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ON THE NATURE OF RELATION BETWEEN
THE INCIDENCE OF INFECTION IN HOST
POPULATION AND THE MEAN DENSITY
OF PARASITE
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Abstract, The densily of parasite in the host population is presonted as a probabilist problem and
o mathematical approach to this phonomonon is given.

The studies on population ecology of parasites are very important because they
help understand factors and relations regulating their numbers. Such studies, however.
are often hindered by difficulties in getting sufficient material on numbers of any species
under varied conditions. The difficulties are especially great as regards endoparasites
gince killing and dissection of the host are needed to obtain their complete count.
However the method to obtain the data on the proportion of specimens in the host
population infected with a certain species of parasite (incidence of infeetion) is much
more simple and often does not entail any dissection. Due to this fact the above
problem becomes very interesting. In addition, its investigation may lead to other
interesting conclusions.

Now we can formulate the essence of the problem. Let the proportion of infected
specimens in the host population be E; thc mean density of parasite —M; the total
number of specimens in the host population orin the representative sample from it —N;
number of parasites in one host —ao, @1, 22. %3, ..., ¥a: frequencies of each value of
x"—fo;fhf:,.fa, ---’fﬂ'

The density (or abundance) of any species usually means the number of specimens
present per unit of inhabited arca. As regards parasites, one host is such a unit of
arca. Henee

1 =2
..'V“—-—ﬁ—igluzlfl (1)
. N—fo_ . b
E=—pF=1—% (2)

fo — frequeney of x, (non-infected host specimen).

From the mathematical point of view the number of any species can be considered
as a discrete random variable, because due to the great variety of factors and comple-
xity of rclations determining it we cannot forecast its precise value at any parti-
cular moment of time per any unit of inhabited area.
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Let this random variable be & and then, according to the accepted terminology
in the theory of probability, its value will be:

£ H( To, &1, X2, Ty, ... Tn
< Pu,P[,I'z,P_;....P“

& — designates the possible values of random variable (in our case the numhboer of
parasites per one host) and I’—the probability of each value of 2. The sct of ordered
pairs, x and £, is the probability function or the distribution of random variablo.

In this case the mean density of parasite is determined by mathematical expectation

of diserete random variable
n

It is not hard to notice that the equation (I) is the particular case of this functions

Ji

gince we can determine approximately ecach value of py by ratio v Hence, M =
Fd

|
= ' x —‘{% = -&—}:x;f;. And as ‘;{3— = Py, from equation (2): ¥ =1 — P,.

Consequently the solution of the problem consists mainly in determining the
dependence between the value of the zero member of the distribution of random
variable and its mathematical cxpectation.

Thus our problem can be solved as a probabilist one only, proceeding from the idea
of the species number as random variable, and on the basis of a statistical model
of its distribution. Let us illustrate the solution using the examples of the most usual
types of distribution applied in ecology: that of Poisson, binomial and negative
binomial.

The dependence is most easily determined in the case of Poisson distribution,
that has only one parameter. The formula of zero member of this distribution is:

e ]
_ -M .
Po= gy @ eM
AR B LiePe. we Bave T = 1 g 1
8 ¥ =1 — P,, we have =M @ T 1_—F
Y] ( 1 ) 3
— in i_‘_j}" ()

which is the very formula of dependence between the incidence of infection in terms
of unit parts —#, and the mcan density of the parasite —af,

The following dependences are characteristic of the binomial distribution (p + g)n:
M M

»+4q L, M- np. Zero member of distribution Py =g ,or 1 —E=g¢qn,

By logarithmic trausformation of this equation we obtain:

gl B) lg(1—E)

As binomial distribution has two parameters, our formula should also have, besides
the incidence of infection -—F, the second paramcter —p ie. the probability of
infection of one host with one parasite. vidently this probability does not remain
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constant under conditions causing different incidenco of infection and a new question
arises regarding the characteristic of its alteration. We shall consider it below.

The negative binomial distribution p¥(1 — ¢)~* has two parameters: the mathemati-
cal expectation —AM and the distribution exponent —k, characterizing the cxtent of
k
k+ M’

aggregation of randome variable; p and ¢ are auxiliary parameters: p =

g=l=p.
Zero member of distribution Py = p¥, but Py = 1 — K, then 1 — E — pk; | — F =

k k . -
— (m) and with inverse values:

ey s X
i—F o k =% 2 Py

M~k (kl,/ ;.] ' E_'..-- 1) (5)

In order to determine the mean density of the parasite by means of the value of
incidence of infection one should know also the value of the second distribution
parameler—k and there is the question about its coustancy or variability under
conditions of different incidence of infection, i.e. under different ratios of densities of
host and parasite populations. Tn order to solve this problem a study of parameter k
should be done in representative samples from host populations in the whole speetrum
of existing densities of parasite population, from the smallest to the largest.
However, before doing this let us return to a more simple Poisson distribution and
check nup the dependence obtained (3) by the examples of distribution of pleurocercoids
of Digramma interrupta. (Rud.) in the population of the crucian carp Carassius
auralugs (Bloch), based on the data kindly made available by Dr. M. N. Dubinina.

The infection of fishes with D. inferrupta takes place when they feed on Cyelops sp.
containing invasive procercoids, out of which pleurocercoid larvae develop in the fish
organism later on. It is well known (Dubinina 1966) that cven in ease of artificial
infection of Cyclops and other crustaceans—the first intermediate hosts of Digramma,
with a large number of oncospheres, no more than 1—3 parasites per one crustacean
ean survive till the stage of invasive procercoid, the mean density of procercoids in
crustaceans being very low. It ir practically impossible to find infected crustaceans
even in a sample of more than a thousand specimens taken in heavily infested localities.
Apparently the repeated infection of fishes with several procercoids does not affect
their development. There were cases when 6—7 pleurorcoids were found in one fish.

Now let us imagine a population of some fish species in which pleurocercoids
are able to develop. If such a population inhabits a water reservoir rich in erustaceans
infected with procercoids, the distribution of pleurocercoids in the same age group of
young fishes in this population must agree with the Poisson law. In fact, the
distribution of such a type ariscs under the following conditions: 1. small probability of
random event studied; 2. its identity within the limits of a definite set of objects;
3. complete independence of each event from one another. In our example, if the
occurrence of one pleurocercoid in one fish is regarded as an event: 1. there will be
a small probability of the fish eating an infected erustacean as an average number of
crustaccans with pleurocercoids is small. 2. the probability will be identical for all
fishes of the same age; 3. in case of repeated econsumption of infested ecrustaceans
the new infection will not affect the development of pleurocercoids.
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In fact the counts of pleurocercoids of D. interrupta in samples of alevins (0-4-)
and yearlings (1 }) of crucian carp agree quite well with the Poisson distribution:
P > 0.50 and P > 0.80, vespectively (Table 1).

Table 1. The distribution of pleurocercoids of Digrrommina interrupta (Rud.)
in tho crucian carp Caressius auratus (Bloch.)

Nuﬁtbor of _ r

; Number of LExpected ltequencies |
plet;:::&eﬁ:;mlu fishes obzerved by Poisson distribution :
B% Je i fo
J Alovius (0 |-)
1] 38 37.58
1 9 9.97
2 2 i 1.45
49 49
22 - 03077 Y]
P > 0.50 -
' Yeorlings (1--)
0 1 33 32.92 !
1 7 7.23
2 1 .85
41 41
! 72 = 0.0340 y=1
P > 080

Let us check now the correctness of the formula (3) by the considered examples.
Alevins (0+) N = 49; ) fi = 13; fo = 38

13 N 4938
Ry 900 b e = DA

1 1

Yearlings (+1) N = 41; Y'xfi = 9; fo = 33

1—EK 1-—0.1951

M=ln( : )==ln( : )=1n1.2424-_-.0.2l'70

In both cases the expected values of M agree quite well with the observed ones,

the orrors being 4 per cent and 1 per cent respectively
However, if we use the same formula (3) for infection of 3-year-old crucian carps
with pleurocercoids, the result will be different:
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J-year-olds
) { i N = “_)2: lef' —— 23. fo == 9{).

(8+)
23 102 — 90
" — e == }_22. M G T e———————— e = . ;
M 109 0.2255 £ o 0 ll7|_i_

1-—-0.1176

'

A | 1 ’ ;
M --In ( l——_———E) = ln( ] - In 1.1333 - (l.IZﬁ_l_

The error iy 44 per cent, i.e. there is no agreement here. As we can see from Table 2,
the distribution of pleurocercoids of I). interrupla in 3-year-old fishes does not fit
the Poisson distribution. The lack of fit can be easily explained: the fishes of
different age groups cat different numbers of erustaceans per unit of time and therefore
the infection with pleurocercoids in adult fishes will increase with cach season, the
probability of infection in each of them being different. Consequently there will be no
identity of probability of the event studied within the population of adult fishes.
And that is the reason for considerable deviation from the Poisson distribution.

However, the variability of probability of the studied event is characteristic of
the negative binomial distribution, which is the most convenient model in such cases.
Having obtained the necessary paramecters for this type of distribution we can compute
the expected frequencies of 3-year-old crucian carps infected with any number of
pleurocercoids (Table 2).* We can now see that these frequencies fit well with the
obgerved data: I’ > 0.50.

Table 2. The distribution of pleurocercoides of Digramma interrupta (Rud.) in 3-yoar-old crucian
carp Carassius auratus (Bloch)

——— ———

"~ Number of Nusiher of Expeeted frclluoncins ‘ : Expected fr;quomjms
| pleurocercoids | i hu bse:ve d ! by the Poisson " by the negative binomial
por fish [je=sSes 1 distribution distributions
X ; . i_ o fxn
0 ? 90 | 81.41 89.910

1 6 | 18.36 | 6.973
2 3 | 2.07 2.558
3 2 0.15 1.184
4+ 0 0.01 0.806

| 5 1 0.00 0.327 : 0.44
102 "_ 102.00 102.00

; x? = 15.5707 x* = 0.2882

y=1 = v=1
| | P < 0.0005 r > 0.50

The appropriate formula (5) should be used in order to determine the dependence
between the average number of parasite per fish and the incidence of infeetion. Let

us do this calculation where the second parameter of the negative binomial distribution
k= 0.1182

*) We omit hore these caloulations as they have no relation to the objoet of our considoration,

The ealeulations of parameter k were made by the maximum likclihood method (Bliss and
Fisher 10853).

231



3-year-oll erucian carps N = 102; Z""' fi=23; fo = 90

23 — 102 —90
. o™ 0.2255; K= =0 Ll

=5 R g
M = L N ) 1S EREE.. SUCN, ) |-
r=e(f i Lg —1)=one () 1)

1
= 0.1182 (1.1333 0.1182 __ 1) = 0.1182(2.8825 — 1) = 0.2225.

There is a good agreement between expected and observed values of N (the error
is 1 per cent), which confirms'the correctness of relations we have determined.

However, we can usc them and determine the mean density of parasite—M by
means of the value of incidence of infection—F, only in those cases where the parasite
distribution in host population agrees with the Poisson distribution. Such cases occur
rarely. Much more frequent are the cases, where the probability of one parasite’s
oceurrence in one host varies within the population. Tf this variability of probability is
random. we have to deal with the negative binomial distribution, where the parameter &
is also a componont of the dependence formula.

Then it is necessary to lind out whether this parameter remains constant, and if it
does not, to what extent it can vary in different densities of parasite and host
populations.

Naturally, before carrying out such investigations, we should determine the limits
within which the type of distribution remaing to be constant in different densities
of parasite population and in various sex and age groups of the host and the cases
when it varies, as we could observe on the example of erucian ecarp infection with
pleurocercoids of D. interrupla.

Some varialions of the paramciers studied are inevitable because their complete
coincidence even in {wo samples of equal volume and taken simultaneously from
the same host population would be an exception rather than a rule. In such a case
however, the variations are induced by random causes and the differences will remain
within the limits of random error.

The situation is very different, if we deal with distribution parametfers in samples
with diffcrent density of the parasite. Basically, there are two possibilities.

1. In spite of different densities of the parasite (intensity of infeetion), the differences
in parameter values remain within the limits of random error, i.e. the parameter is
practically constant and then its common value should be detormined. The para-
moters considered are: p—in case of the binomial distribution, i.e. probability of
infection of one host with one parasite and survival of the latter to the moment of
our counting; k—in casc of the negative binomial distribution, i.e. a certain measure
of aggregation capability or otherwisc u certain measure of possible accumulation of
paragites in one host. Such cases are possible only if nature and action of each
factor determining the studied parameter remaing to be constant irrespective of the
density of the parasite population. If we presume hore the complete absence of any
reaction of the organism and the population of the host to the increasing intensity of
infoction with the parasite, such cases will be exceptions rather than a rule.

2. During an increase or decrease of the mean densily of parasite a variation of its
distribution parameters takes place. This variation may be associated with changes
of host.parasite relations or of other factors affecting the parasite density. Such cases
would be more common. because the probability of limitless parasite reproduction
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in the host-parasite system is small and because there is usually some maximum of
intensity of infection. If such a maximum exists (and it means some limit of aggregation
capability), then, as the parasite density approaches this maximum the probability of
survival of individual parasites decreases. Hence, a regular variation of distributional
parameters will take place, depending on the incidence and intensity of infection.
The funection formula showing this regularity will be at the same time o statistical
expression of the variation in action of a set of factors affecting the parasite number
within the host-parasitc system at different densities of parasite. As the maximum
limit in the intensity of infection will play an important part in determination of the
function of parameter variation and the maximum value is inevitably specific for
cach pair of host and parasite, the same specificity can be expected for this
function.

We can illustrate the above by the following example. The statistical analysis of
the distribution of cattle warble fly (Hypoderma bovis De Geer) in herds of cattle has
shown that the negative binomial distribution fits the 2" and 3¢ instar larvac
distribution at all levels of infestation intensity with enough reliability (Breyev 1968a
and b). From this work it is evident, that the values of parameter k gradually
increase with inercasing incidence of infestation. A further analysis has allowed this
regularity to be formulated as an equation of linear negative regression:

Y 4517 — 0.0430X

. S . : ..
Where Y—valuc of T for incidenece of infestation X in per eent.

One can easily compute the value of k for any incidence of infestation. The mean
density of parasite can then be caleulated by means of formula (5).

However, il is far from all the useful information which can be obtained from the
latter equation. Having determined the confidence limits for k in regression for any
value of incidence of infestation, we can compute not only the density, but also the
limits of its possible deviations towards maximum and minimum values. Thus we
obtain the complete characteristies of the studied random variable, i.c. ol number
ol the purasite population in the host population. Using these data we can estimate
possible values of the random variable, i.e. the number of parasite larvae per one host,
and their frequencies in each scparate case of its mean value (density of parasite
population) or in case of any incidence of infestation in samples of different volumes
and also the limits of variability of the values obtained. For cxample, we can easily
calculate the possible maximum number of larvae in one animal, if we know the
incidence of infestation in the population or in the sample of any volume. 1f during
practical work in some sample (e.g. herd of cattle) we come across animals which
have the number of parasites greatly exceeding such maxima, we can assume that the
sample is not homogeneous aud attempt to find cut the cause of its heterogenity.

In other words we get the possibility to build up a mathematical model of parasite
distribution in the host population under different incidence and intensity of infestation.
The example of such a model for Hypoderma bovis De Geer has been given in the
mentioned paper (Breyev 1968h).

But this is not the whole mass of the information. An equation showing the function
of variation of parameter £ under different levels of infestation contains also the
statistic characteristics of the degree to which the iptensity of action of the whole
set of factors regulating the parasite number and determining the limit of mean
host infestation varies. We may make sure of this by extrapolation of k¥ values, which
are typical for a case of low incidence of infestation to higher one. Then we can
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compute by formula (5) the mean dengity of parasite and compare the computed data
with observed values. Estimations of this kind made for 77. bovis, enable us to know
that the action of factors limiting the number of warble fly larvae becomes twice as
large if’ the latter incrcases from 0.23 to 1.75 larvae per one host and beecomes 31 times
as large during further increase up to 4.12 larvae per host (Breyev 1068b).

Thus the study of the nature of relations between the incidence of infeetion in host
population ancd the density of parasite has made us understand this problem as a
probabilist one, understand the species number as a random variable and has further
led to somo interesting conclusions on possibilitics of mathematic modelling of the
distribution of the parasite number in host populations and statistical estimation
of factors limiting the parasite number. The abundance of new information obtained
by such methods of research makes clear their usefullness in studying the population eco-
logy of parasites.

O XAPAKTEPE CBH3I MEMRJY TOJEN 3APAIKEHHK X OCOBEf
BUHONYJANUN XO3AHNHA M YPOBHEM UHCAEHHOCTH HHAPASNTA

I{. A. Bpeen

Pestone. NpoReHL UnCOCHHOUTH HAPASHTA B HOUNAHIMK  XOZARIN IPECTAMICH KaK 3ajtava
permaeMan TOALKO JINNIL HA BOPOATHOCTHON OCHOBE, ¢ MATOMATHNCCKHM HOAXOAOM K JTOMY
ABACHIIO.
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