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contradictory results with regard to the extent to which
the snails utilize their respiratory machinery and their
respiratory behaviour under different conditiens.
Someé species are essentially air breathing e.g. the

British Lymnaeids Lymnaea truncatula and Lymnaeg palustris.

According to Hunter (1952) lengthy immersion in water will
drown these species. On the other hand the Ancylids are
purely aquatic and can live submerged throughout their
lives. Many obgervations have also shown that some
pulmonate species can live continuously submerged. Carter
{19%1) and Cheatum (1934) gquotes various authors who have
found Lymnaeid and Planorbid species living continuously
submerged with water filled mantle cavities at depths
varying from 25 - 250 m, making surfacing most uniikely,
More recently Noland and Reichel {1943) and Noland and
Cariker (1948) have succeeded in breeding several generations

of Lymnaea stagnalis in the laboratory without access to

the atmosphere. Most of the pulmonates however, occupy
and intermediary position, and although aguatic in habit
also indulge in periodic surfacing to take atmosvheric
air into the mantle cavity. The primary function of the
air bubble in the mantle cavity is net known for sure.
Although, it is generally agreed that the bubble has a
respiratory function, some authors are of the opinion
that pulmonary respiration is auxiliary to cutaneous respira-
tion and that the bubble functions mainly in buoyancy regulaw-
tion,

As far as pulmonary respiration is concermed, the sugges-
tion has been put forward that the air bubble may function
as a physical gill as in some aquatic insects, but the evidence
for this view is contradictory. The general impression,
with regard to the function of the peeudobranch, is that it
supplements cutansous respiration. (Baker 1945),  Accord~
ing to Hunter (1957), cutaneous respiration under water
replaces surface breathing most completely in the two

Basommitophoran families in - ch seco sar, -ills have
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developed, mamely the Ancylidae and Planorbidne.

The oxygen uptake of aquatiec smails in relation to
starvation, temperaturs, live welight and oxygen content of
the water, has been studied by various workers. Although
their experimental results showed similar tendencies in most
instances, the respiratory behaviour of the zanimals with
regard to oxygen content of the water did differ in that
some species maintained a steady respiratory rate in the
face of 2 decreasing oxygen supply, whereas other species
decreased their respiratory rate as the oxygen supply diminished,

It has also been shown that aguatiec snails have a certain
tolerance to survive in anaerobic conditions. As far as the
pulmonates are concerned it awvpears that the Planorbids are
more resistant to anoxia than the Lymnaeids and Physids.

It is clear from these brief introductory observations
that the freshwater pulmonates show wide variation in the
use to which the respiratory apparatus mry be put. A4s a
result it seemed relevant to.provide a detailed review of
previous work and to discover in how far the South African
species fitted into the rather broad spectrum of respiratory
activity. In so doing particular attention has been paid
to (1) the relative importance of pulmonary and cutansous
respiration, (2) individual survivalship in anoxic conditions,
(3) cutaneous respiration in relation to starvation, temperature,
live weight and oxygen content of the water, (4) the anatomy,
histology and function of their respiratory organs,and (5) the
possible role of the air in the mantle cavity as a physiecal

gill.



A

MATERTATL,

The shells of the three species studied are given in
Plate 1. Bulinus (Physopsis) africanus were obtained from
the Bilharzia Hesearch Unit, South African Institute for
Medical Research, Johannesburg. These snails were collected
in the Klein Jukskei river on the outskirts of Johannesburg,
and particulars regarding this locality are given in a paper

by De Meillon et al (1958). - Bulinus (Bulinus) tropicus

were obtained from a puvnd near the Grahamstown aerocdrome, and
from a farm dam near Kenkelbosch, approximately halfway between
Grahamstown and Port Elizabeth, The depth of the water from
these sources varied from 0.15 to 0.3 m and the snails were

usually found on vegetation at the margins. Lymnaea natalensis

were collected from a concrete sump, below ground level, in
an irrigation canal, on the farm Mosslands, twelve milea from
Grahamstown on the main road to Port Elizaketh, The water
in this sump was stagnant and varied in depth from 0.% -0.6 m.
The snails were usuilly found, floating on the surface, or
attached to the walls immediately below the surface.

A1l the animals were kept in the laboratory, in water
varying in depth from 6 - 10 cm., in large glass dishes =and
in wooden baths lined with plastic sheeting. Grahamstown
municipal water, continously aerated and enriched with plants
was used to supply the aguaria, The snails were fed on
dehydrated lettuce leaves, and the dishes and baths in which
the animsls were kept, were cleaned out regularly.

During the course of the investigation, the temperature
of the water in the laboratory varied from 12°C - 17°C in vinter
and from 18°C - 22°C in summer., The pH of the water varied
from 6.5 - 8.0 with 2 mean of 7.7,

A1l three species bred quite prolifically, except during
the winter months when the temperature was obviously affect g
fecundity. Shiff (1964} found that temperature exerted a
strong influnce on the rate of increase of Bulinus (Physovnsig)

globosus, the optimal temperature for this species was 25°7
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concentration in a water sample was determined as follows.
Water was drawn into the syringse up to marik 1, followed by
manganese sulphate up to mark 2, and alkaline iodide up to
mark 3. The syringe was rotated in an horizontal plane at
intervals for 3 minutes to distribute the precipitate cvenly,
and laid flat for 2 minutes to 2llow the precipitate to
settle. Orthophosphoric acid was then drawn in up to mark 4,
and the syringe rotated gently until the precipitate had
dissolved and 211 the iodine liberated and evenly distributed.

The colorimetric estimation of dissolved oxygen was made
byy taking 2 volume of the resulting iedine solution, from the
gyringe, containing 4 ml water and shaking with 6 ml chemically
pure chloreform until partition was complete. The iodine-
chloroform complex was separated from the clear supernatant
layer directly into 8 x 1.5 cm. cylindrieal cuvettes, which
were then dipp in warm water (40 ~ 50°C), for a few scconds
to expel any bubbles, and read in an EEL colorimeter using
a green filter (500 - 570 mu). A calibration curve was
constructed, using witer samples, covering 2 range of oxygen
concentrations., These concentrations were obtained by
bubbling nitro n through originally well aerated water for
increasing lengths of time. It was possible by this simple
technique to obtain water almost free of dissolved oxygen.
The oxygen con nt of each water sample was determined in
duplicate by t  direct Winkler titration method, and expressed
in mgm/l. These results were compared with those obtained
colerimetrical”™ from chloroform treated iodine solutions
taken from the inkler bottle and syringe, Figure 1 showsa
graphically the comparisons which were made.  Statistically
there was no significant difference between the Winkler and
syringe calibration curves, (tgy gs = 0.08, d.f. = 42) and
for 211 determinations by the syringe method, the Winkler

calibration curve was used.
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Anaslysis_of gas from mantle cavity

Air bubbles from the mantle cavities of the snails were
analysed according to the methoed described by Welsh and
Smith (1963). The apparatus consisted of a tonometer,
constructed from a 0.1 ml serological pipette, gradusted
in 0,001 ml divisions. (Plate %),

411 gas samples for analysis were collected into a
5 ml syringe filled with a slightly acidified saturated
sodium chloride solution. This solution has very low gas
dissolving capacity. The gas bubbles werc a2llowed to
equilibrate at the same tempcrature as the syringe for
3 minutes before being transferred to the tonometer for
analysis, For the absorption of carten dioxide and oxygen,
20% KOH and 5% KOH -Pyrogallol were used respectively.

Al]l volumes were converted to volumes of dry gas according

to the calculations by Campbell and Taylor (19%5),  Although
this apparatus had the advantages of c2se of construction
and use and was suitable for the analysis of gas samples of
less than 0.1 ml., it was, however, not sensitive enough to

measure the carbon dioxide concentration in atmospheric air.

Collection of gas bubbles.

The method described by Hunter (195% b), whereby air from
the mantle cavities of snails was obtained, by piercing the
cavity with a syringe fitted with a2 blunt needle, and with-
drawing the air bubble into the syringe filled with B80%
glycerol, was found to be impractical as far as these particular
species were concerned,

An alternative procedure using gas forcibly expelled
from the mantle cavity was developed, and found satisfaectcry
The animals expelled their mantle gas bubble if the foot
or prneunostome region was prodded with 2 blunt seeker. The
gas bubbles were collected under water, into an inverted
water filled funnel, connected by a length of tygoen tubing

te 2 5 ml ayringe, 28 shown in Plate 4, The syrinse and tygon
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tubing are filled with saturated sodium chloride. The
bubble was then carefully, but rapidly, withdrawn into
the syringe.,

In order to ascertain if any significant gas exchange
occurs between the bubble and the surrounding water during
its passage up to the neck of the funnel and into the syringe,
{a period of between 5 to 10 seconds), atmospheric air and
nitrogen bubbles of 0.05 and 0.10 ml volume were introduced
under the funnel and left for varying time periods, before
being withdrawn into the syringe and transferred to the
tonometer for analysis. The results are shown in Table 3.

In the case of atmospheric air there is no significant
exchange of gases between the bubble and the surrcunding
water as it can be assumed that the gases in the water are
very nearly in equilibrium with atmospheric air. The
nitrogen bubbles show clearly an increase in oxygen concentra-
ticn after 30 seconds, as is to be expected. As the time
limit of 30 seconds far exceeded the time of 5 - 10 secends
usually taken for withdrawing the bubbles inte the syringe,
this particular procedure of collecting gas bubbles from
the snails was considered to bc satisfactory, and sufficiently
accurate,

& further check on this method of collecting gas bubbles
was made by compar g the composition of atmospheric air
and nitrogen, when collected under the funnel, and when
taken direectly into a syringe filled with saturated sodium
chloride. The results are reported in Tables 4 and 5, and
show that there is obviously no significant difference between

the two methods.
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TABL., 3.

The composition of atmosph-ric air ..nd nitrogen bubble

to water containing 5.6 ml Os/1 for inerensine lenvths

Atuos-
Thsric
Air,

Hitrogen

1C

1C

sy

15

10

a0

30

30

30

£0

60

Time

seconds

seconds

Jinute

minute

nirnutces

minutes

minutes

> minutes

sceonds

geconds

scconds

sscunas

minute

minute

minutes

minutes

minutes

minutcs

minutes

mninutes

minubes

minutes

minutes

BE

19

19

10

10

12

19

19

20

20

20

20

20

20

2ar.
mm Hg.)

720

720

720

=1
e
O

720

720

720

720

Volum.

of

bubble

0.05

C.10

0.10

0.05

.10

Q.05

¢.10

e 300000 0=——

710.5

718.5

712.5

718.,5

T18.5

718.5

718,05

0.00 «

0.10

0.05

0.10

0,06

0.10

ml

ml

ml

r1

ml

ml

ml

nl

il

rl

mnl

rml

ml

05 nl

.05
0.10
0.05
0.10

0.10

ml

ml

ml

ml

ml

ml

rl

t—r{, 1

(e

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.C
0.0
0.0
0.0

0.0

20.0

Q.0

0.0

C.o8

10.6
10,3
1545
15.0

18.0

0.6

8C.0

10C.,0

10C.0

QoL 02

08,93

98.0

98.0






TABIE 5.

Analysis of Nitregen (all volumes expressed as dry ;as).

Funnel method of c¢ollection, Direct method of collection.

Temp, Bar, . COp % 0p o N, Temp. _Bar. %GO, 4 0y %N

(°c)  (m) T ' (°c)  (mm)

S 18.5 709.0 ¢.0 2,2 97.1 18.5 711.5 0.0 2.2 97.8
18.0 709.0 6.0 2.9 97.1 1a.5 711.5 0.0 2.3 97,7
13.8 708.5 c.0 2.7 97.3 18.5 711.0 0.0 2,7 97.%
18,5 708.5 C.0 2.8 97.2 13.5 711,0 0.0 2.7 97.3
18,5 712.0 G.0 2.6 97,4 18.5 711.C 0.C 2.3 97.2
1¢.0 712.0 C.0 2,7 97,3 17.C 711.C 0.0 2.5  97.4
20,0 713,0 C.0 2.5 97.5 16.C 709,0 c.C 2.7  87.3
21.0  715.0 0.0 2.4 97.6 18.0 710.C C.C 2.6 97.4
20,0 714.0 C.0 2.8 97.2 16.0 71C.0C 0.C 2.8  97.2
21.0 716.0 0.0 a7 97.72 15,06 711.0 0.0 2.9 a7.1
Mean of ¢ 02 = R.7 ¥izan of % s = 2.3
5.0, =~ 0,49 5.0, = 0.66
Standard error Standard error

of the mean 0,18 of the mean =~ 0.2

i
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depend on cutaneous respiration a:

the surface only when compelled t«

high temperatures. Cheatum (19%¢

in his experiments on various Lym

Planerbid and Physid species that

a substantial increase in the inte

breathing at 11°C, than at 21°C.

found that Lymnaea stagnalis resorted entirely
to cutansous respiration at tempertures below
5°C, Wessenberg-Lund (1939), reported that
at temperatures below 5°C,_Planorbis corneus
buried itself in the mud and remained in a
state of hibernation, According to Hunter

(1953 a), Lymnaca peregra could obtain sufficient

oxygen by cutaneous reapiration and exchange
of gases through the air bubble in the mantle
cavity at water temperatures below 1200, whereas
in summer when the temperature exceeded 1200,
the snails came to the surface to breathe.

(iv) Size
The size of agquatic snails show an inverse
relationship to the surface area available for
cutaneous respiration. Precht (193%9) and
Hunter (1953 b) found that small individuals

of Planorbis corneus and Lymnaea peregra and

Physa fontinalis respectively, remained subnerged
longer than the larger individuals.

(v) Buoyancy of the shell and visceral mass.
It is to be expescted that the presence of gas
in the mantle cavity of aquatic smails will have
a buoyancy effect. Cheatum (1934), noted that
aquatic snails can float up to the surface or
alternatively sink down to the bottom. Henderson

(1963) found that Physa fontinalis uses the

mintle gas as a2 means of flotation to reach

tho watsr surfrce ard muotes varicus vt es
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The aim of the foilowing experiment was to
agcertain if temperature, oxygen tension of the
water and size of the animal have any effect on
the duration of the dive in these three species.
Snails of different sizes were placed in water
at depths of 7.5 cm, and 30 cm, and observed
constantly for six hours. Prior to the experi-~
ments, the animals were forced to expel as much
of their mantle gas as was possible by stimulation
of the foot or pneumostome region with a blunt
seeker. The criterion for the complete or almost
complete expulsion of the mantle gas was that the
animals sank to the bottom of the containers due
to loss of buoyancy. All cbservations were
made at ambient temperature in daylight, The
duration of the dive was t2ken as the intervals
between definite lung £illings at the surface.
These results are shown in Tables € and 7, which
report the mean of the intervals between breathing
pericds and the number of breathing periods respec—
tively.

The considerable individual variation in these
results indicate that there was no clear pattern
in the surfacing behaviour of these snail species.
While most of the animals dived after surfacing,

a number of snails from each species remained
just below the surface making no effort to dive.

Furthermore, some individuals of Bulinus africanus

and Bulinus tropicus remained submerged and never
surfaced 'during the observation periods. As
regards- the intervals between brething periods
(Table 6) the data are not sufficient to indicate
any systematic trend. Bulinus tropicus appeared
to be the most constant in this respect and showed

the least variation 2t the different temperature levels.
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The importance cof nulmcharv respiration

Firstly, it was necessary to determine if and
when newly hatched snails indulge in pulmonary
reapiration. Egg masses of all three gpecies
were placed in separate beakers in water at depths
of 5 and 10 cm. The beakers were placed in an
oven at 2600, and the water changed regularly to

avold excessive bacterial growth. The oxygen con~

centration of the water was determined daily, During

the incubation reriod the egg masses were examined
at regular intervals of two hours under a binocular
microscope. After hatching a similar procedurs
was adcpted teo determine the time when pulmonary
resypiration first occurred. These results are
shewn in Table 8,

In all three sypecies pulmonary respiration
occurred at an average of & - 5 days after hatching,
when the young snails were secen 2t the water surface
with air bubbles clearly wvisible in their mantle
cavities.

In the case of the adult snails, experiments
were carried out whereby the animals were wrevented
from surfacing by means of plastic gauze at twe
temperature levels,

The first experiment was carried out during
the winter months when the ambient temperature
was 15° - 16°C, Some snails were acclimated
from 15% to 26°C over a period of ten days.

During this reriod the animals were fed, but not
during the experiment. Prior toc the experiment

all the snails were forced to expel as much of their
mantle gas as was possible. Lots of § snails of
each species chosen sc as to be of equal size were
placed in scparate beakers in 1 litre of water,

which was cenbinually aerated. Similar zroups









TABLE 9(3)

BULINUS AFAIC..IUS BULIUS TROPICUS LYIANAEA MNATALENSIS
iumber of : -
E iment snalls Temp Decrezse 1n Eumber§ Decrease 1in D i
Xperime used oC Puration of - ‘ ;f Puration of Number Puration of ccrease in Number
of each experiment OP CONcC snails experiment O2 concs of experiment O2 COnc s of
species in hours . . in hours . shalls in hours . snails
in mi/L alive in ml/L alive in ml/L alive
Snails prevented 5 15-14 96 {eB=6 .8 ) 6 .8=6.8 5 96 6.5~6.8
from surfacing. 5 15=15 % 640648 9% 6.94€49 9% 649-6.9
Water aerated
continuouslye.
25 96 5e5m543 5 96 5eD=Ded 5 96 5.5~5.3
25 96 5.2=5.0 4 a5 S5eR=5el 96 5e2=5,0
Snails prevented 15-15 26 He8=15 96 6+8~3e2 96 6e8w1e7
from surfacing. 15-16 96 645m149 5 96 545340 96 645143
Water npot
aerTated.
25 20 545=0e9 o 27 5.5=1.2 0 18 545=1.0 0
5 25 27 5.8=1.5 o] 34 5.8~1.0 0 30 5.8-1.0 0
Controls
Snails with free 15~1& Q6 GaS=448 96 B eB=4e8 Q5 6e65=4.,4 4
access to the | . .
atmosphere.  19~1o % 6a7=443 95 6aT=449 96 675445 5
25 96 502"2 c6 5 96 5.3"2-3 96 5-2"'5... 0 5
25 96 5.3~243 96 543244 | 06 543=240 4
I
1
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Tepouls zlabratus {Australorbis glabratus

exposing the snails to carbon diexide. (vide

page 35), In order to test this, lots of 15 snails
of each species from the same summer stocks as

used in the second experiment were placed under
gauze in non-aerated water at 25°C. The carbon
dioxide concentration in the water was determined

at intervals, by equilibrating an air bubble with
10 ml., of water in a syringe. Part of the bubble
was then transferred to a tonometer for anmalysis.
The dissolved oxygen concentration of the water was
alsc checked simultaneocusly. These results are
shown in Table 9(c). The expected high mortality
rate with accompanying distress in these lots of
snails confirmed the experimental finding as feound
previously at 25°C., = A notable exception, however,
was one lot of Lymnaea natalensis which showed no
no distress and a high survival over a period of

96 hours. Replication of this treatment with
sn2ils from the same stocks resulted in the expected
high mortality. No free carbon dioxide could be
detected in the water by the tonocmetric method used,
and this gas was therefore not considered to be a
direct cause seriously affecting the survival of the
snails under the conditions of the experiment.

Table 9(b) also repor iome results which seem
to be at variance with the cverall picture of survival
and mortality. Distress, with marked mortality was
evident in the case of Bulinus africanus in both asrated
and non-aerated water at 15°C.  Also four individuals
of Lymnaea natalensis in aerated water at 25°¢
showed the distress syndrome. In replicate experi-
ments on snails from the same stocks, survival was
in keeping with the expected results which indicated
that the initial findings were very likely abnormal

for some reason or another, or due to some unlmown


















TABLE 10 (a)
*- o
Number BULINUS AFRTICANUS BULINUS TROPICUS LYriaEA  MATALENSIS
Expcriment of
’ g snails Temp. . Decrease in  Nunber . C e e
used o Durat19n qf of Duration of Decrease 1in Nuz?er Duration of Decrease in mumzer
of each experiment O, conc. oo experiment O, conce X experiment O, conc. or
$ag | in hours 1/1 ali in hours © snails in hours snails
species inom alive in ml/1 alive ~ in mi/1 alive |
| a f
- I S S .5_..-‘.3. - - -
P i ;
e e T e 5] % 0.93-0.45 4 96 0+93-0.45 5 %6 0.493-0445 5
] - Tr¥a
in an aspirator 5 i 25 96 1.25=1.0 5 356 la25=~1.0 5 56 1.25-1.0 o
:
5 2D 86 1.0-047 5 95 1.0-~Cu7 5 96 1.0~0.7 5
¥
Controls
'’ Snails exposed to 5 15 96 6eR=2 7 5 96 Ge2~2a7 5 %6 Ge=R2 47 5
! water-air interface
' in an aspirator ) 25 96 D4B8-247 5 s 5.8-%.7 5 cH 5.8=2.7 5
5 25 96 5.9-2 .4 5 96 5.9-2.4 5 96 5.9-2.4 5
i
: !




T&A&BLE 10 ()
% ] o i | o - ]
f e BULINUS AFDICHNU i BULINUS  Ta0rICUS YiilleEa  MaT&LENSIS
Humber {
i Lxperiment Oiszgaéés Temp. N N E o e
X ne YCTOnC 3 3 I e ase 3 -T"_‘.J“} or T 2o ] ReTal
cach OC Duration of Decrenrz in hngcr { Puration of Jdacrez in _.;i 1 mupation of Decrease in NUH¥O£
species. experiment 0, conc. ~~.. i experiment O, conce. o experiment O, conc. °!
b ‘n h - snails i in hours 2 znollte in hours 2 . sncils
; 10 hours in ml/L alive | . in mi/L “live - in nl/L wlive
_ _— i B |
Snzils exposed to 15 15 96 Coli=Cal 1z i 96 0.95-0.4 1 96 0.95-0.3 14
) water-il, interface ' !
in an aSpirator. 15 P15 i 96 0.8~0.4 15 95 0.2-0.4 15
H
; i
15 25 96 0.5-0.3 14 96 0.95-C.2 1 i o) 0.95=0.52 7 t
]
]
! 15 25 96 0.7-0.3 1 b 5 0.7-0.2 13
! —
v
! ) i
% Controls :
[ Snails exposed to 15 15 96 Selwd 4 15 64 6.15-4.,9 1 9% 6415-342 14
water-air interface
in aspirator. 15 15 96 G.2-1.3 1o
15 HAS) 06 Hed3=1ed 15 €5 542 -1.9 0 96 5,2=1.6 i3
r
| 15 L 25 95 5.3-1.3 1
i _ SRR 5
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and from 0.7 -~ 0,95 ml 02/1 in the second

experiment, the survival of the snails over a

pericd of 96 hcurs at both 15° and 25°C aid

not differ markedly from the controls in which

the snails had access to atmospheric a2ir. These

results indicate that these species can exist in

very nearly anoxic cenditions and do not appear

to be gensitive to an oxygen lack,

Two aspects merit further consideration in

connection with this high survivalship of these

gpecies in these anoxic conditions.

(1)

(11)

Lymnasa natalensis, which does not possess
haemoglobin did not appear to be at any
disadvantage and showed as high a survivale-

ship as Bulinus_africanus and Bulinug tropicug,

both possessing haemoglobin. Although it is
granted that haemoglobin in the Planorbids

(at least in Planorbis corneus) has a high

affinity for oxygen and may be of use in the
transport of oxygen at low oxygen tensions
(Ieitch 1916, Borden 1931, Fox 1945, and
Zaaizer and Wolwekamp 1958), the possible
role that this pigment may have had in the
high survivalship cof the snails under the
conditions of this experiment is considered
as insignifiecant.

Von Brand et al (1950) and Berg (1952) con-
sidered the anaercbic consumption of carbo-
hydrate by snails during exposure to anoria
45 an important factor for survival in such
adverse conditions,  Although this aspect
was not investigated in this study, the high
survivalship of these species may possibly be
ascribed te the incurring of an oxygen dsbt
and the anacrobic metabolism of carbohydrate

“tires,
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Cutancous respiration under standardized conditions.

The oxygen uptake of aguatic snails in relation
to starvation, temperature, weight, and oxygen tension
of the water has been investigated by various workers.

Studies by Von Brand et al (1948) on Australorbis

glabratus, Helisoma dyryi, Physa gyrina and Physa sp.

showed that starvation resuited in a pronounced decrease
in the oxygen consumption during the first few days of
starvation, this decrease becoming more gradual later on.
Berg and Ockelmann {1958}, found that starvation during
a period of 1 - 24 hours after collecting the animals
regulted in a distinet decrease in oxygen consumption

in Lyvmnasa palustris whereas Lymnasa pereger and Physa

fontinalis showed only a small decrease.

A1l the species studied by Von Brand et al (1928)
and Berg and Ockelmann (1959) showed an increase in
respiratory rate with a gradual incrcase in temperature.
Von Brand found that a temperature of 41% was lethal

to Australorbis giabratus.

Von Brand et al (1948) found that oxygen consump-
tion decreased with imcreasing size of the snails if
referred to uni weight, but remained approximately
constant if referred to relative surface area, It
should be pointed out that the data of these authors

based on the total weight of the snails (soft parts

plus shell), and not on the actively metabolizing soft
parts. Berg and Ockelmann (1959) found an increase
in oxygen consumption with an increase in live weight
(soft parts only) in the species they studied.. This
increase, however, was subject to seasonal variation
which was ascribed to reproductive activity, In previous
work Berg ct al (1958) showed that the oxygen consumption
of Ancylus fluviatililis is greater during the period
of reproduction than during other seasons.

The respirsbory behaviour of freshwater snails,

in relation to the oxysen content of the water, shoed
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(b) Oxygen consumption in relation to temperature.

The influence of temperature on the respiratory
rate of the snails was investigated over the
range of 15° - 35°C. Two individual snails
from each species were used in this expesriment,
These results are shown in Figure 3.

All three species showed a marked increase in
oxygen consumption with an incrcase in temperature.
This increase was very pronounced in the case of
Bulinus tropicus and Bulinuys africanus. The
temperature coefficients (Qlo) over the range of
150 ~ 25°C of the increase in metabolic rate for

Bulinus efricanus Bulinus tropicus and Lymnaea

patalengis are 3.0, 2.4 and 2.9 respectively, which
are within the normal limits. The maximum tempera-
ture which these 1ails were able to tolerate

30°C for Lymnaea natalensis and 3% 59 for

Bulinus africanus and Bulinus tropicus. Above these

respective temperatures the animals appeared to be
adversely affected as shown by the decrease in their
oxygen uptake. The temperaturs relationships of
these species are thus in apgreement with the
experimental findings of other pulmonate species
studied by Von Brand et al (1948) and Berg and

Ockelmann (1959).
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Oxyeen consumption in relation to live weight.

Snails of different sizes were used in this
experiment and their oxygen consumphion was
measured at 15° and 25°C., The results are

shown in Figure 4.

A1l three species ghowed an increase in oxygen
consumption with an increase in live weight at
both temperature levels. | No attempt was made

to correlate the oxygen consumption of the animals
with their surface area,as Perlowagora-Szumlewicz
and Von Brand (1958) found that the formula W%
(W = weight of snail) for determining relative
surface is not sufficiently accurate. These
authors point out that the weight of the metaboli-
cally inert shells of snails of different sizes
could vary significantly, and thus result in
erroncous calculations. This point is illustrated
in Figure 5, which shows graphically the varistion
in the relationship between the total weight of

the snails and the weight of the shells of the
animals used in this experiment.

The results of this experiment confirm those found
by Berg and Ockelmann (1959) for the relationship

between oxygen consumption and live weight.
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{d) Oxygen consumption in relation to oxygen content

of the water.

Experiments were carried out at temperatures of
159, 20° and 25°C. One snail of each species was
used for the experiments at 15% and 20°C and a
separate lot of individuel snails was used for the
experiment at 25°C. Water contazining different
oxygen saturation levels were prepared by bubbling
nitrogen through for various lengths of time. For
the purposes of this experiment the oxygen concen-
tration in well aerated water at the different
temperatures was taken as 100% saturation. The
results are shown in Figure 6 which show that these
species decrease their oxygen consumption as the
oxygen supply diminishes. At 15° and 20°C the
decrease was gradual, whereas, at 25% it was much

steeper, Bulinus africanus, Bulinus tropicus

and Lymnasea natalensis ere thus oxygen dependent,

as they do not maintain a steady rate of respiration
a8 the oxygen content of the water diminishes.

There is clearly a considerable variation in this
aspect of respiratory physiology as far as freshwater
pulmonates are concerned, and these results are in

agreement with those of other workers in this field.
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The Mantle
Ae the morphology of the mantle of Bulinus

africanus and Bulinus tropicus is essentially

similar, only the mantle of Bulinus africanus and

that of Lymnaesa natalensis will be descriked.

The mantle is a thin membranous structure,
deeply pigmented in patches in all three species,
By the injection of Methyl blue into the pedal
ginuses of the snails, the bloodvessels of the
mantle could be clearly distinguished and the
direction of the bloodflow followed. Figures 8
and 9 show the ventral surface of the mantle with

attendant structures of Bulinug africanus and

Lymniea natalensis respectively.

The kidney is a consplcuous organ bisecting
the mantle roof and is well developed in these
species.

The use of the above mentioned injection
technique revealed a distinect difference in the
vascular arrangement of the mantle between the
Planorbids and Lymnseids.

In Bulinus africapus six pronounced blood-

vegsels are present, namely, a lateral, and & medial
rectal bloodvessel running along the intestine,

a bloodvessel which fo’lows the intermediate mantlas
ridge, a vegsel running within the mantle collar,

a renal vein, and, a pulmonary vein, both lying
alongside the kidney, the latter flowing directly
into the atrium of the heart. No bloodvessels were
evident in the mantle roof anterior to the kidney.

On the other hand, In Lymnaea natalensis only one

bloodvessel running along the mantle roof was seen.
Histological sections of the mantle of this species

did not reveal any additional bloodvesscla,
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Histologically the mantle of both the
Planorbids and Lymnacids consiet of epithelial
cells, smooth muscle and connective tissue, The
natural relations of the wvarious tissue elements
are most readily understood by referring to Plates
o and 6 which represent typical transverse sectiong
through the mantle roof anterior to the kidney,

of Bulinus africanus and Lymnaca natalengis

respectively. The outer surface of the mantle
consists of a layer of pigment cells. Immediately
beneath this is 2 layer of smooth muscle followed

by connective tissue. In Bulinus africanus the

smooth muscle layer is not as well defined as in

Lymnaea natalensis. The inner surface is an

extremely thin single layer of epithelial cells,
It is clesr that there is a distinet difference
between the mantle roofs of these species, Whereas,

in Bulinug africanug the connective tissue elements

are densely packed, with relatively few sinuses, or

vascular spaces, Lymnaea nitalensis shows a highly

vascular area with numerous large sinuses, which is
equated with the mantle roof sinus., This implies

that in Bulinus africanus the blood flow through

the mantle 18 not as extensive as that in Lymnaea

natalensis,
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It should be pointed out that although the
pseudobranch is ciliated, no cilia were geen in
the histological sections, This could be due

to the preparation methods.

Oxveen uptake from the eir bubble in the mantle cavity.

The presence of air in the mantle cavity
of freshwater pulmonates has prompted the suggestion
that the bubble may function as a physical gill as
in some aquatic insects. Ege (1918) showed that
some species of aquatic insects (Dytiscidae, Corixidae,
Hydrophilidae and Notonectidae} carry air stores
in the form of bubbles on their body surfaces by
means of which they are able to obtain some of
their oxygen requirements when submerged, by
diffusion across the alr water interface of the
exposed bubble surface. These bubbles, however,
decrease progressively in size dwe to the outward
diffusion of nitrogen and eventually the exposed
surface becomes inadequate for the efficient diffusion
of oxygen into the bubble. The insect 18 consequently
forced to return to the surface to renew its air
supply. In view of this, Crisp and Thorpe (1948)
and Thorpe (1950) point out that the functional
efficiency of these bubbles as physical gills is
limited and are more accurately described as air
stores of diminishing volume,

Very elegant work by Thorpe and Crisp (1947)
has shown that soms aquatic Hemiptera and Coleoptera
species have overcome this difficulty of a progres-
sive decrease in the size of their air supplies by
holding an extremely thin layer of air of negligible
volume but large surface area, on their body surfaces
by means of densely packed hydrofuge hairs. The

ph sical forees i olved can rointzin this 2ir film
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gill while retaining such a high concenti
carbon dioxide.

Hunter's inferences, with regard tc
gill function are open to criticism and r
vineing., It seems that he relied mainly
observations in the field with no careful
controlled experimental evidence to subst
his viewpointe.

Henderson (1963), anproached this ¢
physical gill funtion from a purely expe:
point of wiew by determining the change 1

volume of the mantle gas in Lympaea stagr

and Planorbarius (Planorbis) corneys as 1

by the gradual increase in the underwate:
the snails after the animals had surfacec
This implied that the volume of gas was decreasing.
Henderson coneluded from his experimental findings
that the gas in the mantle cavity of these two
pulmonate species was funetioning as an air stors
of constant pressure but steadily decreasing wvolume
and not as a physical gill in the sense defined
by Crisp and Thorpe (1948).

In order to determine if the air bubble in
the mantle cavities of Bulinus africanwvsg, Bulinug

tropicus and Lymnaea natailensig function as a

physical gill or a8 an air store, 2 more direct
approach was adopted by analysing the mantle gas
tonometrically.

The air in the mantle cavities of the snails
was expelled, and the animils were allowed to surface
into atmospheric air. After they had breathed and
dived into water 2t 20°C contajning 5.6 - 6.2 ml
02/1 they were trapped under gauze, 2nd the gas
bubbles expelled at regular intervals of time for

analysis.
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Figure 14 shows these results. The oxygen
concentration in the nitrogen bubbles exposed to

the surrounding water under the funnel increased
rapidly as is to be cxpected, whereas the rate of
increzse in the oxygen concentration in the nitrogen
bubbles expelled from the snzils was considerably
slower. The rate of diffusion of the respiratory
gases would be directly proportional to the area

of interface. As the pneumosome, when visible

was usually closed except on a few occasions when

it appeared as a fine slit, the interface at the
pneumostome was very small., This fact is borne

out by the differcnce in the rate of increase in
oxygen between the nitrogen bubbles in the mantle
cavities of the snails znd the nitrogen bubbles
exposed to the surrounding water under the funnel.

This slow rate of diffusion of oxygen into

the nitrogen bubbles in the mantle cavitiesa of the
snails is certainly not indicative of a physical
gill, as Thorpe and Crisp {1947) and Grisp and
Thorpe {1948) have pointed out that a prerequisite
for efficient physical gill function is an air bubble
or film of constant volume with & large surface area
exposed to the surrounding water, Nevertheless,
oxygen from the surrounding water did diffuse into
the nitrogen bubbleg in the mantle cavities of the
animals. This increase was considered to be mzinly
due to diffusion of oxyzen through the cutansous
tissues as the interface at the pneumostome was

very small., The subsequent decrease in the oxygen
concentration in the bubbles suggest that the animals
were using the orxygen for respiratory purposes.

In view of the results of this and the

previous experiment the conclusion,is reached that
the air bubble in the mantle cavities of Bulinus

africanus, Bulinus trozicus and Lymnaca natalensis










- 75

mantle roof ginus (Mr.S - Plate 6) of Lymnasa nstalensis

sugeges hat in this species the diffusion of oxygen from
the mantle gas is relatively more efficient. In view

of this it is reasonable to assume that the bloodflow
through the mantie roof of Bulinus africanus and Bulinug
tropicus per unit time is less than that in Lvmraer
natalensis, and consequently the volume of oxygen which
can diffuse from the mantle gas into the blood is corre-
spondingly less in the two Planorbid species than in

Lymnaea natalensis. With a more efficient system for

the diffusion of oxygen from the mantle gas, Lymnaesa
natalensis may compensate for the absence of an accessory
gill and possibly a respiratory pigment.

Based on the histolosical structure of the mantle
in these species, it seems as if the function of the
mantle cavity as a lung may be more important in the
Lymnaeids than in the Planorbids. This statement sub-
stantiates the conclusions reached by Jones (19581} that

the Jung is relatively more important in Lymnsesn stagnalis

than in Planorbis corneus, In very elegint exneriments

in which the pulmoniry and cutaneous oxygen uptake of
these snails were deiermined separaitely but simultzneously,
Jones found that pulmonary uptake exceeded cutancous

uptake at dissolved oxygen partial pressures below 140 mm

in Lymnaea stagnalis, but only beow 40 mm in Planorbis

corneus, On the other hand, cutancous uptake excscded
pulmonary uptake above partial pressures of dissolvsd

oxygen of 150 mm in Planorbis corneus but only ahove

190 mm in Lymnaea stagnalis. Furthermore, Joncs found

that the values for the percentage of total oxygcn
uptake which is pulmonary WEré higher for Lymnaca

gtagnalis than for Planorbis cornesus at all values of

dissolved oxygen tensions. These results clearly

indicate that Lymnaea stagnelis relies on oxygen

uptake from the mantle cavity ‘o a much greater

extent than does Planorbis corneus.

A most strikin- aspect of the mantle complex
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Hunter (1953 b) and Jones (1961} also report

that the young of Lymnaea peregra and Planorbis

corpeus respectively, indulge in surface breathing,
immediately after hatching in the case of Lymnaca

peregra and in Planorbis corneus before the shell

height reaches 2 mm. The respiratory value of

the mantle gas bubble is presumably much less in
newly hatched or young snails than in mature

animals. These observations on the behaviour of
both adult and juvenile snails indicate that buoyancy
may play an important part in the normal surfacing

behaviour of the freshwater pulmonates in general.

The presence of smooth muscle in the mantle of

Bulinus africanus, Bulinus tropicus and Lymnaca natalensis

suggest that the volume of the mantle cavity is subject
to alteration by the contraction or relaxation of the
mantle itself. Any decrsase in the pulmonary gas
volums is probably accommodated by partial apposition
or contraction of the cavity walls, It is possible
that buoyancy adjustment in puimonates may occur by
compression of the mantle gas, although Henderson (1963)

found no evidence of this ir Planorbis corpsus and

Lymmaca stagnalis.

As is to be expected, the histological structure
of the pseudobranch of Bulinus africanug and Bulinus
tropicus suggest that this organ could be most
efficient for the diffusion of oxygen from the
surrounding water intc the blood. With its large
surface area, thin epithelium, and extensive blood
supply, it is clear that the pseudobranch may allow
for the maximum oxygenation of the blood flowing
through the large blood sinuses. Furthermore,
the currents of flow in the immediate vicinity
of the pseudebranch set up by the actively beating
cilia on the external surface of the pseudobranch
suggest that a counter-current system is operating,
which no doubt would further enhance the diffusion

of oxygen inte the bloed.
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DISGCUSSION

1, BResults.

As far as the surfacing behavioui in these pulmonate
species is concerned, the termination of the dive appears
to be determined by the rate at which the pulmeonary gas
volume decreases, This in turn depends on the volume of
gas uptake at each successive surfacing and the respiratory
needs of the snails in relation to the temperature and oxygen
tension of the water., Tweo other factors, however, may
regulate surfacing behaviour. The animals may respond to
a decrease in the pulmonary oxygen partial pressure, and/or
a reduction in pulmonary gas volume with a consequent loss
of buoyancy or increase in specific gravity (Jones 1961,
Henderson 1963). The highly irregular surfacing pattern
in these three pulmonate species suggests that the buoyancy
of the shell-visceral mass was probably the most likely factor
responsible for the irregularity in the diving periods. This

statement is substantiated by the following findings.

(1) These snails can exist solely by cutaneous
respiration in favourable conditions when denied
access to the atmosphere, implying that pulmonary
respiration may not be all that important. Tt
is therefore difficult to imagine that ithe irregular
dives as observed in these animals could be
initiated in response to a decrease in the oxygen
tension of the mantle gas.

(3i) Henderson (1962), found that surfacing in Planorbis

corneus and Lymnsea stagnalis normally occurs

during the time when the snails are least buoyant
as reflected by the greatest change in the under-
water weights of the animals, namely the first two
hours of submersion. This present study (vide
Figure 13) has shown that a very close reciprocal

relationship exists between the increcsz in
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2. General
Although the aspects of respiratory physiology
investigated in this study did not indicate any marked

differences between the respiratory behaviour of Lymnaea

natale~sis and that of the two Planorbid species, it is
to be expected that the presence of an accessory gill and
haemoglobin in the Planorbids would be of some respiratory
significance, From a physiclogical point of view the
Planorbids must be better adapted for an aquatic life and
less dependent on aerial respiration than other species.
The selective pressures necessitating the development
of a pseudobranch and the occurence of haemoglobinlare
difficult to assesas, The chemical =znd physical properties

of haemoglobin in Planorbis corneus indicate that this

pigment may be of use in conditions of low oxygen tension.
(Leitch 1916, Borden 1921, and Zaaijer and Wolwekamp 1958).
As the natural habitats of freshwater snails may be subject
to viplent fluctuations in the dissolved oxygen tension,
the possession of a pigment with the characteristies of
haemoglobin would be an advantage. This histological

structure of the mantle of Bulinus africanug and Bulinus

tropicus indicate that the mantle cavity in these species

is not an efficient lung. TFurthermore, as the total

surface area of the mantle is considerably decreased by

the presence of a large kidney mass, it is not unreasonsble

to suggest that the development of a pseudobranch in these
Planorbid species may compensate for the diminished functional
efficiency of the mantle cavity as a respiratory organ.

The same argument can be applied to Lymnaea natalensis.

Notwithstanding the large kidrney in this species, the
histological structure of the mantle indicates that the
mantle cavity could be a relatively efficient lung by
virtue of the vascular mantle roof sinus. In this way

Lymnaea natalensis may possibly compensate for the lack

of an accessory i1l and haemoglobin.
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Howsver, this study did not indicate that Lymnaca
natalensis is at any particular disadvantage in lacking
a pseudobranch and haemoglobin, two characteristics which
would suggest a respiratory advantage. In view of this
it seems likely that the anatomical and physiological
differences between the two Planorbid species and Lymnaea
natalensis could be of ecological significance, In this
respect, the hypothesis put forward by Jones (1961 and 1964 a)

with regard to Lymnaea stapgnalis and Planorbis ~orneus merits

further consideration. This author found, in observations
on these snails in their natural habitat that there was an
important difference in the range of the two species.
Lymnaea stagnalis tended to remain within easy reach of

the surface whereas Planorbigs corneus spends a censiderable
time on the bottom of the ditch, and consequently came

to the surface less frequently. Furthermore, in experi nts
on gas exchange Jones (1961) found that the lung in Lymnaea
stagnalis was relatively more important than in Planorbis
corncus, On the basis of these observations and experimental
findings Jones advanced the hypothesis that:these two

species occupy separate regions of the habitat. Planorbis
corneus by virtue of the possession of haemoglobin with a
high affinity for oxygen is able to exploit the pulmonary
oxygen to a greater extent than Lymnasa stagnalis. The
former specics is thus able to indulge in longer dives =2nd

journeys further sway from the surface, while Lymnaca stagnalis,

being more dependent on the lung is limited to regions
within easy reach of the surface.

In how far this proposed hypothesis of Jones applies
to the South African species worked upon in this study can
only be determined by field and laboratory studies, Two
factors can be mentioncd however.

Firstly, Lymnasea patalensis was always found in its

local habitat either floating on the surface or immediately

below the surface, whereas Bulinus tropicus was usually

found in its local habitat at depths varying from 0.2 - 6.3 m.
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5 UMMARY.,

Various aspects of the respiratory physiology of two

Planorbid species, Bulinus (Physopsis) africanus and

Bulinus {Bulinus) tropicus, and one Lymnaeid species,

Lymnaea natalensis were investigated.

The need for the understanding of basic physiological
mechanisms in schistosome snail hosts was pointed out.
A colorimetric method for the determination of dissolved
oxygen in water is described.

A simple procedure for collecting gas bubbles expelled
from the mantle cavities of the snails is described,
The gaseous composition of the pas bubbles were analysed
in a tonometer constructed from a 0.1 ml pipette.

Under labor: ory conditions, the three species showed

a highly irregular pattern in diving behaviour.

The importance of the mantle gas in respiration depends
on the respiratory needs of the snails in relation to
the temperature and oxygen content of the water., When
the animals were denied access to the atmospheric air,
a high survivalship was evident at 15°C in both azerated
and non-aerated water and also at 25°C in aerated water.
Extensive mortality was found in non-asrated water at
2508, in which the oxygen tension fell to low levels.
The conclusion reached was that pulmonary respiration
be comes increésingly important in conditions in which
the cutaneous oxygen uptake is not sufficient to cater
for the metabolic needs of the snails, as for example
at high temperatures coupled with a decreasing oxygen
tension in the water.,

A1l three species showed 2 high survivalship over a
period of 96 hours in almost completely anoxic con-
ditions. These results were completely contradictory
to the results mentioned above, The only difference
in the experimental design was that in this instance
the snails had access to a water-gas interface, the

gas being pure nitrogen. A hyrothesis to account for

these contradictory and confusing regults is advanced.
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The cutaneous oxygen uptake of the three species
relation to starvation, temperature, live weight
oxygen content of the water showed similar tende
namely, a slight decrease with starvation, 21 mar
increase with a rise temperature, an increase wi
increasing live weight, and a decrease as the ox
concentration of the water diminishes.

The general outlay of the anatomy and histology
respiratory organs is given. From a morohologi

point of view the mantle cavity of Lymnaes natal

appears to be a more efficient lung than that of

two Planorbid species,

Tonometric analysis of the mantle gas of all thr

species indicated that the gas bubbles function

air store of diminishing volume and not as a thy

gill.

It was concluded that pulmonary respiration is auxiliary
to cutaneous respiration and that the primary function

of the 2ir bubble in the mantle cavity i8 in buoyancy
regulation.

The hypothesis is advanced that surfacing behaviour of

the freshwater pulmonates in general is initially relecased
by a loss of buoyancy consequent upon the reduction of

the mantle gas volume due to the utilization of the

oxygen for respiratory purposes and/or the diffusion of
gases into the surrounding water,

This study did not reveal any marked differences in

the aspects of respiratory physiology which were investigated
between the two Planorbid and one Lymnaeid species. The

conclusion reached was that Lymnaea natalensis did not

appear to be at any disadvantage in lacking an accsssory
gill and possibly a respiratory pigment, when compared

with Bulinus africanus and Bulinus tropicus. The

possibility that the anatomical and physiolo-ical differences

could be of ecological significince is briefly discrassed.
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APPANDLX

TABIE 1

Hass of water in gm. in needle and up to respective marks.

Etched marks: 1 2 3 4 needle

_— B s e

Syringe No, 1 wmass in mass in mass in mass in mass in
g, oM. B gm. gn.

5.,0250 G,0%66  6,9705 7.9579  C.20%6
5,0296  (.03%04 6,9815 7,96586  0.21CG

5.0261 6.N316 6,9718 7.,9722 0.

o)

095
5.0386 6.0446 ©6,9776 77,9639  0.,R100
5.0357  6,0450 6.972 7.9711  0.2088
5.0414  6.0510 6.983&  7.9688 0.2124
5,0287 G.0353  6,9214  7.9347  (0.2246
5.0320 6.0321 6.9016é 7.,9239 0,21°4
5.0277 6,03%6 6,836  7.,946% 00,2214

5.0293 6.,0395 6,0215 7,9557 0.22%4

mean: 5,031 £.038 £,953 7,955 0.214

SD =: 0.046 €.0C1

Syrings No, 2 5,0693 5,9%42  5.8449 7,787% 0.2104
5.,0748 5,9276 ©6.8492 7,7736  0,2163
5.0642  5,9241  6£.8249 7.7891 (C,21%2
5.,0679 5,8269 6,8273  7,7760 00,2286
5.0735  5.9321  6.8207 7.7997 (0.2294
5.0724  5,94%8  6.83%328 7.7824  (,2287
5.0638 5,933  €,8265 7,7794  0,2198
5,072C  5.0228 66,8214  7.7827  0.2278
5.0607 5.9%67 6.8426  7,7958  0,2237

5.0684 15,9789 6.8318 7,7877 0,2248

mean 5.070 5.932 0,832 7.786 C.202

o)
!
"

0.035 C.002








