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Mathematical Simulation of an Aquatic
Snail Population*

W. R. JOBIN1 & E. H. MICHELSON2

Techniques for controlling the intermediate snail hosts of schistosomiasis have had
to be evaluated by field trials, since the complexity of snail population dynamics has so
far made it impossible to predict the effects of these techniques and thereby avoid costly
field testing.

However, in laboratory studies with Biomphalaria glabrata it was found that the
fecundity of these snails was directly proportional to F/NV, where F is the total amount
offood in the habitat, N the number of snails, and V the volume of the habitat. The use
of this fecundity variable together with data published on snail longevity and fecundity
made it possible to construct a mathematical model of a snail population which may even-
tually be usefulfor evaluating snail control methods.

For preliminary verification of the model, its predictions were compared with a published
history of a population of Bulinus globosus in a small pond. The general agreement of
the predicted and observed population data indicated that the basic structure of the model
was sound.

Refined methods for the control of aquatic snails
would make it more practical to prevent transmission
of schistosomiasis and certain other parasitic dis-
eases. However, at present, the population dynamics
of aquatic snails are understood only in general,
qualitative terms. Control of the snails would be
easier if the factors determining population growth
and decline could be clarified and expressed in pre-
cise form. The purpose of this study was to inves-
tigate the basic laws which govern population dy-
namics of aquatic snails, to formulate these laws
into a mathematical model written as a programme
for a high-speed digital computer, and to test the
model by comparing its predictions with observations
from a field study. The model was organized so that
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it might eventually serve for preliminary evaluation
of various methods of snail control.
The mathematical treatment of general population

dynamics has recently received considerable attention
(Bartlett et al., 1960). In a study involving snail
populations, the rate at which Oncomelania quadrasi
would repopulate a habitat previously treated with
molluscicides was predicted (Pesigan et al., 1958).
The prediction indicated a slow rise of the popula-
tion, following an erratic pattern. Although such
important factors as water temperature, food density,
and population crowding were not included as vari-
ables in the calculations, and other details were
lacking, the predictions were in general agreement
with field observations on this species.

Clarification of the role of crowding in regulating
the fecundity of snail populations is a basic require-
ment in the organization of a mathematical model
While it has been known for over a century that
snails in crowded aquaria have low birth and growth
rates, a recent report on Biomphalaria glabrata'
underlined the complexity of this phenomenon
(Chemin & Michelson, 1957). In that study, involv-
ing several groups of aquaria, high population den-
sity was correlated with low birth and growth rates
when the water volume in the aquaria was held

1 Formerly Australorbis glabratus Say.
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constant and the number of snails was increased.
Paradoxically, high population densities were cor-
related with high birth and growth rates when the
water volume was reduced and the number of snails
was held constant. This unresolved contradiction
has also been demonstrated for another aquatic
snail, Bulinus globosus (Shiff, 1964b), and it is there-
fore assumed in the following analysis that the
crowding phenomenon is similar for both species.
High mortality and stunted growth have been

reported for groups of snails raised in water taken
from an aquarium containing large numbers of snails
of the same species, and the presence of a chemical
agent was suggested to explain the observations
(Wright, 1960). A chemical obtained from a habitat
of Biomphalaria sudanica in Uganda caused stunted
growth in the snails in laboratory experiments
(Berrie & Visser, 1963); it was implied that the sub-
stance was derived from the snails.
The importance of crowding effects in field popu-

lations has been questioned by Shiff (1964b). From
laboratory studies he concluded that Bulinus globosus
was adversely influenced by overcrowding, but stated
" this is unlikely to have much application in the
field, as in nature the species is seldom found in such
profusion as to restrict its rate of growth ". This
viewpoint is held by others with respect to insect
populations, since it is felt that adverse environ-
mental conditions maintain populations below the
levels at which crowding occurs (Andrewartha &
Birch, 1954; Milne, 1962).

MATERIALS AND METHODS FOR CROWDING STUDIES

In order to construct a rational model it was neces-
sary to clarify the role of crowding in the dynamics
of snail populations. Thus the effect on snail fecun-
dity of water volume, amount of food, and number
of snails was studied in the laboratory with snails
maintained in glass jars. Continuous circulation of
filtered and aerated water was provided to reduce or
e'iminate the effects of toxic or growth-inhibiting
substances. The recirculation rate was regulated to
provide a complete change of water in each jar every
3 hours, and the return flow was mixed so that all
jars received the same water. The snails came from
a laboratory colony of Puerto Rican Biomphalaria
glabrata raised at 253C ± 1°C in aerated aquaria
containing watercress and lettuce. Shell diameters
were measured to the nearest 1.0 mm with calipers.
Egg masses were collected from the jars at the end of
each experiment and were counted under a dissecting

microscope; for comparative purposes, all eggs were
assumed to be alive. Watercress was washed, shaken
free of water, and weighed to 0.1 g before being
placed in the jars. The watercress was not reple-
nished during the experimental period, but the snails
consumed so little that the amount remained
essentially constant. The experimental area was
dark at night, but during the day light came from
ceiling-level fluorescent lamps and from a frosted
skylight. The water temperature was maintained
at 250C :i1°C.
The experiments were carried out in the three

groups at different times. The first experiment in-
cluded 5 jars each with 7.6 litres of water and 30 g
of food; the second consisted of one 7.6-litre jar
containing 30 g of food; and the third group included
one 4.5-litre jar with 30 g of food, 2 other 4.5-litre
jars with 60 g each, and a fourth 4.5-litre jar with 90 g
of food. Ten snails, each 15 mm in diameter, were
placed in each jar for about 5 days. At the end of
the experiment the eggs were counted, and the
fecundity of the snails was calculated as the number
of eggs produced per snail per day.

RESULTS OF CROWDING STUDIES

The findings (Table 1) indicated that the fecundity
of snails was directly proportional to F/NV, where
F is food in g of watercress, N is the number of snails
per jar, and Vis the volume of water in litres (Fig. 1).
The influence of food density on fecundity provides
an explanation for the previously cited paradox
which had been noted in earlier studies of crowding
(Chernin & Michelson, 1957; Shiff, 1964b). The
amount of food used in the earlier studies was held
constant in all experiments. Since it was in excess
of what could be eaten, it was therefore assumed not
to be an important variable. However, when the
population density of a group of snails was increased
by reducing the volume of the aquarium, the food
density also increased. The expectation in the earlier
studies had been that the fecundity would decrease
since the snails were more crowded. In fact fecundity
increased, since food became more easily available.'

It is unlikely that chemicals excreted by the snails
are involved in the crowding effect since the crowding
occurred despite the use of water that was filtered,
mixed, and recirculated in common to all containers.
It is possible that previously reported substances

1 A recent field study on Lymnaea supports the impor-
tance of food and number of snails as major factors deter-
mining the fecundity of aquatic snails (Eisenberg, 1966).
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TABLE I

SUMMARY OF DATA ON THE EFFECT OF CROWDING ON FECUNDITY OF BIOMPHALARIA GLABRATA a

Fooing nais er ai Number Volume Toa eg FecundityFood in g Snair jar in litres F/NV ptod uced Time c in days in eggs/snail/day

(F) (N) of jars ~~~~~~(V) prdcd(E)

30 9.5 5 7.6 0.42 1 638 4.6 7.58

30 7 1 7.6 0.56 278 3.8 10.95

30 9.5 1 4.5 0.70 735 5.0' 15.50

60 10 1 4.5 1.30 1 530 5.0 30.50

60 10 1 4.5 1.30 1 490 5.0 29.80

90 10 1 4.5 2.00 2 340 5.0 46.80

a The relationship of E to F/NV is illustrated in Fig. 1.
b The average, corrected for mortality.
c Tims-interval over which fecundity was measured.

which inhibit growth and fecundity have been con-
fused with oxygen depletion by gross pollution
(Wright, 1960), or with chemicals derived from vege-
tation (Berrie & Visser, 1963).

THEORETICAL FRAMEWORK FOR POPULATION MODEL

Population prediction is an integration: of birth
and death rates which are determined by intrinsic
properties of the organism and by the environment.

FIG. 1
THE EFFECT OF CROWDING ON FECUNDITY

OF BIOMPHALARIA GLABRATA a
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Following the classification of Maelzer (1965), en-
vironmental components are the external factors
which influence the fecundity or longevity of an
organism. The environmental components consi-
dered in constructing the model were resources,
weather, members of the same species, and mecha-
nical stressors, as follows.

Resources
The primary resource considered in the model was

food, since it was shown that food density has a direct
effect on the fecundity of the snails (Fig. 1). In a
small aquarium, the mean fecundity, in eggs per snail
per day is

F
NV'

where F is total food in g, V is the habitat volume in
litres, and N is the number of snails in the habitat.
From the data summarized in Table 1, k is estimated
to be 22.5 for mature Biom. glabrata at 25C, with
watercress as food. In general it is assumed that

k = k8 x ka x k, X kt,
where k8 is defined as the species fecundity constant,
ka is the age-specific index of reproductive maturity,
kn is dependent on the nutritional value of the food,
and kt is a function of water temperature. These
factors were estimated from data described below.

Weather
It has been shown that water temperature has a

marked effect on fecundity and that 25°C is the
optimum temperature for fecundity of Biom. glabrata

a This is a graphical representation of the data in Table 1.
F is food in g of watercress, N is number of snails (15 mm in
diameter) per jar, and V is the volume of the jar in litres. The
water temperature was 25°C.

659



W. R. JOBIN & E. H. MICHELSON

and Bul. globosus (Michelson, 1961; Shiff, 1964a). If
the temperature-fecundity constant, kt, is defined as
1.0 at 25°C, then for lower temperatures the data
from Michelson and from Shiff indicate that

kt= A(T-f),

where A is a constant, T is the water temperature,
and f is the lowest temperature at which oviposition
occurs (20°C for Biom. glabrata and 18°C for Bul.
globosus).
For temperatures above 25°C,

kt = R (Q-T),

where Q is the maximum temperature at which re-
production occurs (30°C for Biom. glabrata and
28°C for Bul. globosus), and R is a constant. The
range of kt is from 0 to 1.0. It was assumed that the
effects of temperature on survival rates could be
neglected for the narrow range of temperatures con-
sidered in the model studies.

Members of the same species
For laboratory-sized habitats of constant volume,

temperature, and food density, the birth and growth
rates of snails vary inversely with the number of
snails in the population (Chernin & Michelson, 1957).
However, there are habitats in nature, such as large
lakes, where the crowding effect (dependence of birth
and growth rates on number of snails) may not oper-
ate. In order to develop a theory which can be ap-
plied to both circumstances, it is helpful to use the
concept of the " crowding zone ". The crowding
zone is here defined as the volume of water surround-
ing an individual snail within which the presence
of any other snail of the same species will exert a
crowding effect. This is similar to the concept of
home-range for two-dimensional habitats of grazing
animals (McNab, 1963).
By using the concept of the crowding zone, the

equation relating fecundity to crowding in the
laboratory can be expanded to apply to all sizes of
habitat. If the population density of a given habitat
is so low that the average volume of water per snail is
greater than the volume of the crowding zone, the
crowding does not occur and the birth and growth
rates are independent of the number of snails in the
habitat. In the fecundity equation (Fig. 1), N will be
1, so

F
E-=k V

and fecundity becomes independent of population
size and directly proportional to food density,

although there must be an absolute maximum
fecundity for the snails.
On the other hand, in a laboratory aquarium which

has a total volume smaller than the crowding zone,
all snails will be crowding each other, and birth and
growth rates will be inversely proportional to the
total number of snails in the aquarium.
To generalize the fecundity equation for all sizes

of habitats,
E kF

NzV'
where Nz is the mean number of snails per crowding
zone, and is equal to 1 whenever the habitat is not
crowded. The size of the crowding zone may vary
from species to species; it may also be a function of
the average diameter of the snails in the population
and of the concentration of dissolved oxygen in the
habitat. As a first approximation, these factors are
assumed to be constant in the population model.

Mechanical stressors

Desiccation, molluscicide applications, and other
catastrophic events cause increased death rates in a
snail population. For a given species, the number of
survivors in a cohort, over a given time-interval is

s = so X Pa X Pc,

where so is the original number of snails, Pa is the
age-specific survival rate for the time interval, and
Pc is the probability of surviving any catastrophic
event which might have occurred in the time interval.

DESCRIPTION OF THE MATHEMATICAL MODEL

The computational model of a population of
aquatic snails was written in Fortran II for an IBM
1620 digital computer. The model required input
information on the snail species (age-specific survival
rates, age-specific birth rates, a fecundity factor, the
relationship of fecundity to temperature, the volume
of the crowding zone), and information on the habitat
(volume, temperature, shoreline, food). From these
data, a 3-year prediction of the snail population was
calculated. The population was described by the
model for 10-day intervals in terms of the number
of snails, number of eggs, average age of the snails,
and number of snails per metre of shoreline.
An iterative process, similar to the method for

calculating life-tables (Dublin & Lotka, 1936), was
used in the model. The computational programme
began with a specified population, grouped into

660
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10-day age-intervals. The first step was to calculate
the number of snails surviving to the next time period
for each age-group. The time-period and the age-
interval were set at 10 days to approximate the
hatching time for eggs of Biom. glabrata and Bul.
globosus. The number of snails was then calculated
for the first period, both for output and for use in
crowding calculations. The next step involved cal-
culation of various parameters for the first time
period, such as average age of the population and
food density in the habitat. Mfter testing for popu-
lation crowding, the egg production was calculated
for each age-group, according to the age-specific
fecundity factor and water temperature. If the popu-
lation was uncrowded, fecundity was proportional
to food density, whereas if the population was crowd-
ed, fecundity was proportional to the ratio of food
density and the number of snails per crowding zone.
The number of eggs produced was then summed for

the first time period, reduced according to hatching
and catastrophic death rates, and transferred to the
first age-group of the next time period. The entire
process was repeated, advancing one period at a time.

COMPARISON OF MODEL PREDICTION WITH FIELD

OBSERVATIONS

Although numerous field studies have been con-
ducted on aquatic snail populations in ponds and
lakes (Milward de Andrade, 1959, 1962; Webbe,
1960, 1962; Howard & Walden, 1965), only three
have included sampling techniques which made it
possible to estimate the actual populations (Pringle
& Msangi, 1961; Pringle & Raybould, 1965;
Shiff, 1964c). The comprehensive nature of Shiff's
study of BuL. globosus in Foyle Pond (near
Salisbury, Southern Rhodesia) is enhanced by

FIG. 2
PREDICTIONS OF MODEL FOR POPULATION OF BULINUS GLOBOSUS COMPARED WITH FIELD

OBSERVATIONS FROM FOYLE POND STUDy a
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a The small circles representthe observed population, as reported in the field study by Shiff (1964c). The solid line is the popu-
lation predicted by the model for the same environmental conditions observed by Shiff in Foyle Pond. This line corresponds to the
data in Table 2 under the column entitled "1Number of snails "
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further data which Shiff derived from studies
of fecundity and survival in the laboratory (Shiff,
1964a, 1964b).
The field observations on Foyle Pond, summarized

in Fig. 2, showed that the snail population was
reduced to a low level during the cool, dry season
owing to the cessation of reproduction and to desic-
cation. However, within 2 months after the onset
of the rains, the population reached a peak and
eventually stabilized until the next dry season. Water
temperature was an important factor in controlling
fecundity, and it may also have affected the survival
rates of the snails. During the colder part of the
year, fecundity and mortality were much lower than
they were in the warmer season.
The foregoing study was the only available report

which described both a population and its habitat
in sufficient detail for analysis with the model. The
data used in the model included water temperatures

estimated from Shiff's data on nearby ponds (Shiff,
1964a), and survival rates which were estimated as the
mean of his 5 reported sets of rates. The age-specific
birth rates were calculated as the average of data
from laboratory studies on fecundity (Shiff, 1964a).
The product of the species-fecundity constant and
the nutritional constant (ks x kn) was estimated
from the Foyle Pond data.
As a preliminary verification of the model, it was

used to predict the number of Bul. globosus in Foyle
Pond on the basis of the reported environmental
conditions. Beginning with the population observed
by Shiff in the field in December (2000 adult snails),
the population predicted by the model rose very
rapidly to 105 owing to enormous egg production
(Fig. 2). At this population density, however, the
model indicated that the fecundity of the mature
snails was reduced because of crowding. Most of the
population in early December was only a few weeks

TABLE 2
PARTIAL RESULTS OF MODEL PREDICTION FOR BULINUS GLOBOSUS

POPULATION IN FOYLE POND

Number
of snails

87 182
98 292

109 620

107 370
76 693
44 618

20 964
10 107
7 302

5 276
3 812
2 754

1 990

1 107
45 638

21 609
89 388
83 276

77 989

Number
of eggs

49 875
62 890
61 968

37218
17 876

0

0

0

0

0

0

0

0

121 660
3 785

2 328
32 387
47 567

45 897

Average age Snails
of snails per metre
in days b of shore line

36.0
36.0
36.1

37.3
44.0
56.2

76.9
91.0
91.0

91.0
91.0
91.0

91.0
97.0
30.3

45.0
26.1
31.9

35.2

464
491
579

607
499
336

163
81
0

0

0

0

0

9
529

157
879
385

454

a Numbering system used in model to identify 10-day periods.
b Does not include eggs.

Time-
period a

12
14
16

18
20
22

24
26
28

30
32
34

36
38
40

42
44
46

48

Date

1962

10 March
30 March
19 April

9 May
29 May
18 June

8 July
28 July
17 Aug.

6 Sept.
26 Sept.
16 Oct.

5 Nov.
25 Nov.
15 Dec.

1963

4 Jan.
24 Jan.
13 Feb.

5 March
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old, an age-group with a relatively low survival rate.
Consequently, the predicted population declined
rapidly until mid-January. At that time, the snails
that had hatched in December reached maturity and
egg production rose again until the population sta-
bilized near 105. Apparently, further increase in the
population was prevented by the crowding effect.
Eventually, breeding stopped in June because of
cold weather, and the predicted population declined
until August, when the habitat went dry. When the
rains came in late November, less than 2000 snails
had survived the drought. The model prediction was
similar for each of the next 2 years. The output of
the model is tabulated for the interval corresponding
to Shiff's field study, showing the number of snails
and eggs, age of snails, and the number of snails
per metre of shoreline (Table 2).
The major differences between the observed and

the predicted populations occurred during the breed-
ing season, especially January and February. The
observed population did not increase as rapidly as
did the predicted one. The observed population
reached 105 late in January, whereas the predicted
population reached the same peak in early December,
about 5 weeks earlier. Similarly, the observed popu-
lation dropped almost to 104 in February, whereas
the predicted population dropped to this level a
month earlier. In the model, it was assumed that
the food density was uniform throughout the year
since Shiff gave no data on vegetation. The pond
may actually have had very little vegetation in

December, immediately after filling, and this could
account for the slow rise of the observed population
at that time and the subsequent deviation from the
predicted population during January.

Shiff (1964b) suggested that crowding does not
occur in habitats such as Foyle Pond because of the
large volume of water (105 litres). This suggestion
does not appear tenable for two reasons. First,
during the observed peak of population in January
there was a very low rate of egg production compared
with the rate in December. Shiff found only 1.3 eggs
per adult in January, compared with 23.9 in De-
cember, and the decrease cannot be explained by
changes in temperature since that time of year was
optimal for breeding. Secondly, a model study based
on the assumption that crowding did not occur
grossly overestimated the population (Fig. 2).

In the development of the model, the hypothetical
concept of a crowding zone was introduced. The
order of magnitude of this crowding zone was esti-
mated from the model predictions by a trial-and-
error process. Calculations based on a crowding
zone of 10 litres predicted a curve parallel to the
solid line in Fig. 2, but slightly above it. A crowding
zone of 1000 litres resulted in a prediction slightly
below the solid line but also very similar in pattern.
A crowding zone of 100 litres resulted in the predic-
tion which coincided with the observed population
range, and this value was used as the best available
estimate of the size of the crowding zone for Bul.
globosus in Foyle Pond.
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RltSUMIt

Le but du present travail etait d'etudier les lois fonda-
damentales qui regissent la dynamique des populations
de mollusques, de les formuler en langage math6matique
et de comparer les previsions obtenues grace a ce modMle
aux donnees recueillies sur le terrain.

L'analyse au laboratoire de l'effet d'encombrement
(crowding effect) de l'habitat sur, la croissance d'une
population de Biomphalaria glabrata montre que l'action
inhibitrice sur la fecondite des mollusques n'est pas due a

l'excretion de substances chimiques dans le milieu. La
fcondite du vecteur est proportionnelle au rapport
F/NV, ou F est la quantite totale (en grammes) de
nourriture presente dans le milieu, N le nombre de mol-
lusques et Vle volume (en litres) de l'habitat. On a utilis6
cette formule et les donn6es disponibles concernant la
longevite et la fecondit6 des mollusques pour etablir un
modele mathematique d'une population et l'on a d6fini
a cette occasion le concept hypoth6tique de la zone
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d'encombrement (crowding zone), quantite d'eau en-
tourant un mollusque donne a l'interieur de laquelle
la presence d'un autre individu de la meme espece
determine un effet d'encombrement. Pour Bulinus glo-
bosus, le volume de cette zone est evalue A 100 litres par
mollusque.

Le fonctionnement du modele a et verifie en compa-
rant les previsions fournies par le calcul et les observa-
tions faites sur une population naturelle de Bul. globosus.
La concordance d'ensemble entre les previsions math&
matiques et les donnees reelles montre que la conception
d'un tel modele repose sur des bases solides.
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