arasitology (1978), 76, 119-157
?uﬁ 17 figures in the lext

The regulation of host population growth
by parasitic species

R. M. ANDERSON

Department of Zoology, King's College, London University,
London WC2R 2L8

(Beceived 29 April 1977)

STUMMARY

The nature of parasitism at the population level is defined in terms of
the parasite’s influence on the natural intrinsic growth rate of its host
population. Tt is suggested that the influence on this rate is related to the
average parasite burden/host and hence to the statistical distribution of
parasites within the host population.

Theoretical models of host-parasite associations are used to assess the
regulatory influence of parasitic species on host population growth. Model
predictions suggest that three specific groups of population processes are
of particular importance; over-dispersion of parasite numbers/host,
density dependence in parasite mortality or reproduction and parasite-
induced host mortality that increases faster than linearly with the
parasite burden. Other population mechanisms are shown to have a
destabilizing influence, namely: parasite-induced reduction in host re-
productive potential, diroct parasite reproduction within the host and
time delays in the development of transmission stages of the parasite.

These regulatory and destabilizing processes are shown to be com-
monly observed featutes of natural host—parasite associations. It is
argued that interactions in the real world are characterized by a degree of
tension between these regulatory and destabilizing forces and that popu-
lation rate parameter values in parasite life-cycles are very far from
being a haphazard selection of all nuneerically possible values. It is sug-
gested that evolutionary pressures in observed associations will tend to
counteract a strong destabilizing force by an equally strong regulatory
influence. Empirical evidence is shown to support this suggestion in, for
exaraple, associations between larval digeneans and molluscan hosts
(parasite-induced reduction in host reproductive potential counteracted
by tight; density-dependent constraints on parasite population growth),
and interactions hetween protozoan paresites and mommalian hosts
(direct parasite reproduction counteracted by a well-developed immuno-
logical response by the host),

The type of laboratory and field data required to improve our under-
standing of the dynamical properties of host—parasite population associa-
tions is discussed and it is suggested that gquantitative measurement of
rates of paragite-induced host mortality, degrees of over-dispersion,
transmission rates and reproductive and mortality rates of both host and
parasite would provide an important first step. The value of laboratory
work in this area is demonstrated by reference to studies which highlight
the regulatory infiuence of Pparasitic species on host population growth.
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The final part of the paper discusses, in general terms, the regulatory influence
. of parasites in natural populations of animals,

The mathematical development of the theories presented in this paper are
" deseribed in detail in two separate publications (Anderson & May, 1978; May &
: Anderson, 1978). In this present paper mathematical details are omitted from the
mwain body of the text but an Appendix is included to indicate the precise structure
- . of the parasitological framework of the theory.

The nature of parasitism at the population level
b pop

In general, the terminology currently used for labelling animal associations
- appears rather imprecise when considercd at the level of population rather than
 the individual organism (Starr, 1975).

This lack of precision is particularly apparent when considering the degree of

2 damage or ‘harm’ caused by a parasitic species to the growth of its host; popula-

 tion. Conceptual difficulties in this area do not always arise since, for example,

©insect parasitoids invariably kill their hosts as a developmental necessity; the

parasitoid surviving the death it induced by the adoption of a free-living mode of

- lfe in the adult phase (Askew, 197 1). Other eucaryotic organisms, such as various

~gpecies of lice, fleas, ticks, protozoa and helminths, although commonly regarded

- 4 parasites {since they exhibit varying degrees of nutritional and habitat depen-

“dency on their hosts) do nob kill their hogt as & pre-requisite for successfiul develop-
“ment. Such species invariably die if they cause the death of their host,

The conditions of nutritional and habitat dependency are widely accepted by

%f_;}amsitologists as necessary, but not sufficient conditions, for the classification

':f:afan. Organism as parasitic (see Dogiel, 1964; Noble & Noble, 1965; Smyth, 1976),

Sufficiency is created if the organism in question induces ‘harm’ or damage to its

fause. At one extreme of the spectrum, parasites merge into the parasitoid type
“f ussociation with its close affinities, in population terms, with predator-proy
© Btersctions (see Hassell, Lawton & Beddington, 1976). At this extreme, Lost
ath will invariably result from parasitic infection, but in contrast to parasitoids

eh deaths will kill the parasites contained within. At the othep end of the spec-

Estronomic hospitality’ (Stare, 1975). Species at this end of the spectrum cause
_ e if any, harm to their hogt even when present in very large numbers.
In terms of their population dynamics, there will boe differences between para-
tes af the two ends of this spectrum; between the parasitoid-like parasites and
e symbiontg, Crofton (19714, b) first stressed the importance of quantifying
e . and has suggested the definition of g ‘lethal level” which measures
Pical number of Parasites, of a given species, required to kill a host {a com-
ehensive appraisal of Crofton’s work on the dynamics of host-parasite inger-

& concept of a ‘lethal level”, although a useful and important first step, is
T erude and difficult to substantiate from empirical evidence. Tt appears more
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Fig. 1. The influence of larval digeneans on the survival and reproductive rates of
their hosta. (@ @), Uninfocted hoste; {@ ———@&), infected hosts, {A) Survival of
Australorbis glabratus infected with Schistosomae mansoni. (Data from Pan, 1965.)
(B} Reproduction rate of dustralorbis glabratus infected with Schistesoma mansond.
{Data from Pan, 1965.} {C) Survival of Lymnaea gedrosiana infected with Ornithobil-
harzia turkestanicwm. {Data from Massoud, 1974.) {D} Reproductive rate of Lymnaea
truncatule infected with Fasciola hepatica. {Data from Hodasi, 1972.)

infection on host survival, Laboratory-based studies of such phenomena in-
sariably utilize experirsental designs which exclude hosts from experiencing both
the effects of intra- or inter-specific competition for finite resources and predation.
Within natural animal populations parasite burdens will place a ‘strain’ on in-
dividual hosts, who as a result will become more susceptible to predation or more
fkely to fail to obtain sufficient of a resource to ensure survival within a com-
petitive situation. The degree of ‘strain’ is again likely to be related to parasite
burden. (Unfortunately such influences on host mortality are more difficult to
measure either in the field or in the laboratory.)

Mechanisms of this kind, although different from the direct effects of parasitic
mfsetion displayed in Fig. 3, are still encompassed within a framework which
*elates the rate of parasite-induced mortality to parasite burden. We can therefore
tnvisage this rate as being formed from a series of components measuring the
direct influence of the parasite, increased susceptibility to predation and reduced
fompetitive fitness. In natural populations it is probable that the last two com-
Porents are of major significance.
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Size of parasite infection

Fig. 2. Bome examples of the influence of the size of a parasite infection on host sur-
vival. (A) The influencs of the mite H ydryphantes tenuabilis on the survival of its
host, the aquatie hemipteran Hydrometra myrae over a, period of 33 days. (Data from
Lancinani, 1975.) (B} The influence of the trematode Fasciola hepatica on the
survival of the laboratory mouse over a period of 56 days. (Data from Hayes, Bailer
& Mitrovie, 1973.) (C) The influence of the nematode Nippostrongylus basiliensiy
on the survival of male laboratory rats over a period of 15 days. (Data from Funter
& Leigh, 1961.) (D) The influence of the nematode I, eligmosomoides polygyrus on the

survival of the laboratory mouse over a period of 30 days. (Data from Forrester,
1971.)

The Basic Model

The conceptual definition, outlined above, of the mode of action of parasiti
species at the population level can be captured within a set of formal mathematics!
statements. Representation in this form provides a seientific framework upor
which various parasitologieal assumptions can be constructed in a precise and
unambiguous manner. The influence of these assumptions on the dynamical

properties of host-parasite associations can then be examined uging a variety of

mathematical techniques.

Before assembling such a model, however, it is important to delineate the mais
population components of a host-parasite interaction and o make certain assump
tions concerning their precise form.
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Fig. 3. The functional relationships between the ipstantsneous rates of paragite-
induced host mortalities, estimated from the data shown in Fig. 2, and the size of a
parasitic infection, The specific relationships shown in A-D are ag defined for Fig, 2.
The lines indieate the best fit linear or exponential modsls and the points are observed
values,

Biological assumptions

The vast majority of protozoan and helminth parasites exhibit continuous
population growth with overlapping generations. Mathematical description of
such patterns of population growth should ideally be based on differential calculus
tsee May, 1976). The biological framework of the Basic Model is therefore cotn-
structed from two differential equations describing changes in the variables H (%)
and Pit), representing the numerical sizes of the host and parasite populations
attime .

The template of the Basic Model characterizes the dynamies of parasitic species
which do not reproduce directly within their definitive or final host, but produce
'ransmission stages such as eggs, spores or cysts which pass out of the host ag a
developmental necessity. This tempiate is modified at a later stage o encompass
Species which have a reproductive phase in the definitive hos which directly
vontributes to the size of the parasite population contained within that host,

It is assumed that all parasite species are capable of multiply infecting & propor-
ion of the host population and that the birth and death rates of infected hosts are
altered by the number of parasites they harbour. In the majority of host—parasite
“Wociations it appears to be the death rate rather than the reproductive rate
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paresitological interest. Tt is assumed that if the parasite fails to ‘control’ host
population growth, exponential increase ocenrs until resouree limitation leads to a
eradual approach to the carrying capacity of the host’s environment.

The rate of parasite-induced host mortalities

In the Basic Model it is assumed that the rate of parasite-induced host mortali-
tics is linearly proportional to the number of parasites a hos harbours (Fig. 3A
and B). The number of host deaths {over and above the natural mortality rate)
i a4 small interval of time &f, among hosts harbouring ¢ parasites ig represented
as 2 O, where & is o constant defermining the pathogenicity of the parasite to the
host. In the examples shown in Fig. 3A and B, the Parameter o is equivalent to
ihe slope of the linear models ftted through the ohserved death rates. The net
rate of loss of hosts in a population of size H{(t) is therefore

(1) éﬁ ipli).

The term p(4) represents the probability that a given host contains 4 parasites,
T'his probability is conditional on ¢, and on various parameters characterizing the

parasite’s distribution within the host population. The above sum is by definition
the meah number of Parasites /host at time ¢

S inli) = i) = Py
ind hence the net rate of parasite-induced host mortalitios reduces to
al(t). (1)
Parasite fecundity and transmission

The rate of production of transmission stages (
ter parasite is defined as A, leading
Ployof

such as eggs, eysts or spores)
t0 a net rate for the total parasite population

o0
AH(t) .Eo li) = AP(). (2)
=
The transmission stages will, in many life-cycles, pass out of the host into the
“iternal environment and survive in this habitat as resistant stages or free-}i

""hiﬂ}_l gan entry to the host population. For the purpose of simplicity this factor
wdefined ag H )/ (Hy+ H{D)), where o 18 a constant which inversely determines
the efliciency of transmission (MacDonald, 1861). The behaviour of this factor is
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Fig. 4. The behaviour of the transmission factor, defined as H,/(H, + It o} it relaty
to host population density H,. Solid line, H, = 10; dashed line, H,

= 5.

demonstrated in Tig. 4. When H(t) is large and Hsmall, the efficiency APpron. .
unity, where all the transmission stages produced become adult parasites. |
versely when H(t) is small and H o large only a small proportion ar

The net rate at which new parasites are acquired within the hos
therefore

€ BUCCess]

AP/ (H o+ H ().

This term contains the assumption that transmission broceeds without the o -
rence of a time delay due to developmental processes. Such delays sometin
occur between the birth of a transmission, stage and contact with a new host
certain cases such stages are mmediately infective to a new host, but in the ma;. -

ity of life-cycles specific biological processes have to ooceur, such ag the haten .,

of & nematode egg and the development to the I,

s larval stage, before infoo:
can procged.

The assumptions incorporated in the models described in this paper are mo

closely linked to direct life-cycle parasitic species. The population d
indirect life-cycle species can be interpreted in the light of the models’

Paragite larval stages are subsumed into the transmission term (equation 3).

Parasite mortalities

Three distinct components contribute to the rate of parasite losses. Firs
losses oceur due t0 natural host mortalities at the net rate of

BI(E) S ipli) = bP(), (s

{a=g)

Losses also result from parasite-induced host mortalities, where the death rate

of a host harbouring i parasites was defined a8 as (equation 1). The net parasit
loss rate from the total host population due to such host deaths is therefore

aH(t) S itp(i). t
i={
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prediet}u: -
if the population processes acting on the intermediate host, or hosts, and 1i-

Paraste

e thind component of pa

: ‘-.'«ill‘zi'il inciividual hosts. !
s chenths due to host i

. ....;m.wi that these cecur o
woad pepulation is

Reulatory processes o

S population componen
woiptiong) can be assemble
-w ribing bhe trajectories of t

snematival properties of thi

Ceations {(Anderson & May

Lroan outline of the mat
- reaedin, This Appendix alse
¢+iae the behaviour of the nr
vestigations of the biolog

i u number of lines. The

suieal concepts of populat

otneally we can use the the
-tdights the importance of th
“wttoregalate growth to popt
vasile assoclations? (We car
~tilizing influences. ) If certai
etinier we ean then see if they
wad world,
Within a theoretical framew
~its host population if the m
seitive equilibrium or steady
utined by monitoring the i
Hee equilibriom state has bee
wudvsis) or large {global stabil
"k to the equilibrinm it can b
ther grows exponentialiy or r
tstable. For any given host—p
#opulation rate Parameters (i.c
fetlated host and parasite
whicved, while other values wi
ilineate domains in the popula
Taluss of the rates which ecan ¢
Faulated op unregulated growtl
“I population parameter gpace
s which lead to either stabl
Muired 0 examine both local
doeumented by May (1975).

¢



n relation
= BO.

.y approaches

wasites. Con-
suceessful.
population is

(3
woub the occur-
EWES gometimes
a new host. In
it in the major-
16 the hatehing
sefore infection

paper are Mo
on dynamies of
dels’ predictions
- hosts, and the
equation 3)-

ite losses. First

(4

ere the death rat
. The net parasﬂr

g ig therefore

Parasite-regulated host population growth 129

The third component of parasite loss is generated by natural parasite motrtali-
ijes within individual hosts. The term natural parasite mortalities is used to en-
compass deaths due o host immunological attack and to parasite senescence. It
s assumed that these occur at a constant rate/parasite, where the net loss from
ihe total population is

n Pt (6)

Regulatory processes in the dynamics of host-parasite @SSCCITIONS

The population components listed above (which contfain specific biological
sssumptions) can be assembled to form a Basic Model consisting of two equations
deseribing the trajectories of the host and parasite populations through time. The
mathematical properties of this assemblage have been investigated in two previous
publications (Anderson & May, 1978; May & Anderson, 1978). For the interested
reader, an outline of the mathematical form of the Basic Model is given in an
Appendix. This Appendix also contains brief comments on the procedure used to
cxplore the behaviour of the model.

Investigations of the biological properties of theoretical models can proceed
idong a mumber of lines. The approach adopted in this paper is based on the
ccological concepts of population regulation and stability (see May, 1975}, More
specifically we can use the theoretical framework to pose a simple question which
bivhlights the importance of these concepts. What kinds of biological mechanisms
iead to regulate growth to population equilibria and enhance the stability of host-
narasite associations? (We can also pose the converse question concerning de-
sabilizing influences.) If certain types of processes act in a stabilizing or regulatory
manner we can then see if they oceur in natural host-parasite associations in the
real world.

Within a theoretical framework, a parasite is capable of regulating the growth
.f its host population if the model counterpart predicts population growth to a
Lsitive equilibrium or steady state. The stability of this equilibrium can be
cxamined by monitoring the trajectories of the host and parasite population after
the equilibrivm state has been perturbed by small (neighbourhood stability
analvsis) or large (global stability analysis) digplacements. 1f the system sebtles

vick to the equilibrium it can be regarded as stable. In contrast, if the population
miher grows exponentially or moves to extinction the association is regarded as
anstable. For any given host—parasite association, certain numerical values of the
sopulation rate parameters (i.e. birth, death and transmission rates) will lead to
suulated host and parasite population growth where an equilibrium state is
schieved, while other values will generate unregulated growth. We can therefore
“etineste domains in the population parameter space (created by all the numerical
values of the rates which can occur in the real world) which give rise to either
syulated or unregulated growth patterns. In a similar manner, within the region

Af population parameter space which leads to regulated growth, we can define

steas which Jead to either stable or unstable population equilibria. The methods

tespiived bo examine both local and global stability of population equilibria are

documented by May (1975).
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In the real world, populations are continually perturbed (i.e. by fire, SHI
man’s activities) and hence observed host—parasite associations should 1 4
terized by population parameter valnes which generate stability if 1., m“
persist on an evolutionary time scale. ‘

There is an increasing body of evidence that suggests that the popy)
meter values which are observed in animal agsociations within natural . O o
are very far from being a haphazard selection of all numerically possiiy. , -
(May, 1975; Southwood, 1976, 1977; Hassell, Lawton & May, 1976; Ba
Free & Lawton, 1976).

The Basic Model of the dynamies of host~parasite associations (formed
components defined in equations (1) to {8) and in the Appendix), in whij, .
assumed that the parasites are distributed randomly within the host Doy, .
possesses the following dynamieal properties.

The most important Pattern to emerge, concerns the regulatory influence v ...
parasite on host population growth. Provided the host population intrinsic o, ...
rate is positive (o —b > 0) the parasite is able to regulate growth if

aliog ..

(llE;w‘-.-

[ NP
et .

A > pt+ata.

This condition requires the parasite “birth’ rate (A) to be greater than the .
the host birth rate (a), parasite natural mortalities (1} and losses due to pare.-.
induced host mortality (x). If this condition is not satisfied the host populs
grows exponentially until finite resources limit growth or other factory su.i ..
predation or inter-specific competition come into play.

Empirical evidence and parasitological folk-lore strongly support the me.
prediction that the parasite should reproduce at a faster rate than its hos -
regulation is to be achieved. Theory further suggests, however, that the degres
which the parasite reproductive capabilities are in excess of its host depends
both the parasite death rate (1) and the rate of parasite-induced host morial:
(ec}. The order of magnitude of the difference betwoen parasite and host should i+
high when g is large, perhaps as a result of the immunological defences of the hos:
Similarly, if the parasite is very harmful to the host (« large) then A must be hic:
to compensate for parasite losses due o host mortality. In natural associatior-
some of the widest margins between host and parasite reproductive potenti:
occur between mammalian hosts and their protozoan parasites (i.e. species
Plasmodium, Eimeria and Trypanosoma). These associations are often char
terized by the highly developed, and often very efficient, immunological respon-
of the host to parasitic infection (generating high parasite mortalify rates (1. b
certain cases, protozoan parasites may cause severe host mortality (high values
a} (Bruce-Chwatt & Bruce-Chwatt, 1974), Generally speaking, therefore, i+
theoretical predictions of the model appear to accord with certain observes

patterns in the values of population parameters in natural host-parasite assoris
tions.

The Basic Model suggests that Parasites ean regulate host population growth
(given certain combinations of population rate parameter values) giving rise i
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cquilibrium states for both the host and parasite populations. However, are these
seady states stable to environmental perturbationt

The model has structurally unstable properties, namely neutral stability (An-
Jjerson & May, 1978). Once perturbed from their equilibrium points, the host and
parasite populations will oscillate with a period determined by the values of the
«ate parameters and an amplitude dictated forever after by the size of the initial
digplacerent. The behaviour of a frictionless pendulum is analogous to this pat-
worn, Neutrally stable models are structurally unstable since slight: changes in the
wasic biological framework of the model will precipitate the system into either
aable or unstable behaviours (see May (1975) for a fuller discussion of thia point).

What types of biological mechanism shift the system from the knife edge of
seutral stability into areas of stable dynamical behaviour? The following section
of this paper considers three categories of biological processes commonly observed
i natural host—-parasite associations.

(rer-dispersion of parasite numbers [host

the Basic Model contains the assumption that parasites are randomly digbri-
buted within their host populations. Empirical evidence does not support this
sssumption. The vast majority of observed frequency distributions in natural
communities are over-dispersed where a relatively few members of the host
population harbour the majority of the total parasite population (e.g. Williams,
19¢4; Cole, 1949; Frankland, 1954; Williams, 1963; Crofton, 1971a; Pennyecuick,
1971; Schmid & Robinson, 1972; Anderson, 1974a; Boxshall, 1974; Randolph
175).

The negative binomial probability model has proved to be a good empirical
deseriptor of such patterns and Fig. 5 portrays the adequacy of this model in
Asceribing the dispersion of helminth and arthropod parasites of vertebrate hosts.
A large number of biological processes senerate parasite contagion {Anderson,
1764 Anderson, Whitfield, Dobson & Keymer, 1978), but the precise nature of
the generative mechanisms is unimportant when considering the qualitative
ittuence of over-dispersion on the dynamics of host—parasite associations.

Vitlin the model framework, if the parasites are assumed to be over-dispersed
within the host population, following a negative binomial pattern, globally stable
popatlation equilibria are produced by certain combinations of population rate
parameters. More explicitly, the parasite is capable of regulating host population
atowth in a stable manner provided

A >jfb+b~i~oc+(k+1)(a~mb}/k, (8)

where J: is the parameter of the negative binomial which inversely measures the
degree of aggregation or contagion of the parasites within the host population.
If this condition is satisfied, the trajectories of the host and parasite populations
sxhibit damped oscillations in time to globally stable equilibria (Fig. 6). In con-
trast, if the inequality (equation (8)) is not satisfied, the host population escapes
'h #control” of the parasite and grows exponentially until finite resources, or other
biotic fuctors, limib growth. Under these circumstatices the parasite population
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Fig. 5. Some examples of over-dispersed distributions of parasite numbers /host

which are empirieally described by the negative binomial model. The solid vertical
bars represent the observed frequencies while the continuous dashed lines determine
the expected frequencies predicted by the negative binomial, (A) The distribution of
the tape-worm Caryophyllaeus latioeps within a population of the hream Abramis
brame. (Date from Anderzon, 19742.) (B) The distribution of the monogensan
Diclodophora denticulatum within a population of the marine fish Gadus virens.
{Data from Frankiand, 1955.) (C) The distribution of the acanthocephalan Felino-
rhynchus clavula within a population of sticklebacks Gasterosteus aeuleatus. (Data
from Pennyecuick, 1971.) (D) The distribution of the nematode Chandlerella guiscoli
in a population of the gnat Culiceides erepuscularis. (Data from Sehmid & Robinson,
1072.) (E) The distribution of the copeopod Lepeophtheirus pectoralis on a population
of the marine fish Pleuronectes platessa. (Data from Boxshall, 19743 {F) The distzibu-

tion of the tick Jwodes trianguliceps on a population of the field mouse Apodemus
sylvaticus. (Data from Randolph, 1975.)
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Fig. 6. The trajectories of populations of hosts (dashed line) and parasites (solid
line} as predieted by the model in which it is assumed that the parasites are over-
dispersed within the host population. The model exhibits damped oscillations to
vlobally stable equilibria. The parameter values of the model are g = 3-0, b = 1-0,
=01 Hy = 100, 2 = 05, A = 60andk = 20

will also grow exponentially but at a slower tate than the host and hence the
wean parasite burden/host (P/H) will tend to zero.

To generate a parasite-regulated state, the parasite reproductive rate A, must be
arger than the host’s intrinsic growth rate (a—b). In the case of over-dispersed

Jistributions, however, the degree of aggregation of the parasites within the host

vopilation (measured inversely by k) plays an important role in determining
whether the parasite can act in a regulatory capacity. If k is too small (parasites
highly aggregated) equation (8) is difficult to satisfy for any value of A, {25}, &
«ed 1, and hence the host population will tend to escape the control of the parasite.
“in the other hand, if & becomes large (dispersion tending to a random pattern)
the condition is easy to satisfy and hence regulated population growth is more
iy achiaved. In wich circumstanees, however, the stability of the system breaks
fwn due 5o the random pattern of dispersion and we revert to the state of neutral
ﬁ‘:,z.hiiity discussed previously. A moderate degree of over-dispersion is therefore
‘esiruble if regulation and stability are to be achieved. These points are more
) PAR 76
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easily illustrated graphically by plotting the boundaries in population parameter
space betw'een values which give rise to either regulated or unregulated growth
patterns. Fig. 7 A and B, for example, illustrates the offect of o - ¥
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As the parasite becomes more harmful to the host (o0 increases) the size of the
host population rises; a pattern which appears counter-intuitive. This pheno-
menon is of major importance and is generated by a basic mechanism which is
common to virtually all host-parasite associations. If a host dies due to the
inflnence of parasitic infection, the parasites contained within are invariably
killed. (There are two important exceptions to this general statement: larval
parasites within intermediate hosts, where transmission results from a predator—
prey association and certain species of ectoparasitic arthropods.) As o increases,
many parasite-induced host deaths oceur, and hence a large number of parasites
are lost since those hosts which die contain more than the average burden of
parasites. The total size of the parasite population therefore declines (as indicated
by the mean burden (P*/H*) in Fig. 7B), and as a direct result, the regulatory
influence of the parasites decreases. The host population is thus capable of in-
ereagsed growth to a higher equilibrium level. If « becomes too large, the resultant
parasite. population is too small to effectively regulate the growth of the host
population.

The influence of the degree of contagion or aggregation of the parasites within
the host population on the size of the host population equilibrium is interesting
(Fig. 7C). When k is very small (parasites highly aggregated) the majority of the
nerasite population is centred on a few hosts. These few hosts suffer severe mortal-
ity rates due to their parasite burdens and hence the size of the total parasite
population is drastically reduced. In such circumstances the host population may
escape bhe controtling influence of the parasite. When & becomes large, the distri-
husion approaches a random pattern and instabilities oceur as discussed previously.

The effect of the rate of production of transmission stages (A) on the equilibrium
population sizes is illustrated in Fig. TD. When A is small the parasite fails to
regulate host population growth and conversely, as A increases in size the resultant
fost and parasite populations exhibit regulated growth patterns to stable equilibria.

The most interesting feature of the model predictions concerns the influence
of the parameter a on the system. The model suggests that parasitic species which
ause little harm or stress (small &) are the most effective regulators of host
population growth. When parasites are extremely harmful they tend to fail to
aey in a regulatory manner since they cause the death of too many sub-populations
of parasites within individual hosts, The commonly held notion of a ‘successful
parasite’ being one which causes Hitle harm to its host, gains support from these
theoretical predictions. Low values of o appear to be very advantageous at the
population level enhancing not only the regulatory role of the parasite but also
the stability of the association.

The influence of the statistical distribution of parasite numbers/host on the
dynamical properties of the model is also of importance. Tn natural populations
of hosts, values of & are usually low, the parasites being highly over-dispersed
where the majority are harboured by a relatively small proportion of the host
population. The values of & listed in Table 2 represent observations covering a
fuirly wide cross-section of parasitic species. The majority of these values are less
than [ and therefore tend to suggest that parasites do not (in natural populations

G2
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Fig. 8. Some examples of the relationships between the instantaneous natural deat),
rate (#) and parasite density {¢) within individual hosts. The solid lines are the least
squares best fit linear models of the form M) = a+bi, and the solid circles are
observed points. (A} Calves infected with the gut nematode Ostertagia ostertagi
{@ = 00171, 5 = 0:031 x 10-3). (Data from Anderson & Michel, 1978.) (B) Chickens
infected with the nematode Ascaridea Lineata {6 = 0-582, b = 0-0014), (Data from
Achert, Graham, Nolf & Porter, 1881.) (C) Rats infected with tapeworm Hymenolepis
diminute (@ = 00025, b = 0-00254). (Data from Hesselberg & Andreassen, 1975.)
(D) Rate infected with nematode Heterakis spumosa {& = (-0206, b = 0-000032).
{Data from Winfield, 1932.)

host mortalities accentuate bhis problem leading to even heavier paragite losse:
(Fig. 12). Theory therefore suggests that, in natural animal populations, hivl
values of parasite-induced hosg mortality, density-dependent parasite survivi
and severe degrees of over-dispersion should not he observed oceurring togeth

Non-linear parasite-induced kost mortality

So far, model construction has been based on the assumption that the rate o
parasite-induced host mortality (o) is linearly related to Parasite burden (equatio
(1)). Often, however, as indicated in Fig. 3C and D, the relationship between host
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Fig. 9. Random distribution of parasite numbers/host. The distribution of the
larval nematode Commallgnus oxyoephalus in a population of young gizzard shad
fish Dorosoma cepedianum sampled in August {data from Stromberg & Crites, 1874).

Solid lines are observed frequencies and dashed lines are frequencies predicted by the
Poisson model.

death rate and parasite burden is of a more severe form. Tn particular, such pat-
werns often seem to follow a power law relationship,

Where parasites are randomly distributed within their host population, non-
fincar functional relationships of the power law type give rise to regulated popula-
tion growth to stable equilibria even in the absence of density-dependent parasite
sirvival or reproduction.

The model reveals a more complex pattern of behaviour in the case of under-
dispersed patterns {the positive binomial distribution is an appropriate statistical
midel for such patterns; see Anderson, 19744). Stable and unstable parasite-con-
frolfed host equilibria can arise depending on the numerical values of the various
population rate parameters.

This point is portrayed in Fig. 13 where the relationship between the size of the
fost population equilibrium (H*) and the value of the parameter a js plotted.

Parasites which cause little damage to their hosts (low values of x
“Sable equilibria while ver
fiost popul

The

) generate un-
v harmful parasites fail o regulate the growth of the
ation. Intermediary o values, however, genecrate stable equilibria.
domains of parameter space giving rise to regulated population growth are
dways smaller when non-linear parasite-induced host mortalibty Is present in
Muparison to the influence of relationships of a linear form. On the other hand,
+regulated population growth occurs, the equilibria produced are extremely
Table to perturbation. This feature can he explained ntuitively since severe rates
“F parasite-indunced host mortality tend to suppress the size of the parasite popula-
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Fig. 10. Some examples of the influence of parasite population density witli,
individual hosts on paragite reproduction rates. The relationships between the oz
vutput of helminth parasites and population density, {A) Laboratory mice infacted
with the cestode Hymenolepis nana. (Data from Ghazal & Avery, 1974.) (B) Calves
mfected with the nematode Ostertagio stertagi, (Data from Michet, 1869.) (C) Shecy:
infected with Faseiola hepatice. (Data from Boray, 1869.} (D) Mice infected with
Hymenolepis microstoma, {Data from Jores & Tan, 1971

tion, particularly in the case of over-dispersed parasite distributions, and hev. -

regulation of host population growth by the parasite is more difficult to achiev.
If it is achieved, however, the additional non-linearities, which are in effect a 4y
of density-dopendent Tesponse, generate a high degree of stability.

In general, the model suggests, that if a parasite severely influences the survive

rate of its host (more severely than a linear relationship between death rate an-

parasite burden) we should expect low degrees of over-dispersion if the parasiv
is & major influence in regulating host population growth,
Empirical evidence to support this prediction is not easy to come by, Certal

helminth parasites, however, tend to exhibis patterns which loosely conform &

this prediction. For example, many cestode and acanthocephalan species appear b
be particularly harmful to their intermediate invertebrate hosts, only sma.

numbers of parasites being able to infect g single host without causing extensiv
damage (i.e. Polymorphus minutus in the crustacean Gammarys pulex). Thes
larval parasites although over-dispersed in their intermediate host population
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Fig. 13. Non-linear functional relationships between th
host mortalities and parasite burden. The influence of the barameter a on the u,.
of the host population equilibrium H* (solid line}, when the parasites are 1ind
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e rate of pParasite-indi .

qualitative and subjective nature, Support for, or disproof of the hypothesis .
lined above must await more detailed studies

ocewrring in various types of parasite life-cyele.

Destabilizing processes in the dynamics of host-parasite associations

In the previous section of this paper, three categories of population procesic
were shown to be of particular significance in stabilizing the growth of host an-

parasite populations. This section, in contrast, considers
which tend to disrupt the stability of host-parasite associations,

Parasite-induced reduction in host reproductive Dpofential

Changes in host reproduction, as a result of parasitic infection, are comrmonl!

fish species), and crustacean infections in arthropods (
cirripedes on various species of crab).

In some cases, the degree of reduction in fecundity is dependent on the burde
of parasites harboured by a host. For

phalaria truncatus infected with Schistosoma haematobium Is related to the num
of miracidia that have mvaded the molluse (Chu, Sabbaghian & Massoud, 1966!

of a ruth-

of the population Parameter valu.
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Parasite-r

A

&

Mean no eggs /snasl/d

Age (weeks
8 " c

Mean no. of progeny/fernale mouse
Fa
i

0 i
0 150
Size of parasite infe

Fig. 14, Some examples of the

rates of infected hosts, {A) Bion
{Data from Sturrock, 1966.) {B
with a Brachylaemid digenean -
tory mice infected with the larv
from Weatherly, 1971.) (D) Lyn
{Data from MeClelland & Bour

Sometimes, mollusean hosts 4
tion is logt (Berrie, 1970) but m
71,

Total logs of reproductive ahbil
With crustacean infections in em
Eriocher Japonicus). In general,
“liminate host reproduction. A
induged changes in host reprodu

When parasites are over-dispe
tions of population rate paramet
Erowth. Parasite-induced reduct



16

ate of parasite-induced
parameter & on the size
the parasites are under-
Darkly shaded regions,
ibria; unshaded regions,
ibhria at all (host exhibits
), k= 200, p = O1).

shown by their aduly forms
parasites are highly aggre
nence host survival unjess
however, are of a rather
roof of the hypothesis out-
ypulation parameter values

parasite associations

ries of population process:
zing the growth of host an:
iders biological mechapist:
sociations.

al

dtic infection, are COMMOT
or invertebrate intermedi
. hosts and larval ces’ﬁodeﬁ‘
ds (the influence of parasi

y is dependent on the bu!

pction in egg-laying by Bir;*'-
i is velated to the nutt

iabbaghian & Massoud,

igi‘,x.

Parasite-regulated host population growth 143

A 8

Mean no. eggs /snail/day.
Mean no. of eggs/day/slug

0 15 _ 30 0 50 100
Age (weeks) % infection of stug colony
¢ 8
w C
2 | 8{)““‘ D
E i S
=

2 g
5 E
= £
5 & ‘
2 2 40
& G
° g
g £
- @
g =

0 150 300 15 20 25

Size of parasite infection

Age (weeks)

iz, 14, Some examples of the influence of helminth parasites on the reproductive
ratos of infected hosts. (A) Biomphalaria pfeifferi infected with Schistosoma mansond.
{Data from Sturrock, 1966.) (B) Colonies of the stug Agriolimex reficulatus infocted
with a Brachylaemid digenean metacercaria. (Data from Foster, 1958.) (C} Labora-
tory mice infected with the larvel stages of the nematode Trichinella spiralis. (Data,
from Weatherly, 1971.) (D) Lymnaes stagnalis infected with Trichobilharzia ocellata.
{Data from McClelland & Bourns, 1968.)

“ometimes, molluscan hosts may resume normal egg-laying if the digenean infec-
ton is lost (Berrie, 1970) but more usually permanent damage is created (Wright,
HE L,

Total loss of reproductive ability is relatively uncommon and usually associated
\ks;ii‘h crustacean infections in crustacean hosts (i.e. Sacculing gregaria in the erab
;riz'u:h.f-:r japonicus). In general, parasites tend to diminish but not completely
“liminate host reproduction. A number of guantitative examples of parasite-
wdiced changes in host reproduction are shown in Fig. 14.

When parasites are over-dispersed within the host population certain combina-
tuns of population rate parameter values lead to regulated patterns of population
irowth, Parasite-induced reduction in host reproductive potential, however, tends
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stable equilibria,

Where § defines the magnitude of the parasite’s influence on host reproductiv,
May & Anderson (197 8) have demonstrated that equilibria are only stable provided

a > k. (0

parasite’s influence on host reproduction (;i-
0 its influence on host survival (o). If § is large.
he degree of over-dispersion of parasites withir
1 (parasites highly aggregated),

ing of these conditions for stability can be ob-
teined by plotiing the boundaries between regions in parameter space which give
rise to unregulated, stable and unstable states. These areas are shown for the

parameters o and £ in Fig. 15. As the sey

erity of the parasite’s influence on host
reproduction increases (£ becomes large), it becomes more difficult to achieve 4

parasite-regulated host equilibrium. This is especially true if the parasites do not

exhibit a marked degree of over-dispersion (% large) and fail to severely restrict
host survival (x small),
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gemonstrated in the previous section that regulated growth could be achieved

provided density-dependent processes placed constraints on the parasite popula-

.ion. The presence of parasite-induced reduction in host reproduction, in assoeia-

on with these characteristics, tends to have a destabilizing influence.
population equilibria are only stable provided

w > (10)

[n other words, stability only occurs when the severity of density-dependent
parasite survival () is greater than the effects of the parasite on host reproduc-
107

These predictions are of some biological interest since they suggest that the
ssability of a host—parasite association can be seriously impaired when the parasite
Jcereases host reproductive potential. Stable interactions are possible provided
srer-dispersion is present or density-dependent constraints operate on parasite
- guvivalor reproduction.
30 \lany natural associations persist despite the parasite substantially altering
host reproductive capabilities. Theory suggests that such interactions should be
‘haracterized by either over-dispersion or density dependence. Empirical evidence

1 (pa}:a,sit.es are

ng the negative lends some support to this prediction. For example, parasitic crustacea often
, the dynamical infiuence host reproduction but are invariably highly over-dispersed within their
n the k—“.ﬁ?}iﬁ - jost populations (see Boxshall, 1974, Williams, 1963). Furthermore, larval
i}ﬁiﬂdz{;l;;mmes Jigeneans, which have a pronounced influence on the reproduction of their mol-
= 001, (BY S = . |uscan hosts, often exhibit density-dependent population growth within individual
ad to wnregulated - oudls (Lim & Lie, 1969).

parampeter values
slues of the model
Parasite reproduction within the host

A number of parasites, particularly protozoan species, reproduce within their
“nal host, directly contributing to population growth. In population terms,
wyroduction of this form is distinct from the production of transmission stages
shich either pass to the exterior in the faeces or into a blood-sucking vector. For
Jarity, the two bypes of birth processes are termed transmission (A) and direct
reproduetion (1),

The coceidian and amoeboid parasitic protozoa exhibit both forms of reproduc-
tion within o divect life-oycle. Entamoeba hystolytica, for example, lives in the
simentary tract of man and multiplies by monotoric fission to directly increase
73 population size within the host. Periodically, small pre-cystic individuals are
“irmed which give rise to a resistant cyst, which is discharged with the faeces
220 the external environment. If such a cyst is ingested by a suitable host, the
wrotnzoan exeysts and resumes growth and reproduction (Dogiel, 1965).

Intuition suggests that the occurrence of both direct and transmission reprodue-
v within a life-eycle will tend to create more complex dynamical patterns of
#rulation growth. These patterns will undoubtedly differ from those produced by
voles in which transmission births are the only reproductive phase (i.e. helminths
b as Trichuris trichuria, the nematode parasite of man).

Intuitive feelings in this matter are borne out by theoretical studies. The in-
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Fig. 16. Parasites which exhibit both transmission and direct reproduction {parag;..
are assumed to be over.dispersed within the host population following the negative
bincmial pattern). The relationship between the size of the host population el
brium H* and the rate of direct reproduction . In the unshaded regions the equilibri
are stable, in the darkly shaded regions both host and parasite populations heeorr
extinet and in the Hghtly shaded regions the parasite fails to regulate host popula.
tion growth. The parsmeter values of the model are, @ = 30, b = 1.0, g = 01,
Hy= 100, = 40,k = 0-2, & = 0-5.

clusion of direct reproduction with the bost-parasite models results in the oo
rence of three distinet patterns of population growth (May & Anderson, 147
Parasite regulated host equilibria, only oceur provided

A+r > d > 7, il
where d = p+a+b+(a—-b)k+1)/k. i

The parameter » measures the rate of direct paragite reproduction. When i
rate of direct reproduction is very high, extensive host mortalities cccur due +
explosive growth of the parasite within individual hosts ( > d). Under such «
cumstances both host and parasite are likely to become extinct. On the other har:
if the transmission and direct reproduction rates are t00 low in comparison to ti
host’s intrinsic growth rate, the parasite fails to regulate host population growt!
(A+r < d), The thres patberns of behaviour are, therefore, regulated growth *
stable equilibria, extinction of both host and parasite or unregulated exponentis
growth of the host population (Fig. 16).

The domaing in the A (transmission reproduction), r (divect reproduction) and
(rate of parasite-induced host mortalities) parameter space, which lead to th
various patterns of population growth are portrayed in Fig, 17. Too large values
of 7 lead to extinction, while too small values generate unregulated populatic:
growth. Over-dispersion tends to suppress the destabilizing influence of dire
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parasite reproduction. For example, Fig. 17 demonstrates that smal
(high degree of over-dispersion} help to reduce the chances of ext;
regulated population growth even when r is large.

In the real world, values of # tend to be extremely large when COMpare |
host reproductive capabilities. Many parasitic protozoa possess eNOIMONS v,
reproductive capacities in the nutrient-rich environments (such as the 1.
blood system) within vertebrate hosts. Plosmodium falciparum, for iy,
can produce in excess of 30000 merozoites by mitotic divisions from op selys,
during the exo-erythrocytic stage of its life-cycle (Baker, 1968). The Mierire, -
can be produced within the space of 5 days, and hence if it is assumer Gt o
mortalities occur during this period, the value of » for P, Jalciparum i ..
approximately 10-0/5-day period. A reproductive rate of this size is olvi, ..
very many orders of magnitude greater than that of its mammalian hoy 7,
model suggests that the danger of extinction of hogt and parasite populs, . .
created by such high » values can be decreased if parasite numbers/host ar. ..,
dispersed. Empirical evidence for the patterns of dispersion of protozos w.:.
vertebrate hosts is unfortunately not available at present due to the enoro..
practical difficulties encountered in measuring the number of parasites/host .

Theoretical considerations, however, concerning the nature of expone:. .
growth of a parasite population within an infected host, plus the chance ng; -
of infection within a population of hosts suggest that parasites with direct rege
ductive capabilities should be over-dispersed. For example, it is interesting to .
that a stochastic model of a pure birth process {a process shown by many prot.s
during the early phases of population growth within a host), where the likelii..
of a birth (or cell division) is subject to chance mechanisms, predicts a negats
binomial distribution of parasite population size within a homogeneous liw
population (see Bailey, 1964). Any heterogeneity within the host population i
to differing prior experiences of infections, would tend to increase the degree
over-dispersion of the parasites.

In addition to over-dispersion, other biologieal mechanisms help to diminis
the chances of extinction caused by explosive parasite population growth (high -
values). In particular, density-dependent mechanisms can act to restrain populs
tion growth within individual hosts. Such constraints may be caused by inir
specific competition or, more commonly, by immunological attack mounted |
the host in response to the presence of the parasite.

The inclusion of density dependence in the host—parasite model reveals :
mteresting pattern of population behaviour (May & Anderson, 197 8). Density-
dependent constrainis or either parasite survival (1) or transmission reproductiv:
(A) allow high values of r to exist without causing host or parasite population ex

tinction. This result holds even when the parasites are randomly distributed with
in the host population.

i Vitlye,
Wwhion o,

“

Some of the best documented accounts of immunological responses to parasit
invasion concern the reaction of mammalian hosts to protozoan infection. Man
of these parasites such as species of Plasmodium and Trypanosoma have extremels
high rates of direct reproduction and in certain cases show distinet patterns o
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'+ small values of [ - density-dependent population growth within individual hosts (Viens, Targett,
es that s inekion or un. Leuchars & Davies, 1974; Targett & Viens, 1975).
wees of extine Many protozoan-mammalian host associations have persisted through evolu-
. hen compared with f tionary time, despite the parasite Ppossessing high direct reproductive potential,
ree who ous asexual §  Theory and biological observation suggest that other population Parameters, like
O 3}?‘:’:’ the liver v §  density-dependent survival (#£) or degree of contagion () must have co-evolved in a
%ii@.;it;m, for instance, compensatory manner to enhance population stability,
visions fm?hzn;:;{il;;:i 3 The influence of time delays
e—? -igi(;gi;gsumed that few Time delays in parasite life-cycles can be generated by a variety of biclogical
' Pl faleiparum would be & mechanisms. For example, a lag may occur between the production of a transmis-
f f- this size is obviously sion stage (such as & nematode egg) and the point when this stage is infective to »
" : mammalian host. The [ new host. This type of delay is generally called a developmental lag and its length
Ia; d parasite populations ¢ may often be functionally related to climatic factors such as temperature or
ite numbers/host are over . humidity (Rose, 1956; Anderson, 19765). Time delays can also be generated by
e T nrotozoa within density-dependent responses. High densities of a helminth parasite within a hogt
_)ersml(; ° t}; the enormous 4t one instant in time may decrease egg production (A} by individual parasites at
sent fue rasites/host. ' some future point, due to the detrimental effects of intra-specific competition for
thex o h]fe of exponential §  ‘nite food resources during early adult life. Alternatively, lags may be created by
be nf- ‘the chance nature | time-delayed immunological responses. The severity of an immune regponse at one
6, L ith direct repro- point in time is often linked with the degree of antigenic stimulation (parasite
pa.ra.s‘ltvﬁ-‘s -Wgerest.ing 10 note nopulation density) experienced at a preceding point in time.
sple, 1633 El many protozos I A very simple way of introducing lags into popudation models, consisting of a
o shown hs;'e the ikelihowt T w6 of differential equations, is to increase the number of equations in the set. The
' h?%)’ v redicts a negativ- ‘frnamics of a particular variable (such as parasite population size P(f)) can he
;3;::1‘2 I})lomogeneous haw ¢ dlayed by having to ‘move via’

an extra equation, In host—parasite models

in the host population u- here two equations are involved, describing changes in the host and paragite
e ase the degree o ropulations, delays can be incorporated by adding a third equation describing, for
:d o Incred - xample, the dynamies of a pool of infective stages in the free-living environment
. diine' § population variable w(t)).
echamslm 1:5 };eii(i:th (high 5 May & Anderson (197)8) have shown that the inclusion of time delays in models
@ POPUT‘:EO ritr&iﬂ poptts  § - host-parasite interactions tends to have a destabilizing influence. Certain
1808;;';@ b eDcaL;sed by mtre g ombinations of parameter values still lead to regulated growth to equilibrium

‘ ical attack mounted “ies, but many of these states are unstable. Since time dels
ologic “served in natural host—parasite associations, it is $o be expected that evolution-
7 Pressures will have selected certain population rate parameter valaes to com-
rusite for thege destabilizing influences. May & Anderson (1978) have shown
Wit one such compensatory mechanism is over-dispersion of parasite nimbers fhost.
ther ecologieal studies also suggest that ti
'f Mteracting and single species sibuations can have a destabilizing influence {May,
msay, Hagsell & Southwood, 1974}, Invariably, the degree of instability ereated
ke introduction of g time delay depends on its length in relation to the natural
Tation time of the organism (ie. time from egg to sexually mature adult). A

ilap m]a.tiOEShiP appears to exist in model host-parasite associations (May &
t',fini(‘!'ﬂ(')'!}, 1978},

¥8 are commonly

t-parasite model 1"3‘79&1":.;
% Anderson, 1978). Denr:!?
or transmission I‘BProd,m“ ].‘ .
st or parasite populatlon:,‘.a
& randomly distributed ¥

slogical responses 0 PM;K;‘.;.
to protozoan infection.
Trypanosoma have e\tjf :
ses show distinet patioss
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UONCLUSIONS

The theoretical studies of host—parasite associations deseribed in gy, .. y
are characterized by the central assumption that parasites influence, ), ,
mental manner, the natural intrinsic growth rate of their host popuiatioy .
argued that the net influence on this rate is related to the average parasiye |
of the members of a host population, and bence to the statistica) distrilpg, .
parasite numbers/host. The inducement of host mortalities and/or redyey, .
host reproductive potential is regarded as a necessary, bu$ not sufficient, cop.l;.,
for the classification of an organism as parasitic. Sufficiency is created by A thiren,
of habitat and nutritional dependence on the host, L

It is apparent from the work described in this paper that parasites ..
certain circumstances, play an important role in regulating the growth of (...
host population. In this respect parasites will play an analogous role o Predit, +
who suppress the growth of their prey populations. Three specific ET0U ]
population processes appear to be of particular importance in stabilizing the ;-
namics of host-parasite associations. These are over-dispersion of the par..
within the host population, density dependence in parasite mortality or rejrod,
tion and parasite-induced host mortality that increases faster than finearly wy:
the parasite burden.

Other biological features of host-parasite interactions tend o have a destalil:
ing influence, namely: parasite-induced reduction in host reproductive potenti:.
direct reproduction of the parasites within individual hosts and time delays in th
development of transmission stages of the parasite.

Host-parasite associations in the real world exhibit all the above effects to .
greater or lesser extent. Theory therefore suggests that such population inter
actions are in tension between stabilizing and destabilizing elements. Evolutionan
pressures will have acted to ensure that the balance between such forces is fairly
robust to perturbations caused by environmental change. A veasonable inferemn
i3 that the persistence of quasi-stable host-parasite associations, which we observe
in real ecological communities, demand parameter values in their model counter
parts which lead to stable population equilibria,

As pointed out at the beginning of this paper, an increasing number of ecologica’
studies suggest that population rate parameter values which typify animal inter-
actions in the real world are very far from being 2 haphazard selection of «l
numericaily possible values. Unfortunately there are very few studies which pro-
vide quantifative estimates of all the pepulation parametess involved in spocit
parasite life-cycles. The work described in this paper, however, tends to suggest
the existence of certain relationships between the values of different parameters
within host-parasite associations. Such predictions should in theory be testable
against field or laboratory observations.

In the first place, theory suggests that parasites should reproduce at a much
faster rate than their hosts. This observation is certainly supported by empirical
evidence. Of more interest, however, is the magnitude of the difference between
the two rates since this will indicate, in part, the regulatory potential of the
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parasite to constrain host population growth. O
rate of parasibe-in ‘ - Other rate parameters
e inﬁienae o S;lgﬂ'ji g:)osf} mor‘aal.lty (o) and natural parasite mort&i?? GI;;:GS the
oo measurod by Jaborat Ty POi?entla'i of parasitic species. Parasite deat,h);at : e (fM)
ine. Concepbuall th 013’ ;wdi@s (Fig. 8) but the rate x is more difficuls 0 ;S i(: -
N esatod by pami’m o difference in size between a host population e 'u'l'be' -
;xent which would beriizlzmgn., and the carrying capacity of the hos‘b?s ;rivjmm
ognitude of the I‘Bguf&t{)c ed in the absence of the parasite) will indi e
e ne atory role played by a parasite. Th leate the
part in dejoermmmg this difference within the d e rate o plays a large
The eql;?tmns of the model suggest that in na;mi(;uli hos;t;P&ra,site aggociations.
cafion i o opulation ind:
c)ftt,he ;BZEGSSI;;;;Y 132 ;he P&‘raswe’s influence may he gaﬂ'ne(? g§ }Ilr(z:’:;j; -
e oquation A 12 m o irowde'd the‘ association is in a steady-state situari?nﬁ
oonce of tho parasite on h ppendix). .'lhe smaller the mean, the greate o
; ost mortality. This measure i ; ¢ r the in-
em;?: Sh(;ﬂcife used with a degree of caution is rather erude, however,
The ost—parasite models suggest that 61;1 i :
will lead to : y certain values of
Sy pams;;iuiie&;;c’;tbpopui&tlon growth., If the parasite is Ecl)ls lrl)i:r(r:?elter .
the ‘control’ of the Pa:ag-ty ‘Di;e de&th.s they induce and hence the hosils e];c} e
e that & ‘saccessfuyl e. As m‘enmoned earlier, the parasitological folk&lhes
some support from tlhi N Paras%te iz one that does little harm to its host , (‘)m
application of this eons observation. Care must be taken, however, in the S‘bl ot
ted host and “&rasﬁ ;iapt, :Ei‘ ir gxa.mpiej -high values of z can Iead’ to sbable{:nket
a1ch s the paraZite de;t}?O?: ation QQE.ﬂlbria: provided other parameter vale'gu-
" the hout). act in a com rate (perhaps influenced by the immunological res .
life-cycles, where ad'acelﬁaerll'salfory manner. Furthermore, within certain af;: I?ie
lvantages acorue fr(})m ” 1‘111 s m a predator food chain are traversed Pe ts i
or oxsmple, gain 200 Em&.mg sevel:e.da,mage to the host. Many larval he’lm('ar e
e hop:t Wmeh izsi I,O i};c de.ﬁmtwe host via the consumption of theii; ?rihs’
nent of the rate of ot .ra;.c:tzve prey item. As mentioned earlier oné .
urnsite inoreases host }i’;hz&;{?~indlleed host mortality is the degreeli’yo wh'i:ixm_
wements of such life-c 11“ 1.1ty and hence susceptibility to predation. In z)th ;
ol ampene o bo a gc es, in the @eﬁnitive host for instance, low w:\,lue fer
seeurs in these hosts Pr"&fl;ag@us since the production of trf;,nsmissian St,o -
the host lives the gre;stﬁerozii ed immunological attack is not too severe, the 15 vor
Dispersion patterns of ° Ou.tput of parasite eggs. ’ onger
Wining the dynamipalo parasﬂlae numbers /host also play a major role in det
vittern can Jead 40 r . i;ipzrb;es of host-parasife associations. All typeeg '31}
' other population ra%;e ed host population growth given certain constrai 2
tible regulated host Opaliar{aeﬁers_ jﬁ_‘o‘r example, random distributions cre}‘ats
“raints operate on para,gigpu atnon. equilibria provided density-dependent Cd °
satterns can ocour, if the g iﬂOI’tahf,y or reproduction. Similarly, under-dis er(md:
than linearly With’ :—n'é, .z& o of parasite-induced host mortality increasespfaie
smaonly Observedp a,tstl? b.urden. Over-dispersion is undoubtedly the rrf ez
viggests that this 1jp em in natural host—parasite interactions and th -
eature is strongly regulatory in nature. Very gev@;.e patt erig?;
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over-dispersion, however, may lead to the host escaping the regy)
of the parasite. Many observed Ppatberns seem to be highly over-disp
In such cases parasites will only act as reguiatory agents provided
dent constraints act on parasite survival and reproduction. Such eq
be generated by immunological processes produced by the host
parastic invasion.

Further theoretical predictions of interest econcern the desta—bﬂizing indlie,
of parasite-induced reduction in host reproductive potential and direy, Pt s,
reproduction within the host, These destabilizing effects may be counteracy...
either high degrees of over-dispersion of parasite numbers /host or density ..,
dent constraints on parasite population growth. Some empirical evidence i
able to support these predictions hut in general, however, detailed SuPpar T
or falsification of such ideas must await the acquisition of farge number .
quantitative parameter estimates for a wide variety of parasite life-cycles.

It is hoped that the preceding discussion emphasizes one of the principal ..
of theoretical study in biology. Obviously such models do not correspond in (.,
to any single real parasite fife-cyele, but they aim to provide coneeptual fray:,
work for the discussion of broad classes of phenomena. Such a framework sery... .
usefnl purpose in indicating areas or questions for the field or experimental pari.
tologist. The host—parasite models discussed in this Paper indicate s varioty .
areas in which measurement of key population parameters would help to Trovii
information on not only the stability of host-parasite associations and the res
latory potential of a parasite, but also the relationship between structure an
dynamics of complex parasite life-cycles.

Theoretical population studies ultimately aim to explain observed fluctuaiion.
in animal numbers within natural or managed communities, Laboratory studie:
however, provide the initia] template against which predictions can be tosted
Two particular experimental studies throw some light on the regulatory potentis:
of parasitic species.

Park (1948) in a classical study of intra-specific competition hetween tw
species of flour beetlo, Tribolium confusum and Tribolium castenewmn, found tha
his laboratory cultures wers infected with species of the sporozoan parasie
Adelina. The author observed that the growth of populations of 7", castencum wis
drastically reduced by the protozoan. Park (1948} demonstrated that the mes:
density of beetles in cultures with the parasite was approximately 50 9/ less thar

the density in cultures without the parasite. Furthermore, the Pparasite, under
certain environmental conditions, reversed the
the two beetle species.

An experimental population study by Lancinani (1975) of the mite 7. ydryphants
tenuabilis parasitic on the aquatic hemiptoran Hydrometry myrae provides furthe:

atory ing.,,
ersed (Taj..
density ...,
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potential (in the laboratory) of parasites to act in a regulatory role. Whether this
suggested potential is frequently realized in natural commumities is difficult to
assoss ab present due o the many practical difficulties encountered in field studies
of host—parasite associations.

Our knowledge in this avea, however, would be greatly enlarged by further
ccperimental work in the laboratory. For example, we need to have precise
estimates of all the population rate parameters involved in a given host--parasite
wsociation, before realistic assessments of dynamiecal behaviour can be made.
The literature confaing relatively few studies along these lines (1.e. Park, 1948;
Lancinani, 1975; Anderson & Whitfield, 1975; Anderson, Whitfield & Mills, 1977,
Anderson ef al. 1878). Such work is iikely to provide indications of the range of
population parameter values that can oceur in natural host—parasite associations
il hence form a platform on which theoretical predictions can be examined.

Studies of this nature are of particular relevance in the case of parasites of
~onomic importance. The parameter boundaries, predicted by the host-parasite
zodels, befween a parasite-regulated state and exponential growth of both host
wnd parasite populations, auggest that control measures designed to eradicate a
sarticular parasite may alter the dynamies of its host population, releasing the
«tter from the regulatory constraints of the parasites. For example, the parameter
wundary represented in equation (8) may be crossed if the death rate # of the
warasite 13 suddenly increased by the applieation of chemotherapeutic agents
vithin the host population. Such a change would result in exponential growth of
iy host and parasite populations until other factors limited growth. The control
easures would therefore have resulted in an inerease in both host and parasite

“julation size and may not even have reduced the mean parasite burden/host,

stenpts to eradicate the parasite may thus result in the further protection of the

«risite population from extinction due to its inereased population size.

+ <l theoretical predictions underline the urgent necessity for further studies to
i quantitative information on the many population parameters which

+termine the dynamical properties of host-parasite associations.

APPENDIX

P construction of the equations of the Basic Model is outlined in this Appen-

‘e mathematical detadils of the stabilify properties of the model are docu-
e Anderson & May (1978).

Hoe balogical ingredients discussed in the main text, relating to the rates of
waiie which contrel the dynamics of the host and parasite populations, can be
G tazether to form two differential equations; one deseribing the rate of
“e i the host population with respect to fime,

dH/dt = (a-b)H -l Y ip() (A1)

=0

U other describing the rate of change of the parasite population,

APfdt = APH/(Hy+ )~ (b+p)P —aH 3, i°pli). (A2)
i=9
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For example, the Basic Model represented by equations (A5) and (A8) yields
the population equilibria

PHIH* = (a—b)/a {A12)
sndd
H* = HylatatplfA—(p+ata))]. (A13)
Positive and thus realistic values of F* oceur only if
A > piota. (A14)

The parasite regulates host population growth if this condition is satisfied. If the
equation is not satisfied, however, the host and parasite populations exhibit
sxponential growth until other factors, such as resource limitation, provide con-
straints.
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