -

* Some cells showing signs of rupture of the wall.

0

550
100

c. lOO?
°

300
0

850
0

300
°

900
0

2. Thalassiosira fiuviatilis
Count of cells in

I mm3 after dilution
22- I

Estimated total cells
in stomach

250

2

2

2t

2t

4t

4t

4t

16

16

16

16

2

3

4 I

5 2

6 3t

7 3t
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rate, JIJrgensen's figures giving ratios of t. 200 and 150 with animals 15 and
30 rom long respectively. J0rgensen appears to have calculated rates over
relatively short periods of up to I h. All the Lasaea calculations are, however,
for rates uniformly sustained for at least 3 h. The high initial rate almost
always obtained by J0rgensen with single Mytilus was never observed in
Lasaea. Much higher values were also twice reported with oysters, when the
direct method of measuring water pumped out of the exhalant aperture of the
pallial cavity was used. Here, if the volume of the animals has been estimated
correctly in Table II, the ratio is considerably higher than with the indirect
method of measuring filtration.

Control experiments were carried out to determine whether variations in the
density of the culture had any effect on the filtering rate. Loosanoff & Engle
(1947) suggest that in conditions of high turbidity, feeding, as distinct from
filtering, might cease in oysters. Variation in concentration of Phaeodactylum
produced no significant difference in filtering rates, though in dense cultures
the output of pseudofaeces is markedly increased. In the experiments with
various flagellates recorded above, no correlation could be found between
initial density of the experimental culture and the rate of filtering. It seems
likely that a high filtering rate can be maintained at the highest densities used
in these experiments, as will be seen from the value~ with Chromulina and
Isochrysis, which were both used in thick cultures. On the other hand, a thin
Prorocentrum culture was filtered almost as rapidly as the dense Isochrysis.
Thus, with pure suspensions offood organisms, the density of the suspension
appears to be without effect on the filtering rate.

Of the variations in filtering rate recorded with different organisms, perhaps
the most striking result was obtained with the naked dinoflagellate Gymno-
dinium veneficum, in which no sustained filtering was observed at all. The
remaining organisms may be arranged-by comparison with Phaeodactylum-
in two groups. First, Nannochioris atomus, Chiorella stigmatophora, Peridinium
trochoideum and Dicrateria inornata were filtered at rates significantly lower
than that for Phaeodactylum. With each of the remaining flagellates, namely
Isochrysis galbana, Exuviaella baltica, Chromulina pusilla and Prorocentrum
micans, the average rate was faster than that for Phaeodactylum. The most
rapidly filtered organism in any of the experiments was Isochrysisgalbana, the
fastest rate with this flagellate being 2'181 ml.jh for 20 animals. The fastest
rates with Chromulina pusilla, Exuviaella baltica and Prorocentrum micans were
respectively 2'12, 1'184 and 1'365.

It will have been noted that micro-organisms were always presented to the
animals at concentrations greatly exceeding those ever present in the sea; and
the criticism might be made that the experimental results establish nothing
more than the reaction of Lasaea to a series of unialgal cultures at artificially
high concentrations. There are, however, several indications that the pre-
ferences disclosed may have some reality under natural conditions. Thus, with



FEEDING AND DIGESTION IN LASAEA 263

the toxic Gymnodinium veneficum no filtering was obtained, and with G. vitiligo
and Chlorella stigmatophora, both suspected by Bainbridge (1953) of mild
toxicity, low filtering rates were recorded. However, Dicrateria and the
minute Nannochloris, which also gave low rates, have never been suspected
of toxicity. A recent report by Pinto (1953) states that Exuviaella baltica and

. Prorocentrummicanshave both been found toxic in 'red water', but in our
experiments using the Plymouth strains of these organisms we have found no
evidence of toxicity. The filtering rates with these organisms were among the
highest obtained.

Of the other flagellates filtered rapidly by Lasaea rubra, Isochrysis galbana
has repeatedly been found highly acceptable as food to cultures of filter-
feeding animals. Chromulina pusilla, a species also filtered rapidly, is probably
identical with the 1-21L component of the phytoplankton that evidently con-
tributes heavily to the natural food of Lasaea (Table XVI). With Peridinium
trochoideum, on the other hand, there appears to be a correlation between low
filtering rate and lack of digestibility (see Table XV).

Any differences in pumping-rate resulting from the different sizes of the
organisms, and consequent higher efficiency of filtering large organisms,
appear to be unlikely. Small Chromulina (1-21L)were in fact filtered rapidly,
large Peridinium (251L)slowly. Nor could any correlation be found by plotting
the sizes of each of the various species of flagellates against the respective
filtering rates obtained.

No figures appear to exist for exact comparison of the filtering rates of other
lamellibranchs with different types of flagellates. Jergensen (1949) carried
out experiments with Mytilus, using, in addition to Phaeodactylum, the
flagellates Dicrateria inornata and Isochrysis galbana. He used single speci-
mens of Mytilus of lengths 1.5,2"9 and 3"2 mm, but his experiments, being
not primarily directed towards this point, appear to be too few in number,
and the results to fluctuate over too wide a range, to allow significant correla-
tion of feeding rate with type of organism.

Further experiments might well be carried out on filtration rates with
various organisms, and on possible mechanisms of discrimination. Bainbridge
(1953) studied the effects of various phytoplanktonic organisms on planktonic
animals, but little seems to have been done on the relation of sedentary benthic
animals to particular constituents of the phytoplankton. With Lasaea itself
nothing is yet known of the way in which the presence of a particular kind of
flagellate exerts its effect on filtering rate. There may be different effects on
the rate of beat of the gill cilia, different degrees of contraction of the gill mesh,
or variations in the proportion of time engaged in filtering. It is hoped to carry
out further experiments on some of these points with the use of a larger
bivalve such as Mytilus. Of particular interest as a first study would be the
direct observation of the action of various phytoplankton cultures on ciliary
beat.
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The Filtering Efficiency of the Gill

}0rgensen (1949) and }0rgensen & Goldberg (1953) discuss the mechanism
of collection and transport of food particles by the lamellibranch gill, and
whether this takes place by a continuous mucous sheet moving over the gill
surface, as suggested by MacGinitie (1941), or with the aid of only a small
amount of mucus. Using Mytilus edulis, }0rgensen (1949) found that, under
certain conditions, graphite particles were filtered down to 1-2 JL in size,and
at other timesthe majorityof the < 5JL particles were rejected. He explains
these differences by the presence or absence of a 'mucous net' constituting a
fine filter upon the surface of the gill. When feeding takes place by this net,
particles become intercepted by the mucus and little or no selection according
to particle size is possible. Under certain conditions, however, the smaller
sizes of graphite particles are allowed to pass through the gill ostia in the
absence of a mucous net, at which times filtration will take place merely by
the gill ostia or the efficiency of the straining cilia. Later }0rgensen & Gold...
berg (1953) found retention in Ciona and in Mytilus of graphite particles of
1-2 JL. In Crassostrea virginica, 2-3 JLparticles were retained, while 1-2 JL

particles appeared to pass through the gill. It was assumed that in Ciona
and Mytilus a mucous net contributed to food collecting, after the manner
described by MacGinitie, and that in Crassostreathe filtering efficiencyof the
gill was decreased in the absence of mucus.

Our experiments with Chromulina pusilla (1-'2 JL diameter) and with bacteria
showed no evidence of a falling off in efficiencyof filtering in Lasaea with
smallerparticlesize.Withoneexception,the 5JLflagellateIsochrysisgalbana,
the rates withChromulina were the highest recorded. The great potential value
of these small and unarmoured forms seem to necessitate a high retentive
efficiency of the gill, since it is likely that Lasaea feeding in nature must derive
a high proportion of its food from abundant flagellates of this size (see
Table XVI).

}I/Irgensen (1949) found evidence that Mytilus at times rejected' Aquadag'.
In general Lasaea rubra took up , Aquadag' very vigorously over experimental
periods of 5 h, sometimes at a rate as fast as any recorded with flagellates.
Freshly made up' Aquadag' gave contradictory results. In one set of experi-
ments, the same effect was obtained as by }I/Irgensen & Goldberg (1953);
'new' 'Aquadag', made up for not more than 1 h was poorly filtered, while
'old' 'Aquadag' that had been left to stand for 7 h before use was filtered
more than twice as fast. }I/Irgensenand Goldberg ascribed this effect to the
tendency of particles to form larger aggregates on standing. In Lasaea the
efficient filtering of the smallest particles of' Aquadag' is probably not con-
clusive evidence of the presence of a mucous net; and it seems that bivalves
may be very differently sensitive at different times to stimulation or irritation
by graphite. This irregularity contrasts with the constant and easily
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reproducible filtering rates obtained in Lasaeawith suspension of natural
foods.

The mesh size of the gill is by no means easy to determine in fixed and
contracted sections. In Lasaea rubra, moreover, neither the secretion of a
mucous net nor the contraction of the gill ostia may in fact be necessary to
retain small flagellates. A far more efficientmeans of entrapping particles at
the frontal surface seems to be the fine fringes of eu-Iatero-frontal and pro-
latero-frontal cilia,which are very highly developedin Lasaea(seethe papers
of Atkins, 1936, 1938, for lamellibranchs in general; and Oldfield's recent
work, 1955,on Lasaearubra). In previous discussionsabout the mucous net,
the presence.ofthese filteringciliahas been largelyignored,onlyVerwey(1952)
having called attention to their use. Further, there is the strong objection to
the mucous-net theory, that such a continuous sheet covering the gill would
impede orprevent the actionofthe elaboratesystemsof sortingcilia. J0rgensen
(1949) has recognized this difficulty; no one has satisfactorily answered it.
However valuable MacGinitie's work in this field may be, his interpretation
fails to reconcile the freedom of action of the sorting cilia with the employment
of a continuous mucous net. It seems at least that efficient filtering can be
carried out in the absence of a mucous net, and that the greatest stimulus to
mucus secretion when it occurs may be the presence of large amounts of
indigestible debris. Certainly, the lack of obvious mucus in many lamelli~
branchs, which sort particles on the gills and palps, is very striking in com-
parison with the large amounts of mucus in ciliary-feeding gastropods (Yonge,
1938), Amphioxus and ascidians (Orton, 1914), none of which have highly
developed sorting mechanisms on the gill surface.

Tammes & Dral, in a recent paper (1955), make a further criticism of
McGinitie's theory of an 'ultra-sieve' and take the view that material may be
retained by the gill, by a mechanism of adhesion to sticky cilia.

Comparison of Filtering, Feeding and Digestion

In a lamellibranch living in a high concentration of suspended material, it
is important to distinguish three separate activities, filtering, feeding and
digestion; and the rate of any of these functions will not necessarily be deduc-
ible from that of any other. It may be assumed that the formation of pseudo-
faeces in thick cultures is a consequence of the mechanical overloading of the
gills and palps with a greater accumulation of particles than can be received
into the gut (see Popham, 194°, for details of rejectory mechanisms of the
mantle cavity). Probably because of the great quantities filtered, the pseudo-
faeces of Lasaea were not compacted in strings as in Mytilus and Ostrea, but
lay in a thick sludge, surrounding each cluster of bivalves, removed a little
way from the animals by the force of the exhalant current. True faeces were
produced in very much smaller amount than pseudofaeces, and had the form
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of compact oval pellets bound with mucus. Even in the thickest cultures that
could be measured by the absorptiometer, it is unlikely that more than a very
small fraction of organisms of Phaeodactylumsize pass through the gill un-
filtered; and in the present calculationsthis has been neglected and complete
filtration assumed.

References in many papers to 'feeding' in lamellibranchs must clearly be
interpreted as no more than 'filtering'. 'Food' is that which enters the mouth.
Often, however, especiallyin experiments with 'thin' cultures, and probably
as a general rule in natural sea water, feeding may approximate closely to
filtering. It is also unsafe to speak of 'feeding' as equivalent to 'digestion'.
Sometimes,such asin experimentsusing cultures, the amount offood digested
may-with sufficient elapse of time-correspond to that ingested. But in
other conditions, and probably in most situations in nature, much material
can be shown to be ingested that willnever be digested, either by reason of its
own nature, or because of the overgorging of the animal's gut.

In several features Lasaea rubra appears to present an exception to the
classicalpicture established by Yonge (1926)and later investigators oflamel-
libranch digestion. These aspects will be more fully discussed in a forth-
coming paper. First, there is an entire lack of amoebocyticaction within the
stomach at any stage of digestion. Secondly, a large amount of extracellular
digestion of phytoplanktonic organismstakes placewithin the stomach, before
the products are absorbed, presumably for completion of digestion, by the
digestivegland. In sofar as this mayinvolveproteolyticenzymes,it is thought
that these must originate from the spheres passed into the stomach by holo-
crine fragmentation of the digestive cells. Probably in these features, as in
much else,Lasaeais to be regarded as an exceptionallamellibranch,specialized
by its small size and as a result of its' difficult' habitat. It would certainly be
unsafe to draw from it at this stage too many general conclusions about the
nature of lamellibranch digestion.

The Animal in Nature: Filtering Rate and Feeding Efficiency

From several considerations it seems justifiableto regard the filtering rates
observedwith Phaeodactylumand some of the flagellatesas not falling signi-
ficantlyshort of the averagenatural rate. The animals used displayed normal
visibleactivityand .posture, and this was taken to imply normal filtering
activitywith little disturbance by experimentalconditions.The relation of the
volume of water filteredper hour to the volume of animal showed impressive
agreement with figures recorded for other lamellibranchs (see Table II).
Further, the filtering rate was found to vary predictably with temperature,
with differentkinds of flagellates,and in some caseswith position on the shore
(see below p. 271). It was at least true that variations due to such factors as
these were not masked by depressing factors operating as the result of
laboratory conditions.
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It was also thought safe to assume that there is continuous filtering during
the rather short period (c.3 h) that upper tidal Lasaeaare normally submerged
on the shore. In experiments lasting 8-10 h, little falling off in the rate of
activity was observed.

The quantity and compositionof material suspended in natural sea water,
varies enormously with the locality, the phases of the tide, the season
of the year and many other factors. Verwey (1952) provides a good dis-

TABLE XVI. ESTIMATES OF AMOUNTS OF LIVING ORGANISMS AND SUSPENDED

MATTER IN WATER SAMPLES FROM ROCKS BELOW PLYMOUTH HOE

(a) From surface sea water, a foot above the substratum (12 August 1954) and (b) from
c. I em above the surface of the substratum (20 September 1954).

Counts per I mm3 natural sea water
A, ,

(a) (b)

60 48 27 38 37 29
I 2 3 4 3 3
- 3 I - - 2

61 53 31 42 40 34

Organisms under 2 IL
Organisms 2-5 IL
Organisms 5-10 IL

Totals

Over 10 IL Much unidenti-
fiable organic
debris, sand
grains and
detritus

Skeletonema; several navicu-
loid diatoms; 3 chrysophy-
cean flagellates; I euglenoid;
fragments of Enteromorpha
and 'Ectocarpus'; and much
unidentifiable debris

cussion of the causes of such variation. The figures provided in Table XVI
were obtained by haemacytometer counts of centrifuged sea water in which
Lasaea rubra was naturally feeding, on the Hoe Front at Plymouth. Two such
counts are given, (a) from sea water taken at the surface on an incoming tide,
about a foot above the rocky bottom, and (b) from sea water taken by pipetting
from approximately I cm above the surface of the rock. In composition and
number of organisms these figures may be regarded as representative of water
samples from near the substratum in the late summer. No information is at
present available for other times of the year.

Any assessment of the annual food intake and the growth and metabolic
requirements of Lasaea must await further work than is recorded here. We
would now do no more than point out that, if we assume the late summer
figures for density of phytoplankton given in Table XVI to approach a repre-
sentative average for 12 months, and if we take the rate of filtering derived in
this paper as coming close to the natural one in the field, then-working from
living flagellates and diatoms alone-we find an annual food intake of no more
than c. 0'07 mg for an animal weighing 1'0 mg. This figure, which-as was
found by Fox & Coe (1943)with similarcalculationsfor Myti/us-is obviously
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inadequate, neglects other important sources of food. There is first the con-
siderable amount of organic detritus, revealed in Table XVI and in analyses of
stomach contents, that must be stirred into suspension during feeding, and
which it is difficult to estimate even in samples from near the bottom. While
it is unlikely that Lasaea augments its suspended food by sucking up detritus
directly from the bottom (neither the gill nor the inhalant siphon show any of
the adaptations characteristic of deposit feeders-see Yonge, 1949), particles
of debris must be constantly stirred into temporary suspension, and will
appear in large amounts in the food of a suspension feeder. There is further
the rich spring outburst of phytoplankton, at which time the greatest growth
of Lasaea must occur; there is also the enormous crop of gametes liberated by
intertidal algae, which may densely cloud the water for short periods. Finally,
the effective filtering time must often be extended by the lodgment of splash
in crevices containing Lasaea. Even two or three drops of splash may be
enough to stir up significant quantities of detritus from the substratum and
make it avai).able for filtering. The smaller the amount of splash-within
reasonable limits-the greater will be the concentration of the suspension
filtered.

An analysis of the stomach contents of Lasaea rubra feeding on the Hoe
Front (see Table XVII) is quite comparable with previous reports of food
ingested by lamellibranchs (see, for example, Fox & Coe, 1943; Coe, 1947).
There is obvious difficulty in finding traces of minute or naked flagellates even
a short time after their reception into the stomach, and the total of these
ingested is best assumed to be the total amount present in, and filtered from,
natural sea water. Their digestion by the animal is probably rapid and
complete (see Table XIII). In addition, the stomach often contains diatoms
sometimes oflargesize, up to 50IL,either intact and little digested, or as open
or broken frustules. Sponge spicules and siliceous spines of various kinds are
a prominent item. Much organic detritus is alsopresent, amorphous in nature,
and almost always unidentifiable. In Lasaea, as in other lamellibranchs, it
forms a normal part of the material taken into the stomach.

On the digestibility of organic debris it is difficult to assemble exact
evidence. We have relied here on a careful examination of stomach contents
and faeces in stained serial sections. Massive debris almost always appeared
much less plentiful in the faeces than in the stomach contents. Faecal pellets
were composed chiefly of fine broken spicules, occasional inorganic fragments
such as small sand grains, and large diatom frustules, either empty or with
stainable contents. It seems that some at least of the large fragments of
organic detritus taken into the stomach are broken down by extracellular
enzymes and perhaps assimilated. Some breakdown has probably taken place
outside the animal by bacterial or autolytic action, and some of the products
of this must be available to the animal. Lasaea is probably, however, without
power to initiate the breakdown of cellulose walls (see results of the enzyme
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experiments, and experiments withPeridinium trochoideum,p. 259). Of diatoms,
the experiments with Thalassiosira indicate that digestion is slower and some-
times incomplete; certainly some of these, as well as armoured dinoflagellates,
must pass through the gut intact. The question of the availability of detritus
to Lasaea is an important one, on which it is hoped to make further and more
critical experiments.

TABLE XVII. EXAMPLES OF THE GUT CONTENTS OF TYPICAL LASAEA

RUBRA, COLLECTEDFROMROCKS BELOWPLYMOUTHHOE AFTERSEVERAL
HOURS' FEEDING

3

(Examined in fixed and stained serial sections.)

Region of gut Remarks

Stomach Large numbers of small, unidentifiable organisms,
corresponding in size to the 1-2 I-' flagellates of sea
water. A number of broken spicules as of sponges.
A diatom frustule, c. 201-',with no contents. A number
of frustules of small naviculoids. Little trace of
detritus, or unselected bottom deposits

A number of larger, inorganic particles, up to 30 I-'in
size, evidently rejected by the sorting area into the
intestine

A large amount of unorganized and unidentifiable
detrital material. Maximum size of particles, c. 20~
30 1-'. A good deal of organic (or colloidal) material,
staining pink with azan

Digestive diverticulum No large or identifiable particles
Intestine Contents similar to stomach, including some large,

irregular particles and many small refractile specks
Many particles of amorphous, azan-staining, (? organic)

debris, particle size 30 I-'and less. Several frustules of
diatoms, empty, 10-151-'

Diatom frustules, and several opaque, inorganic
particles

Large numbers of undetermined spicules, as of sponges,
with traces of broken diatom frustules. Small, highly
refractile, inorganic particles. A large Coscinodiscus
of c. 50 I-'diameter, with stainable contents, apparently
not digested

Digestive diverticulum No identifiable particulate contents

Intestine Spicules, detrital particles, and fragments of inorganic
material up to 151-' across. A large Coscinodiscus,
c. 50 I-'across, with the contents not digested

Stomach

Specimen
I

Intestine

2 Stomach

Intestine

4 Stomach

Ecology: Intertidal Distribution

Morton (1954), in a paper on the animals inhabiting intertidal crevices, has
briefly discussed the ecology of Lasaea rubra. The species extends essentially
throughout the intertidal zone, except the uppermost Littorina neritoides
fringe. Its upper limit at Plymouth is at about the top of the Chthamalus
barnacle zone, and it ranges downwards to low-water mark, as was pointed



27° DOROTHY BALLANTINE AND J. E. MORTON

out by Glynne-Williams & Hobart (1952). Morton has recorded that at
Wembury it may just reach crevices in the zone of black lichen, Verrucaria
maura, commenting that' its presence here is a remarkableachievementfor a
lamellibranch relying on suspension feeding'.

There is in general a good correlation of shell size with length of time of
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Fig. II. Filtering rates in Phaeodactylum of three series, each of 10 large Lasaea rubra, from
near low-water mark (location I), and from the upper limit of the range (location 5-6),
at Wembury. 0-0,0-0 and (])- -(]) are from the lower level, and +-+,
.-. and A- -.A. from the upper level. The filtering rate in the high tidal series is
initially greater, becoming reduced to that of the upper series after c. 3t h. Of the low-
tidal series, (])- -(]) exhibited a higher filtering rate than the remaining two, reaching the
same performance as ° the high tidal series after 1t h.



FEEDING AND DIGESTION IN LASAEA 271

submersion. The largest size (3'0 mm) is reached at the lower tidal positions
(Morton's locations I and 2); and the smallest adult shells (never more than
2 mm in length) are found in tufts of Pygmaea,much higher on the shore
(location 8). The latter habitat seems to be the most harsh which this species
has to tolerate. The percentage exposure between tides may exceed80, and at
Wembury, the areas of Pygmaeaon sun-exposedrock facesbecomedesiccated
and brittle between tides during summer. The shells of Lasaea become
entirely dry. Yet in spite of the apparent difficulties of the habitat, the
Pygmaeatufts are-as was pointed out by Colman (I940)-the most certain
places to collect Lasaearubrain large numbers alive.

In some places there appear to be exceptionsto the rule of greater size with
longer submersion. One exampleis shownby the Lasaeaat BlackstoneRocks,
Wembury, at the extreme upper limit of the Chthamaluszone, at Morton's
locations 5 and 6 (percentage exposure c. 90). The shells here are large in
modal and maximum size. Their size induced us to do some experiments on
their filtering rates as compared with those of animals of comparable size
selected from lower tidal levels (percentage exposure 45). The results
appeared interesting, in showing a marked initial increase in the filtering
rate of those higher on the shore as compared with those lower down
(see Fig. II).

The ability to filter rapidly continued for a longer period than the normal
time of submersion or contact with splash, which could never much exceed
2 h. Apparently Lasaearubraliving at this high levelmay be equipped to take
rapid advantage by fast filtering of the presence of even the most temporary
patches of water lodged by the splash.

The results of these preliminary experiments do no more than to point a
field which it is hoped in the future to explore: the study of upper tidal
.Lasaearubraas a filter-feedinganimal livingunder hard conditions. It would
be interesting to find whether Lasaea is regularly able to compensate for an
unfavourable position on the shore by an increased filtering rate. In future
experiments it is hoped to investigate possible differences in growth rate,
metabolic rate and filtering rate, correlated with differencesin shore level.

SUMMARY

The rates of filtering, feeding and digestion have been experimentally in-
vestigated in the small intertidallamellibranch Lasaea rubra. Absorptiometric
determinations of filtering rates with cultures of Phaeodactylum tricornutum
were carried out over 3 h periods. The filtering rate is strongly affected by
temperature change, but not-it appears-by variations in the turbidity of the
culture. For a group of 20 animals, the filtering rate reached an upper level
of more than I mi. per hour. A very comparable order of value has been
previously established for other lamellibranchs studied.
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Variations in filtering rate were investigated with the use of unialgal cultures
of other organisms. The toxic Gymnodinium veneficum was not filtered at all.
G. vitiligo, Chlorella stigmatophora, Nannochloris atomus, Peridinium trochoi-
deum and Dicrateria inornata were filtered at rates lower than for Phaeo-
dactylum; Exuviaella baltica, Prorocentrum micans, Isochrysis galbana and
Chromulina pusilla were filtered at higher rates. The cell size of the organism-
like the density of the culture-had no detectable effect on filtering rate.
Samples of Lasaea pre-treated with the toxic Gymnodinium veneficum showed
a subsequent depression of the normal filtering rate with Phaeodactylum.
Eventual recovery was obtained.

Haemacytometric counts of stomach contents were made after feeding with
Phaeodactylum and the rate of digestion established over a 2 h period. Pre-
liminary digestion, with the reduction of the cell to a 'ghost', takes place
extracellularly.

The ability of Lasaea to carry out sorting of mixed suspensions was in-
vestigated, after feeding with varied particle sizes, by examination of the
remaining supernatant culture, the pseudofaeces and the gut contents. Only
with mixtures of Peridinium and Dicrateria and of Phaeodactylum and
'Kieselguhr' does evidence of sorting ability appear.

Lasaea was found to digest Phaeodactylum and Isochrysis rapidly, the diatom
Thalassiosira slowly and Peridinium not at all. It is thought likely that organic
detritus figures largely in its food budget.
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