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Transmission of Bilharziasis
1. Some Essential Aspects of Snail Population Dynamics and Their Study

G. WEBBE I

Accurate quantitative assessment is essential to any study of disease transmission; in
relation to the transmission of bilharziasis the most important characteristics that have to
be determined include density, reproduction and mortality rates, the age and sex structure
of the population, dispersion and the intrinsic rate ofnatural increase (the biotic potential).
The author discusses techniques that have been developed to yield this and other information
and stresses the need to evaluate such techniques objectively.

Some basic principles ofpopulation ecology are defined and discussed in relation to the
control of transmission. It is considered that laboratory studies can be usefully carried on
in conjunction with field work but that they cannot be substituted for field investigations in
determining the parameters of bilharziasis transmission for a given area.

A WHO Study Group on the Ecology of Inter-
mediate Snail Hosts of Bilharziasis (1957) reported
on many aspects of their biology and ecology and
made some suggestions for future study. Relatively
narrow limits of certain recurrent environmental
factors, which are correlated with climatic and
seasonal cycles appear to control oviposition, larval
development and young stages of the snail hosts.
Limited information, resulting from experimental
investigation of such reproductive constants has been
obtained and obviously further research is needed in
nature.
The importance of accurate quantitative assess-

ment in relation to transmission studies has been
well demonstrated by Macdonald (1961), who
explained the place of epidemiological models in
studies of vector-borne diseases. Provided that cer-
tain numerical values are known with regard to
variables associated with different areas and with
different species of schistosome and intermediate
host, the formulation of such models may throw
light on the dynamics of transmission as well as on
the probability of successful control by different
methods.

Hairston (1962) reviewed attempts made to obtain
mathematical formulations for the transmission of
parasitic diseases and described the analysis of two
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populations of Schistosoma japonicum, using age-
specific reproduction and mortality data.

POPULATION PROPERTIES

The characteristics of a snail population that are
most important in studying the dynamics of trans-
mission of bilharziasis include density, reproduction
and mortality rates, the age and, perhaps, the sex
structure of the population, dispersion and intrinsic
rate of natural increase or biotic potential. From
age-specific reproduction and mortality rates a life-
table can be drawn up from which rates of popula-
tion increase or decrease can be calculated. This can
then be used to estimate rates of increase following
normal seasonal changes or following control
methods.

Like many other inherited characters, population
properties are affected by certain environmental fac-
tors. In widely separated endemic areas it has been
shown that seasonal and climatic factors may have
a profound effect upon life-cycles of snail inter-
mediate hosts. Webbe (1964) referred to the pro-
nounced seasonal fluctuations in the density and
breeding of snails observed by different workers, the
factors governing such fluctuations being apparently
multiple and acting together rather than individually.
Rainfall cycles are among the most important
climatic factors that affect the life-history of snails,
but reproductive and population cycles also depend
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upon temperature and other incompletely understood
and unknown factors. In some areas where rainfall,
water-levels and temperature are relatively constant,
there are no pronounced cyclic changes and repro-
duction may take place throughout the year. There
appears to be no conclusive evidence for reproductive
and population cycles independent of cyclic fluctu-
ation of environmental factors, but irregular popula-
tion changes independent of seasonal factors may
occur.

Seasonal fluctuations in the transmission potential
of snails will obviously result from cyclic reproduc-
tion and population changes. Accurate information
regarding the climatology of an area under observa-
tion is therefore an essential adjunct to the study of
field populations and transmission dynamics, and
such studies should be carried out over a long period
so that seasonal changes can be accurately assessed.
Apart from seasonally operating extrinsic factors,

the density and age structure of a snail population
are also controlled by intrinsicaUy operating factors,
such as birth-rate, natural mortality and environ-
mental resistance, which are not constant for a
population and will vary with the size and composi-
tion of the different populations.

METHODS OF STUDY

Techniques used in estimating snail populations
have been reviewed by Hairston and co-authors
(1958). These authors emphasize that snail popula-
tions must be studied by quantitative methods;
whatever method is chosen, a worker should evaluate
his technique and method objectively, so that the
choice of method will be determined by the objec-
tives of the study, by the nature of the habitat, by
the circumstances under which the work is carried
out and by the facilities and personnel available. It
is obvious that no uniform method applicable to all
situations can be developed for such quantitative
studies. Hairston (1961) discussed the requirements
for accurate population estimates, including the
problem of sampling error, and made useful recom-
mendations for sampling procedures with aquatic
and amphibious snails.
A sample may be inaccurate in a number of ways

but the simplest and most acceptable error is the
missing of a constant proportion of snails present.
A less acceptable kind of error occurs when the
efficiency of the sampling technique varies from time
to time or from place to place. Most snail popula-
tions are aggregated and calculations carried out by

Pesigan et al. (1958) and Yeo (1962) suggest that the
negative binomial might adequately describe the
distribution of snail populations. Hairston (1961)
considered that the only method of gaining greater
confidence in the estimate of the mean number of
snails per sample is to increase the number of sam-
ples, a large number of small samples being prefer-
able to a small number of large samples; " in most
circumstances, no less than 30 samples in a habitat
are required for the data to be repeatable with con-
fidence, and 50-100 samples would be preferable ".
Statistical analysis of data provides the only non-
intuitive method of revealing the extent of error
contained in the data after their collection but, as
Hairston comments, " it should ... be realized that
statistical methods are no panacea and . . . conclu-
sions derived from statistical analyses are no more
valid than the sampling data on which they are
based ".

Pesigan et al. (1958), studying the amphibious
Oncomelania quadrasi (Mollendorf), employed two
sampling methods: a ring method supplemented, in
order to improve the collection of young snails and
to make more areas available to collecting, by tube-
sampling, involving the examination of a plug of
mud from the habitat. Such quadrat methods are
clearly applicable to semi-aquatic situations and
provide the absolute estimates which are desirable
for ecological studies. Crossland (1962), working in
an irrigation system and using a tube-sampling
method, showed that under certain conditions this
method could be used to estimate absolute densities
within a large portion of the total habitat, but that it
took no account of those snails living among aquatic
weeds (egg-masses and hatchlings); this method,
therefore, always missed a certain essential propor-
portion of the population, from the point of view
of growth-rate and age-specific reproduction data.
In irrigation canals, however, the " drag-scoop "
referred to by Hairston et al. (1958) can be used if the
bank is inclined from the bottom at an angle of 450
or more and population estimates can be made of the
number of snails per linear unit of canal. It can also
be used effectively in narrow streams with well-
defined banks.

In North Africa and the Middle East, attention has
so far inevitably centred upon techniques designed to
sample large and, for the most part, regular habitats,
such as irrigation canals. Under these conditions
reliable absolute data can be obtained over a long
period using direct and exhaustive techniques,
without, apparently, destroying the biological balance
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of the habitat. South of the Sahara, however, habi-
tats of snail intermediate hosts are much more
diversified in character and their sampling calls for a
clear concept of the information sought, while taking
into account the period for which observations will
be carried out. This applies, in particular, to snail
intermediate hosts of S. haematobium, which often
occupy small circumscribed habitats, frequently of
only seasonal duration.
Barbosa & Olivier (1958) pointed out that " rela-

tive " population densities can be obtained with some
accuracy and such data can be very useful in the
study of population dynamics. Few workers, how-
ever, have carried out quantitative studies from which
age-specific data can be obtained, so that a detailed
comparison of techniques employed under a variety
of conditions is unfortunately not possible.
Webbe (1962) employed the fractional sampling

method of collecting in a defined portion of the
habitat in a uniform manner, using a dip-net, for a
fixed period of time, and showed that in the common
habitat of Bulinus (Physopsis) nasutus productus
(Mandahl-Barth), in Tanzania, the method provided
reliable data on the seasonal fluctuation in popula-
tion density and age-structure over a period of two
years without apparently destroying the biological
balance of the habitats. Previously, this method was
evaluated by Olivier & Schneiderman (1956), who
stated that the observed day-to-day variations in the
numbers of snails collected by one man from the
same place indicate that a single collection made
according to the described method can provide a
reasonably reliable estimate of the probable popula-
tion density. The reliability is improved as the
number of snails counted is increased, and repeated
collections from the same place also increase the
reliability of the results, the most reliable data being
obtained when all collections from a given place are
made by one man or a group of men.
From data given by Webbe (1962; pp. 66-77,

Fig. 6) it is possible to calculate that the snail popula-
tion in the area studied doubled itself every two
months. This can also be calculated independently
from the estimates of mortality and reproductive
indices given by Webbe (1962; pp. 78-82). From
these data a simple life-table was drawn and the
appropriate calculations made. It is estimated that
about 25% of the very young snails were probably
missed in making the collections since, in order to
increase the calculated net reproduction rate and
produce the observed rate of increase of the popula-
tion, it is necessary that the survival of adults must

be better than the calculated value or, alternatively,
that reproduction must be better than was
estimated. The survival estimate is less likely to be
in error than that of reproduction, because the very
small snails on which the latter is based are difficult
to collect in the field.

It is considered that, in the small pools which con-
stituted the main habitat sampled during the observa-
tions, the sampling method described was in most
cases " near exhaustive ". Snails were almost entirely
confined to the peripheral margin of these relatively
shallow, saucer-shaped depressions, browsing on the
muddy substratum and emergent vegetation, and
the entire habitat was usually searched during the
10-minute period. During 1962-63, an attempt was
made to compare the sampling method with an
exhaustive one, using an Ekman bottom sampler
(dimensions 25 x 25 cm) which was described by
Welch (1948). In three pools which had little
emergent vegetation, it was estimated that the frac-
tional method underestimated the total population
present (calculated by taking 20 samples in each
with the Ekman grab 48 hours after the samples
obtained by the fractional method had been returned
to the pools), by 11 %, 28% and 17% respectively.
In three other pools, however, which had an ap-
preciable amount of marginal vegetation, the
"exhaustive method" gave figures 15 %, 23% and
12%, respectively, lower than the fractional method.
It is noteworthy that the underestimates of numbers
given by the fractional method in the first series of
pools were of the same order as the estimate of
undercollecting of small snails (25 %, calculated from
age-specific mortality and reproduction data) ob-
tained during the main period of observations.
Under these conditions, however, the principal

objection to the use of such an exhaustive technique
is the considerable observed disturbance and damage
to the habitat, caused by removal of bottom mud
and some emergent vegetation. The observations
described by Webbe (1962) were designed to study
the transmission pattern over a long period (two
years), and all snail samples were returned to their
respective habitats 48 hours after collection, follow-
ing measurement and examination for cercarial in-
fections. It is considered that the collection of data
by fortnightly sampling, from which growth-rates
and age-specific reproduction and mortality rates
could be calculated, would have been impossible had
this procedure not been followed.

Hairston et al. (1958) considered that the recovery
of marked individuals after their release in a habitat,
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as a method of estimating snail population, was
theoretically capable of great accuracy, but con-
cluded that the technique was impracticable under
most field conditions. Pimentel et al. (1957) obtained
information on spatial snail movements, using this
technique, while Webbe & Read (1962) considered
that in the small circumscribed habitats described by
Webbe (1962) valuable information on the biology
and population dynamics of a snail population might
be obtained by use of a suitable labelling technique.
The method certainly deserves further consideration
and trial under a variety of conditions.

DETERMINATION OF GROWTH-RATE

Measurement of size is the only method of de-
termining the age of snails collected in the field and,
in order to estimate their ability to survive under
natural conditions, one must know the age distribu-
tion of a population at any given time. Some work-
ers measure snail samples, using selective standards,
so that only two or three size-categories are obtained,
and such data may be useful in roughly indicating
population trends. The measurement of snail shells,
however, must be carried out with care and, if pos-
sible, to the nearest 0.1 mm if data suitable for con-
version from size to age are required. Pesigan et al.
(1958) stuck all samples of 0. quadrasi on to cellulose
tape, aperture up, and measured them to the nearest
0.1 mm, using a dissecting microscope with an ocular
micrometer. This method is likely to be inconvenient
if larger snails are involved or, if one requires to
return material to the field. In the case of bulinid
snails, the height of the shell is the largest dimension
parallel to the axis, and can be conveniently mea-
sured to the nearest 0.1 mm using callipers with a
vernier attachment. Similarly, the maximum diame-
ter of Biomphalaria can be conveniently measured
and is the dimension which shows the biggest pro-
portional increase as the result of growth. A radio-
graphic method of measurement is available in which
snails are photographed on radiographic film or
plate, and direct measurement of the image can then
be accurately made. It also has the advantage that a
permanent record of an entire sample is obtained.
It is particularly useful for measurement of Biom-
phalaria, but is not practicable in the case of bulinid
shells, which have to be placed aperture up and which
may not present the main axis parallel to the plane
of the film.

In order that size may be used for determination
of age, an accurate growth curve must be obtained,

which in turn depends upon large complete samples
being obtained from the field. This depends, of
course, upon reliable sampling at suitable intervals.
Olivier & Barbosa (1955) made weekly collections of
snails to study growth and obtain reproduction and
survival data. Rowan (1959) considered that a
45-day interval between samples was too long to
obtain any data on population dynamics but was
able to detect population changes in relation to
rainfall, while Ritchie et al. (1962) found that a six-
weeks collecting interval was favourable for detecting
population changes, but considered that weekly col-
lections would probably be necessary to determine
growth in field populations. McMullen (1947)
observed the growth of 0. quadrasi, and, making
fortnightly collections of snails, was able to follow
apparent broods over several weeks by comparing
the modes of successive size-frequency curves.
Pesigan et al. (1958) employed several different
methods of studying growth, but considered that for
field studies, McMullen's technique was superior to
any other. The periodicity of sampling must ob-
viously be decided in relation to the nature and
number of habitats concerned, the scope of the
information required and, of course, availability of
staff and proximity of facilities for laboratory
examination of material.

AGE-SPECIFIC MORTALITY RATES

From successive size-frequency histograms of
periodic samplings and the growth-rate data derived
from them, accurate calculations of the mortality
of adult snails in different habitats can be made for
each interval between sampling. The number of
adult snails at any sampling is taken as a starting-
point, then, by reference to the growth-rate data, the
size to which the smallest adult would have grown
by the time of the next sampling is calculated. The
number of snails of this expected size and larger is
then subtracted from the number at the first sampling
to give the total loss. The average daily mortality
rate in a given habitat is then calculated using the
exponential expression:

lx = e-Xd

where Ix =the proportion of snails surviving to age x,
x=the number of days between sampling, and
d=the daily mortality rate.

A knowledge of the adult mortality rate permits of
calculation of the length of life of an average adult
snail (i.e., the half-life). Webbe (1962) found that
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adult daily mortality rates showed considerable
differences among the populations studied for in-
dividual intervals between sampling. The average
daily mortality rates of the different populations for
the entire periods of sampling, however, were
remarkably similar, the average daily mortality rate
calculated for 10 snail populations during the same
period of sampling being 2.29 Y.

AGE-SPECIFIC REPRODUCTION DATA

Differences in the survival rates of young snails
and in reproduction must influence population struc-
ture and density, but data on survival of young
snails and the egg-laying capacity of adults cannot be
determined under field conditions with the accuracy
of adult mortality rates. An index of a combination
of the two can be obtained, however, by dividing the
number of mature snails at one sampling into the
number of young at the next. The number of young
is determined by reference to the growth-rate data,
which gives the maximum size that a young snail
could reach if the egg was laid on the day that the
mature snails were counted. The ratio thus obtained
is divided by the number of days between sampling
to obtain a mean reproductive index.

In calculating the reproductive index, Webbe
(1962) found it necessary to take a minimum interval
of four weeks between samplings and different
intervals for the two groups of populations studied,
because of the small numbers of " very young "

snails recognizable as offspring, which were collected
for shorter intervals. This underlines the importance
of sampling procedure and of obtaining large com-
plete samples whenever possible. Webbe found that
the reproduction indices of the different populations
varied considerably for individual intervals between
samplings, but that the average daily reproduction
indices of different populations for the entire periods
of sampling were broadly similar. The reproduction
indices appeared to be related to the average daily
mortality rates, though not always to density.

Pesigan et al. (1958) concluded that the mainte-
nance ofdifferent population structures independently
of density must depend upon different survival rates
both for young and for adult snails, and that both
must be involved since equal survival rates for adults
and different rates for young, or vice versa, would
result in a direct relationship between population
structure and density, which did clearly not obtain.
Webbe (1962) found that population structures, like
density, varied from place to place, with quite large

changes occurring from time to time, and that the
appreciable differences in the mortality rates of
adult snails among the populations studied were large
enough to effect the considerable changes in popula-
tion density and structure which were apparent at
different times.

SOME BASIC PRINCIPLES OF POPULATION ECOLOGY

When the size of a population changes, the actual
change divided by the period of time during which it
takes place gives the " population rate " and the
slope of a population curve corresponds to the
population rate, the specific population rate being
the average rate of change per time per individual.
The "maximum natality" and " maximum mor-
tality" are theoretical constants which are never
realized in nature, but " realized " or " ecological "
natality and mortality are not constant for a popula-
tion and may vary with the size and composition of a
population and environmental conditions. An ex-
panding population contains a large proportion of
young individuals, a stationary population has a
more or less even distribution, and a declining one
has a large proportion of old individuals. Any
population behaving according to a given set of life-
table data with age-specific survival and reproduction
rates is considered to have a stable age distribution or
equilibrium population structure, towards which the
actual age distribution is tending. This stable age
distribution is, like " maximum mortality ", an
intrinsic constant of the population and it provides a
base for evaluating actual age distributions as they
may occur.
When, therefore, the environment of a population

is unlimited and other organisms do not exert a
limiting effect, there is an excess of habitat space and
food, and the age distribution is stable, the popula-
tion rate per individual (the specific growth-rate),
becomes constant and maximum for the prevailing
physical conditions. This specific maximum growth-
rate is an index of the potential of the population to
grow and is known as the " intrinsic rate of natural
increase ", commonly expressed by the symbol r.
In a population with a stable age distribution in an
unlimited environment under known physical con-
ditions r can be calculated from the expression:

dN
dt.N

where N = the population number, and
dN = the change in population number during

the time dt.
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Under these conditions r is maximum and re-
presents the maximum intrinsic rate of increase of
the population, often called the " biotic potential ".
If a population is stationary or remains close to a
mean size, the natality rate closely approximates the
mortality rate and r = 0. When environmental
conditions are not optimum, mortality increases and
r assumes a value between the " biotic potential "
and zero. The difference between maximum r
and the actually observed value of r expresses the
environmental resistance of the population in the
given environment.
The " intrinsic rate of increase " cannot continue

indefinitely, owing to changes in the environment.
The population rate begins to decrease as the popula-
tion number approaches an upper limit, which is
known as the " saturation level" or " carrying
capacity ". When this is reached, population density
tends to fluctuate above and below this level. Such
fluctuations may depend upon changes in the
physical environment or upon interactions within
the population. The fluctuations may be seasonal or
periodic and both extrinsic factors (rainfall, dry
season, temperature), and intrinsic factors (birth-
rate, mortality) influence all of them, but in a certain
case one particular factor may be the major cause.
A factor which may influence a population favour-

ably or adversely can act in three different ways in
relation to population density. It may be " density-
independent ", which means that its action is con-
stant regardless of the number of individuals in the
population; it may be " density-proportional ",
the same percentage being affected regardless of the
number of individuals; or it may be " density-
dependent ", the percentage of individuals affected
varying with the number of individuals in the
population.
The population characteristics discussed and

defined in the foregoing section may appear to be
rather theoretical considerations and their applica-
tion in the field impracticable. An understanding of

RJE~

Pour mieux etudier les modalites de la transmission de
la bilharziose, il est essentiel de tenir compte des caracte-
ristiques des populations de mollusques et notamment de
la densite, des taux de reproduction et de mortalite, de la
structure par age, et eventuellement par sexe, de la dis-
persion et du taux intrinsEque d'accroissement naturel ou

these basic principles of population ecology is,
however, axiomatic for anyone whose ultimate goal
is control of transmission.
Few, if any, available methods of control involving

the use of chemicals are likely to result in complete
eradication of snails, and their high " intrinsic rate
of natural increase" is likely to result in the rapid
restoration of damaged populations. A permanent
result will, therefore, require an alteration of the
environment and, in turn, of the ecology of the
population. The " intrinsic rate of natural increase "
will not be affected by such a change, of course, but
the " actual or realized rate of increase" will be
influenced. If the " environmental resistance " is so
increased, the " carrying capacity " will be lowered,
which ultimately will mean a decrease in population
density. The change produced in the environment to
bring this about may cause reproduction to slow
down and eventually stop or it may reduce survival
rates. In either case an unbalanced age-structure
will result and, whatever factor is chosen for the
purpose, it is desirable that it should be " density-
independent" and lead to complete eradication of
the population. Pesigan et al. (1958), working in
Leyte, Philippines, have shown how these principles
can be applied to devise effective control procedures,
and Hairston & Santos (1961) described the ecolo-
gical measures which were successfully applied there.
Mention has already been made of the difficulties

in obtaining data on certain aspects of the life-
history of snails in the field. Laboratory studies can
provide valuable data on the time and duration of
egg-laying, the conditions of existence and survival
of various life-history stages and on growth rates,
under defined conditions. Such studies can be use-
fully carried on in conjunction with field work, but
it must be emphasized that they cannot be substituted
for field studies in determining the parameters of
transmission for a given area, and laboratory data
should be interpreted with caution in relation to
happenings in nature.

;UMt

((potentiel biotique ). Le calcul des taux de reproduction
et de mortalite, suivant l'age, fournit une table de survie
qui permet d'evaluer les taux d'accroissement et de dimi-
nution de la population et d'etudier leurs fluctuations
sous l'influence des variations saisonnieres ou des
mesures de lutte contre les mollusques. La connaissance
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des particularites climatologiques d'une region donn6e,
en raison de leur effet sur le potentiel de transmission des
mollusques, est indispensable.

Les techniques d'etude doivent faire appel a des pro-
cedes quantitatifs aussi precis que possible. L'echan-
tillonnage, dont l'auteur analyse certaines des methodes,
est a la base de toute recherche valable. Quant a l'age des
mollusques, il ne peut etre determine que par la mesure
de la taille, et ici aussi, les procedes d'etude sont nom-
breux, mais de valeur inegale. Cette mensuration,
effectuee apres un echantillonnage soigneux, p-rmet
d'etablir une courbe de croissance exacte et de calculer
le taux de mortalite des mollusques adultes et la dur6e
de vie d'un mollusque adulte moyen (demi-vie). Les
variations des taux de survie et de reproduction des

jeunes mollusques ont certainement une influence sur la
composition et la densite de la population, mais ne
peuvent etre d6terminees, sur le terrain, avec suffisam-
ment de precision.

L'auteur enonce quelques principes fondamentaux
dont I'application est indispensable au cours de recher-
ches sur l'ecologie des populations de mollusques. II
signale l'importance de la notion de . taux intrinseque
d'accroissement naturel * dont les variations refletent
l'influence du milieu sur la population de mollusques.

Les recherches de laboratoire sont d'une grande utilite
et fournissent de nombreuses donnees, mais elles doivent
etre poursuivies en liaison avec les travaux effectues
sur le terrain.
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