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The population dynamics of parasitic helminth
cormrnunities

A. DOBSON! and M. ROBERTS?

! Ecology and Evolutionary Biology, Princeton University, Princeton, NJ 08544-1003, USA
t dgResearch, Wallaceville Animal Research Centre, P.O. Box 40063, Upper Huet, New Zealand

SUMMARY

This paper describes a mathematicai modei which allows us to compare the data collected from short-term cross-sectional
surveys with the population dynamics of host and parasite populations over longer periods of time. The model extends
an earlier framework for two parasite species in one host, to one for an arbitrary number of species. We show that the
conditions necessary for the coexistence of two parasite species extend to expressions for the coexistence of thres or more
parasite species. Furthermore, the model suggests that those species which form the ‘core’ of the parasite communiry are
those whose high fecundity and transmission efficiency permit them to readily colonize hosts. In contrast, those species
which are classified as ‘satellite’ species of the community are either species with low fecundity, or low transmission
efficiencies. This wark confirms eatlier studies that suggest that increasing degrees of aggregarion are crucial in allowing
severai species of parasites to coexist in the same species of hosts.

The properties of the model are compared with patterns observed in data collecred for helminth parasites of anoiis
lizards and wood mice. This combined theorerical and empinical approach contirms the importance of the life history
strategies of the parasite in determining the abundance of each species in the communiry. [t suggests that studies of
parasite community structure have to pay more artention to the strategies pursued bv each individual species before
interactions between species are considered.

Key words: Heiminth community, competition, mathemarical modei, transmission, life history, interspecific interactions.

INTRODUCTION

Ecological communities are composed of populations
of different species. Populations are in turn composed
of individuals each of which is the resuit of selection
to maximnize R,, the basic reproduction number of
the species. The derivation of expressions for R, has
proved a fundamental unifying concept in the study
of interactions between parasites and their hosts
(May & Anderson, 1990a). Modeis for single
parasite—single host systems consistently show that
the long termn dynamics of the interacrions berween
and the abundances of the parasite and host
populations are crucially dependent upon key life
history attributes of the parasite and host (Anderson
& May, 1982; Dobson, 1988; May & Anderson,
19904; Mollison, 1991). R, i3 usually defined as the
product of the birth, survival, and transmussion
terms in the parasite’s life-cycle in the absence of
densiry-dependent constraints. Changes in the be-
haviour of the parasite or changes it produces in the
behaviour of the host are both likely to affect either
parasite transmission rates or host and parasite
survival, and are thus important in determining R,.
Understanding how changes in behaviour affect R, 1s
fundamental to understanding the evolution of
parasite behaviour and parasite induced changes in
host behaviour (Dobson 1988).

The study of parasite communities presents a
number of opportunities which are not usually
present for ecologists studying the structure of free-
{iving animal and plant communities (Holmes, 1973;
Holmes & Price, 1986). The primary advantage is
that hosts may be considered as individual patches of
habitat for the parasite species of the communiry
{Dobson & Keymer, 1990). The ability of any
parasite species to colonize a host is dependent upon
its value of R,. Now that models for single parasite
species in host populations have been successfully
developed, their assumptions tested and their pro-
perties understood, it is possible to begin construc-
ting models for more complex parasite and host
communities (Dobson 1990; Roberts & Dobson
1994), In this paper we use a recently published
model (Roberts & Dobscn, 1994) to examine the
long-term dynamics of parasite communities through
time. The framework is used to ask the following
questions about the structure of the parasite com-
munity: (1) What determines the abundance of a
parasite species in the comrnunity ? Obviously, birth,
death and transmission rates but how do interactions
between species affect these processes ? (2) When can
a parasite species invade a community and when is a
species likely to be squeezed out ? (3} Are life history
and behavioural constraints on parameter values
important in determining the ability of a parasite
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Ipecies to invade a comununiry, or in allowing it to
e¢xclude other species? (4) Is there a limit to the
diversiry of parasite communities, and which features
of parasite host ecology determine gbserved levels of
diversity 7 {5) Do parasite induced modifications of
Jost behaviour change the strucrure of parasite
communities and alter levels of diversity?

Empirical studies of parasite communities consist
of a large number of cross-sectional survevs of
parasites in a host population at any time, and a few
studies which follow the community through time.
The majority of the former studies are descriptions
of the relative abundance of parasite spectes in the
community, with the (somewhat arbitrary) division
of the parasite community into core and satellite
ipecies depending on their relative prevalence
{Dobson & Keymer, 1990: Bush & Holmes,
19864, b; Goater & Bush, 1988; Goater, Esch &
Bush, 1987). Some recent review articles have
cotlated data from a number of thess surveys (Esch
et al. 1988; Kennedy, Bush & Aho, 1986; Sousa,
1994). These provide an empirical companson of the
ievels of diversity observed in helminth communiries
ind suggest that there are significant differences in
this respect between the parasite communities of
birds, fish and mammals. However, studies based on
surveys at one point in time do not permit quanti-
geanon of the mechanisms that determine the
relanve abundance of parasite species (Dobson,
1990: Sousa, 1994). Further progress in under-
standing the structure of parasite communities wiil
require the development of models that inciude
details of the life history of each parasite species, and
deraiis of the interactions between species.

The influence of parasite induced changes in host
behaviour on the basic reproduction number (Ry) of
helminth parasites with life cycles of varying com-
plexity were discussed in Dobson (1988). For a
helminth species, R, can be considered to be the
gumber of reproductiveiv marure daughters that
would be produced by a female worm in the course
of her lifetime, in the absence of (parasite) denairy
dependent constraints on the host and parasite
populations. Behavioural modifications that increase
transmussion rates will increase R, unless they have
arry major detnmental effect on the survival of the
worm during any stage of its life cycle. In this paper,
we show how an understanding of the values of R,
for the different parasite species in a comrnunity is
fundamental in determining the relative abundances
of the species in that community.

Finaily we note that Heesterbeek & Roberts (1994 ;
see also Roberts & Heesterbeek in prep.) have argued
that a more formal definition of a quantity analogous
to R, is required for the study of heiminth population
dynamics, and have derived such a quantity which
they designated Q,. The change in notation was to
forestall fruitless speculation on whether this quan-
tty was equal to the more familiar R,, whereas what
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1s important is thar it has the correct threshold
behaviour. For the models considered in the present
paper the two quantities (R, and Q,) are equal, and
we have used the more familiar symbol R,.

DESCRIPTION OF THE MODEL

As with the work of Anderson & May (1978), we
assurne that the statistical distribution of the parasires
within the host population is a negative binomial and
invariant with tirne. The basi¢c model for macro-
parasites consists of an equation for the size of the
host population (H), (we assume a fixed area, and an

increase in size therefore equates to an increase in
densiry):

H 4P 1
dt

and one for the total size of the parasite population
(P)

dP  APH (1 + k) P*
—_— = — e (- ——————— 2
& " Heag NPT E 2)

Here the birth and death rates of the host are a and
b respectively, in the absence of parasites the host
population grows at a rate r = a—b; the death rate of
the adult parasites is 4 (thetr life expectancy is thus
1/4), A is the rate of production of transmission
stages per parasite. The increase in the rate of
mortality of the host due to a single parasite is , this
assurnes host mortzlity rates increase linearly with
increasing parasite burden. The parameters s =
a+pu+a, and the net rate of mortality of the host
popuiation i8 s~ = b+ u+a.

The proportion of transmission stages that become
adult parasites is H{(t)/(H{(t)+~H,); note that H,
incorporates all parts of the parasite life cycle
externai to the definitive host, for example the
dynamics of the free-living or intermediate stages. In
the case of a simple direct life cycle helminth we can
split H, into two parameters: the transmission rate 3,
and the mortality rate of free-living infective stages
v, with H, = v/8 (May & Anderson 1978). Modi-
fications of parasite or host behaviour that lead to
changes in transmission rate will thus enter the
model in the term H,. If the behavioural modifica-
tions increase transmission efficiency, H, is reduced,
if they reduce transmission efficiency, H, increases
(Dobson, 1988).

An expression for the basic reproduction number
of the parasite, R,, can readily be derived from the
equations by first considering the rate of growth of
the parasite population when a single fernale worm is
introduced into a population of hosts. Then recall
that R, is defined in the absence of densiry-
dependent constraints. For the model defined by
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equations {1 & 2) this means letting the host
popuiation grow to infinity.

AH A A
= _ - ,
5 Hﬁ(Ho"'H)(S—") s—r b+uvra )

When simiiar models are developed for helminths
with more complex life cvcles the expressions for R,
always consist of the product of the transmission
rates at each stage of the life cycle, divided by the
product of the net mortality rates at each stage of the
life cycle (Dobson. 1988, 1990; Anderson & May,
1982, 1991 ; Heesterbeek & Roberts, 1994).

The parameter A is the rate of transmission from
the defimitive stage of the life cycle to the next, i.e.
the birth rate of the parasite. The behaviour of the
model is highly dependent upon A. The iong-term
behaviour of solutions of (1, 2) may be summarised
as a sequence of behaviours for increasing values of
A, and i3 determined by the relation of A to three
thresholds. If0 € A < s—r{R, < 1), the parasite popu-
lation becomes extinct and the host population grows
without bound. If s—r < A < 3, both host and parasite
populations grow without bound, but the mean
number of parasites per hoat tends to zero. This is
known as ‘washoutr’. Although R, > 1 the host
population grows much faster than the parasite
population. [f s < A < s+r/k, both host and parasite
populations grow without bound, and the mean
nurmnber of parasites per host tends to a positive finite
limit. If A > s+r/k, both host and parasite popu-
lations tend to a bounded steady state.

In reality, of course, neither popuiation will grow
without bound, bur will grow until density-de-
pendent factors not included in the model become
important and limit the population size. The stability
propernies of the model are described in Anderson &
May (1978) and May & Anderson {1978); here we
merely remind the reader that once parasite fec-
undity 1s sufficient o regulate the host population,
the modei will exhibit either damped cycles or stable
constant host and parasite numbers. Increasingly
stable dynamics are produced by parasites that are
more aggregated in their distribution in the host
populanon.

MORE THAN TWO PARASITE SPECIES IN THE
SAME HOST POPULATION

We have recently extended this framework to
examine the dynamics of multple parasite host
communities {Roberts & Dobson, 1994). The model
13 based on a two parasite species version of the
above, which was developed by Dobsen (1985). The
mteractions berween the parasite species are classified
as either exploitation or interference competition. In
the simpler case of exploitation competition, the
parasite species are independent of each other in
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their use of the host species; hence the covariance
berween their distributions in the host population is
zero. This assumes that exploitation competition
does not lead to the exclusion from a host of one
parasite species due to the presence of another. In
contrast, in the case of interference competition,
interactions between the two parasite species may be
antagonistic or synergistic. 'These interactions cause
the presence of one species to influence the prob-
ability that the other is present; there is thus a non-
zero covariance term which alters the statistical
distribution of each parasite species. Where interac-
rions between the parasite species are antagonistic,
the covariance term is negative; where interactions
are svnergistic, the covariance is positve.

In order to develop models for parasite com-
munities utlizing 2 single host population it is
necessary to specify the generating function for a
muxrure of negative binomial distributions. We
choose:

H{-l. EF(my R z) +Zt‘}-l.n.(-f

(1 = Flm,, b, 2] [1 = Fim,, b, )]
!

4
]
for suitable parameters m,, &, and [,. Here the n
individual parasite species are distmbuted with mean
m, and variance mJ(1-+m,/k,) respectively, the co-
variance between species { and species j is mm/l,
(Roberts & Dobson, 1994},

The equations for the dynamics of the n parasite
species are easier to analyse following the trans-
formations X = H/(H+H,), ¥, =m, = B/H 1o ob-

tain

dX

= (1 =X [r—=Z_ 2, ¥] (5)
dY, z

d—t’= g[A,X——sJ—Z‘_,_ﬂiY‘] {6)

where s, = a+u, +a,, and {,, = k.. From equation (6)
the steady state values of the Y, satisfy

&
~i.n 7
Ly

Y,=0 or L, Y= A, X5, {7
for f = 1,n. The solutions of equation (7) fail into
two categories. The first category is where X =1,
which corresponds to H{:) tending to infinity with
time; i.e. the host population is unregulated. The
second category is where X = X* < 1, and the host
population is unregulated. For the former category
any combination of ¥, may have limit zero, and
hence there are n! steady states. The same applies for
the second category, except that ail ¥, may not
simultaneousiy be zero, and hence there are n!-1
steady states. The Y, for this category are found from
{7} as functions of X*, which is in tum determined
from the equation

Z(-l.u‘zi Yl =r (8)
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The trivial steadv-state (no hosts or parasites) always
exists, buc is of no interest here, All the other steady-
states except X = 1, ¥, =0 for allj exist for a limited
-ange of parameter values, and each steady-state 1is
stable only for a further restricted range of paramerer
values.

In the absence of any antagonistic or synergistc
nteractions between the parasite species (zero co-
variance), the steady-state values of the Y, satisfy

Y,=0o0r

X,
Eh=AX=y (9)

which can be easily explicitly solved. When the host
aopulation is regulated X' * can then be caiculated
directly from equations (8 & 9). Assume that ¥, + 0
‘orf=1,mm<n, and ¥, =0 forf=m+1,n, then

r+Li RS

N =
z kA,

(10)

{=1.m

The population dynamics of the parasite community

The properties of the model for two parasite species
can be illustrated graphicaily for both exploitation
and interference competitzon. As with the model for
one parasite and one host, the dynamics of models
‘or more complex parasite communities are de-
pendent upon the magnitude of the fecundity,
rransmission and mortality rates of each parasite
species (Fig. 1). When A is srnall the parasites cannot
establish and the host population grows (to a carrving
capacity determuned bv facters other than the
parasite and not included in the model). As A 13
increased the parasites first become able to establish
:n the host population and then able to regulate it.
There are seven different non-trivial steady-state
solutions 1o equations (5 & 6). Note that a steady-
state solution of the equations corresponds to a long-
rerrn outcome of the population dynamics, as X — 1
corresponds to A — o¢. Increases in the fecundiry of
sither parasite species aiways increases its chances of
eatablishing and potentially reguiating the host popu-
lation.

The relative magnitude of the areas of parameter
space that iead to different dynamics are dependent
upon several key parameters of the model. In
particular, reducing the degree of aggregation of
either parasite species, &, considerably reduces the
region in Fig. | where both species can coexist, 37.
Similarly, increasing the mortality rate or decreasing
the fecundity rate of the host (reducing r) leads to a
decrease in the size of 37, but increases in 35 and $6.
Hence short-lived host species harbour less diverse
parasite communities than longer lived species, and
are more likely to be regulated by their parasites.

The conditions for invasion of a single parasite-
host system by a second species of parasite are

Aq
S6
Sy+riky
| 57
$3,
| S4
I
5 J‘ , s
R s2 >
0 s5-r 5 sy+rik, A

Fig. 1. The relationship betwesen the fecundiry, A, for
each of two parasite species and the dynamic behaviour
of the parasite host communiry. When two species of
parasite are present the parameter space ¢an be divided
into a number of different regions each determined by
the magnitude of A for each parasite. The figure
illustrazes ail of the possibilittes for two species in one
host. The seven different regions of parameter space are
numbered 51 through to S7. In 31, the host populanon
grows exponentially and neither parasite species can
establish. In regions S2 and $3, the host populatnon sull
grows exponentially, but in the former case parasite
species | may establish whereas parasite species 2 goes
extinct, in region S3 the aiternadve happens, parasite
speciea 2 may establish whereas parasite species | goes
extnct. [n region S+, both patasite species can persist
although the host popuiation continues to grow
exponentiaily. [n region $3, parasite spectes | can exist
and regulate the host population to a steady density,
parasite 2 is unable to establish. [n region 56 we gert the
alternative, parasite species 2 establishes and regulates
the host to a constant population density while parasite
species 1 is unable to esrablish. Finally, in region 57,
both parasite species can estabiish and co-exist, and the
host population is regulated (after Roberts & Dobson,
19943},

illustrated in Fig. 2. The invasion criteria for a
parasite to enter an aiready established parasite host
community are again highly dependent upon the
fecundity of the invading species. [n Fig. 2 A parasite
species | regulates the host to a constant level of
abundance, and when the fecundity of the invading
parasite species (A,) is smali, it is unable to establish.
Once A, is sufficient for parasite species 2 to establish,
the host population declines to lower levels than
when parasite species 1 alone was present. Further
increases in A, finally lead to parasite species | being
driven to extinction; parasite species 2 and the host
then settle at a new steady-state. A similar pattern is
shown in Fig. 2B, but here the host population i3
inigially growing with only one species present. As A,
passes successive thresholds species 2 is able to
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A

kel

56

y

}u!(sl'f'ﬂ"k-l) An
5+rik, 5

—
>

0 51 r+k13| +ky§'1‘k\l|‘ l‘(s-:"’f'fk'l) AQ

k 5y
Fig. 2. The invasion criteria for a parasite introduced
into an already established single parasite, one host
community. Both figures illustrate the success of an
invading parasite species with a range of fecundiry from
0 to A, > 1, +r/k,, Fig, 2A illustrates the case where
A, > s, +r/k,; igure 2B 5, < A, <s,+r/k, In both cases
we show steady state values of the mean numbers of
parasite per host, ¥, (= B/H) and the varable X
(= H/{(H+H,)); so when X = 1, the parasites are unable
to control the host and its popuiation has either grown

J

invade, the two parasite species regulate the host
population. and finally species 2 is driven to
extncnon.

The effect of non-zerc covariance

We can caricature direct competition between para-
site species by a non-zero (positive or negative)
covariance term in the statistical distribution of each
parasite species. For biological reasons we assume
that the covariance berween the distributions of the
two species is small compared to their individual
variances. Modifications to the previous (zero co-
variance) steady-state conditions for the mean bur-
den of each parasite species and equilibrium host
density are then found as small amplitude linear
combinations of the previous solutions. Full details
may be found in Roberts & Dobson (1994). Inter-
actions between parasite size thus produce changes
in the size of regions of parameter space for which
each of the steady-states is locally stable. Essentially,
svnergistic interactions berween the parasites tend to
reduce the areas of co-existence of the two parasite
species, while antagonistic compenitive interactions
between the species increase the range of parameter
values for which it is likely that two parasite species
coexist within the community (Roberts & Dobson,
1994). Here it is important to notice that antagonistic
interactions berween parasite species lead to increases
in the total levels of parasite species diversity, but
reductions in the abundance of each individual
parasite species. As in the case for simple exploitation
competition, the more aggregated the distribution of
each individual parasite species, the greater the
possibilities for co-existence and the less chance that
interactions between different species are likely to
QCccur.

A COMMUNITY WITH ONE HOST AND FIVE
PARASITE SPECIES

In Roberts & Dobson (1994), the regions in
parameter space corresponding to the different
dynamics of a community with an arbitrary number
of parasite species are derived, but when more than
three species are present these become difficult to
display graphically. In this section we use numerical
simulations to examine the relative abundance of 5
species of parasite which utilize one species of host
(Fig. 3). In order to prevent the host population
from growing unrealisticaily, we have modified the
equivalent of equation (1) by replacing the term rH
with (1 - H/K)H. This models a density-depen-

to infinity or it is regulated by factors not included in
the model (after Roberts & Dobson, 1994),
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Fig. 3. The transient dynamics of the model for five
sarasite species unlizing a single host species. The
Jpper figure ilustrates changes in the size of the host
ind total parasite populations with ume. The lower
igure plots the mean parasite burden against host
sopulation size. The parameter values used for the host
zapulation in the simulation are 2 = (-8, # = (-3, and
XK = 100. The parameters used for parasite species 1 are
z, = 0-001, A, = 20 and 4, = 0-5. The viral rates of the
ather parasite species in the community are obtained by
modifying the vaiues for each species by a factor 1-2;
thus @, = 1"2a, and 4,,, = 1'24,; but 4, = A4,/1-2.
H, = 240 for all species.

dent birth rate, and in the absence of parasites the
host population sectles to a steady equilibrium at the
carrying capacity K. The numerical solution of the
model was imitiated with a populaton of 50 host
amimals and 100 parasites of each species. After a
me period of ten years the community settled to a
steady-state of just under 100 hosts; all five parasite
species remained in the commumty with mean
burdens 3-00, 416, 347, 2:89 and 2-41. Their values
of R, were 7-34, 5-44 4-00, 292 and 212 respectively.

The parasite diversity supported by the host
population 13 ultimately dependent upon the net
unpact of the parasites on the host. Different aspects
of the host and parasite population biclogy enter into
this reiationship in subtie ways; Fig. 4 iliustrates the
etfect of systematic changes in four key parameters
on the five parasite single host community. The
changes all lead to reductions in the diversity of the
parasite community. [n (a) changes in the life history

R

6

characreristics of the host which increase its fec-
undity, but reduce its longevity, lead to the loss of
two species from the community. The species lost
are those with the smallest values of R,. Because the
growth rate of the host population (r = a—b) is
maincained at the same level, this implies that long
lived host species with low fecundity will tend to
support more diverse parasite communities than
short-lived hosts with higher fecundiry.

In Fig. 4B the similarity in the life history
attributes of the parasite is reduced. This produces
the initially counter-intuitive effect that diversity
decreases as the parasites using the host become
more dissirnilar in their life history attributes. Those
species that are squeezed out of the community are
again those with lower R, values. An intriguing
complementary result to this is that the models
suggest that hosts can support 2 greater diversity of
parasite species that are similar in their use of the
host population! This does not, of course, inply that
the parasite species are identical in their use of host
resources, but thart similarity in life history attributes
13 an important condition for coexistence.

In Fig. 4C the importance of parasite aggregation
(or overdispersion) is illustrated. This life history
attribute is a joint feature of both the host and any
particular parasite species. The degree of aggregation
reflects physiological, immunological, behavioural
and genetic differences in the susceptibility of
individual hosts to infection; these effects may be
further compounded by spatial and temporal het-
erogeneity in the habitat in which the parasite and
host coexist. Reducrions in the level of aggregation
lead to reductions in the diversity of parasite species
supported by the host population. The parasite
species that are lost are those with low levels of
aggregaton. This result implies that large degrees of
aggregation should be apparent in the distributions
of parasites in highly diverse parasite communities.
In contrast, the structure of parasite communities is
likely to be less diverse in habitats that are uniform,
or in host populations which show low levels of
differences between hosts in their susceptibiity to
parasites.

Fig. 4D illustrates a feature of the model that is a
curious consequence of host population density.
When regulation of the host population is relaxed
and it is allowed to increase in densiry, several of the
parasite species exhibit large increases in densiry.
This allows them to exclude other parasite species
from the community by causing increased host
mortality in concomitantly infected hosts. This
phenomenon is in some ways analogous to the
paradox of enrichment observed in many predator-
prey models, where increased predator efficiency
may lead to reduced predator density (Rosenzweig &
MacArthur, 1967). It is likely to be an important
effect in agricultural situations where artificiaily
increasing the densiry of a host species may lead to
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Fig. +. Numerical soludons of the five parasite, one host species model for svstemnatic variations in a number of key
parameter values. In ail cases we illustrate factors that reduce the diversity of the parasite community by altering one
parameter value from the solutions for the stable five parasite community illustrared in Fig. 3 (A) The effect of host
fecundiry and mortality a = 2-5 and b = 2:0; r = {a—b) still equals 0-5. {B) Reduced similaricy between parasites
species, the muitiplicarion factor for parasite parameters has been ser to 1+4. (C) The effect of reduced aggregation;

&, = 0-:02. (D) Increases in host carrying capacity, K = 300.

one or two parasite species dominating a parasite
community and causing the majonity of economic
losses.

The model mav also be used to determine the
equilibrium densities of parasites and hosts in more
diverse parasite communities (Fig. 5). Notice that
the model produces parasite communities that
appear to have a 'core’ of species that are always
present in the community, and *satellite’ species that
enter in higher density host populations. In each case
species that might be classified as ‘core’ species are
simply those with higher R, values, while those that
might be classified as ‘satellites’ are those with the
lower fecundity, survival or transmission rates
leading to lower R, values. Species with high R,
values invade the host cormmunity at lower popu-
lation densities, and consistently have higher mean
worm burdens than species which can only establish
in higher density host populations. When mean
parasite burden for any species is plotted against host
population density, the resultant curves form a
nested series with the core species with high R,

values surmountng the sateilite species with lower

R, vaiues.

COMPARISON WITH EMPIRICAL DATA FOR
HELMINTH COMMUNITIES

Some aspects of the patterns observed in these
models are seen in data collected from a study of the
parasite communitry of Anolis lizards on different
islands in the Canbbean (Dobson et al. 1992;
Dobson & Pacala, 1992). A full description of the
protocols used to coilect these data is provided in the
papers cited. As the Anolis species on these isiands
have evolved from a common ancestor, the data
refiect some of the different ways in which the
ancestral parasite communities have evoived. The
data were collected from two host species (Anolis
bimaculatus and A. wattsi) on ten islands ranging in
size from 13 to 280 km?, where different habitats
allow the host population to exist at different
densities. The data thus reflect a spectrum of parasite
communities that runs from isolationist (Anguilla —
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Fig. 5. The eguilibrium solutons for 1 single host, ten
parasite ipec: -~ community. The upper figure illustrates
the abunaan: 7 four ‘core’ species as new apecies with
sequennally ues are added to the
corumumury. . sure Ulustrates the relationship
reen host popuis.. . size and mean worm burden
~ame four 'core’ species. Notice that these
.rovide a nested set of abundances with each
- -entially eatablishing parasite species having both a
mugher threshold for esrabiishment and a lower eventual
mean worm burdenr. This result is sirnilar to that

conjectured from some earlier graphical work of Dobson
{19GQ).

with only two parasite species), to more speciose and
potentially interactive - Aintigua, rwo host species
with five and six - + species detected respect-

wvely). The -a:- 6) tllustrate several of the
parte~ the models. In particular,
corrr 1-n 1o Fig. 5. Those parasite species
wiose .atories allow them to persist in low

A <3t populations (high R, values) are present

.as where almost no other species are present.
These are aiso the most common parasite species on
islands with higher parasite diversity, where species
with lower R, values have also managed to enter the
communiry.

The relative abundance of each parasite species
again produce patterns thar are similar to those
suggested by the model. As the diversity of the
parasite comununity on an island increases, those
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Fig. 6. The mean parasite burdens (number of worms
per host) of different parasite species from Anoiis lizards
sampied on islands in the Lesser Antilles. The upper
figure shows data for lizards of the ‘wattss’ series (only
present on three islands), the lower figure shows dara for
the 'bimaculatus’ series. The seven islands (and their
sizes) are: Anguilla (Ang, 91 km?), St Maarten (StM,

88 km?), Saba (13 km®), Marie Galante (MG, 155 km?),
5t Eusracius (StE, 31 km®), Montserrat (Mt, 85 km®),
Antigua (Ant, 280 km?). In each case the islands ar=
arranged in increasing order of parasite diversity (from
left to right). Abundance is on a logarithmic scale with

0 = no worms detected, 1 = 0-01 worms per hoat, 2 = (-t
worms/host etc. The parasites are T.cub.- Thelandros
cubensis; Skrib.-Skrjabinoden spp.; Centro.-
Centrorhynchus sp.; Physal.-Physalopteridas gen.sp.;
Meso.-Mesocoelium sp.; Allog.-Allogiyptus crenshawi;
Rhab.-Rhabdias sp.; Spin.-Spimcauda amaniti; Trich.-
Trichospirura sp.

species that are present on the species-poor island
tend to be the most abundant parasite species on the
species-rich island (for example Thelandros cubensts
and Skrjabinodon spp., see Fig. 6). In contrast, those
species that are absent from the species-poor islands,
tend to be those that are present at low abundance on
the species-rich isiand (for example Centrorhynchus
and Physalopteridae spp., see Fig. 6). This suggests
that the transmission and other life-history features
of each parasite are important in determining their
relative abundance in the community.

Stochastic effects are also important in determining
the observed structure of the parasite communities
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Fig. 7. These data iliustrate parterns of abundance of
parasitic helminths in two populations of mice in
Northern Ireland, the upper figure is for a deciduous
woodland site {(Clanbovyne), the lower figure is for a
comferous woodland site (Tollymore) (after
Montgomery & Montgomery, 1988, 1990). The data in
the original pubiication have been replotred to illustrate
the relationship berween the abundance of the each
parasite spectes and host abundance.

Tammme D3 iy T 1. mopurvicer

' i

g

Fig. 8. The observed abundance of three species of
parasite of eels (Anguilla anguilla) aver a thirteen year
study period (after Kennedy 1993). Although seven
other species of parasite were recorded during the srudy,
the abundance of the other species never rose above 59,
of the total parasites recorded.
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on some islands. The sequences by which parasites
enter the communities as we examine islands with
larger Anolis populations are not perfect, and
occasionally a parasite species is missing (for example
Skryabinodon spp. were not detected on St Maarten,
see Fig. 6). The absence of a species may be due to
a number of reasons: potentiaily it was present when
the host population first colonized the island and has
since become extinict; in other cases the parasite may
have invaded the island since its colonization by the
host and may then have become extnct; or alterna-
tive hosts in the life-cycle of parasites with complex
life cycles may be missing from some islands and it
has been unable to invade. This may be the case for
the trematode parasite (Mesocoelium sp.) and po-
tentially the acanthocephalans (Centrorfiynchus sp.)
seen on onlvy some of the islands. Notice that the
absence of a species does not seem to produce any
detectable increase in the density of any potential
compeutors.

A complimentary set of data are available for the
helminth parasite communities of small mammals in
Northern Ireland. These data consist of a sequence
of monthly samples of the parasites of Apoedemus
stlvaticus, the wood mouse, at two locations (Mont-
gomery & Montgomery, 1990). The long-term
patterns of abundance are plotted as the relatve
abundance of each parasite species against host
abundance (Fig. 7). Here we see a similar type of
partern to that predicted by the model (cf. Fig. 3).
The core species, Syphacia stroma, Catenotaema
lobata, Brachylaima recurva {at Clanboyne) and
Nematospiroides dubius (= Heligmosomoides poly-
gyrus) (at Tollvmore) are always present in low-
density host populations, and are always present in
higher abundances than species that are only detected
at higher host population densities, such as Taenia
taeniaformis and Corrigia vitta. Those species that
require higher host populiation densities to establish,
never achieve the densities of the parasites with the
higher R, values that can invade at lower host
popuiation densities.

Although sirnilar patterns can be seen in a long-
term study of parasites community in eels (Angusilia
anguilla), changes in the dominant species in this
predominantly isolationist community occurred sev-
eral times (Kennedy, 1992, 1993). i{n the early years
of the study, Acanthocephalus clavula was the
dominant species in the system (Fig. 8), after a
transient period of low abundance when Bothrio-
cephalus claviceps was the commonest species, the
community becarne dominated by Paragquimperia
tennerrima. These changes chiefly reflect changes in
the river occupied by the parasites and their host,
these have mainly been the resuit of human man-
agement for flood prevention (dredging), but pol-
lution and eutrophication have led to pronounced
changes in the invertebrate community that act as
intermediate hosts for several of the parasite species
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{Kennedy, 1993). The swudy emphasizes the un-
portance of both host density and intermediare host
availability in determining the transmission success
of the parasite species that are present at any ume. [t
is sobering that even parasite communities are easily
perturbed by short-termn anthropogenic activities.

DISCUSSION

A conrinuing debate in ecology is concerned with
whether the strucrure of ecological comrmunities is
deterrmined by interactive or non-interactive pro-
cesses (Schoener, 1986). A recent review suggests
that comumunities of parasitic helminths provide the
main examples of communities where interactions
between species are the primary process determining
refative abundance (Cornell & Lawton 1992). The
modeis described in this paper suggest almost the
opposite conclusion; that interactions between para-
sites and their hosts are more important in deter-
mining community structure than direct interactions
between parasite species. [ndeed, direct interactions
between parasite species may produce the opposite
erfect on diversity than would be assumed by cursory
examination of the sign of the interaction. Com-
petitive interactions tend to increase the diversity of
parasite communities by reducing the impact of
multiple infections on individual hosts. In contrast,
Jvnergistc inreractions berween parasite species lead
to high wormm burdens in individual hosts, and
tugher rates of host mortality that in turn lead to net
reductions in the diversity of parasite species sup-
ported.

The models described here assume parasites have
some detrimental effect on host survival and thar this
is crucial in determining observed mean worm
burdens. This assumprion 13 intrinsic to most models
of parasitic helminth dynamics (Anderson & May
1978, 1991). As the impact of pathogenicity of any
parasite species i1s reduced, the observed mean worm
wiil increase. When assemblages of parasite consist
of species which il have low rates of parasite
induced host mortaiity, then high mean worm
burdens will be observed if transmission rztes are
high. The high levels of diversity observed may lead
to interaction between species in concomitantly
infected hosts. However, the aggregated distributions
of each parasite species will reduce the proportion of
hosts which contrain mixed species infections. Thus
spatial aggregation, host longevity and pepulation
growth rate are the crucial mechanisms permitting
increases in diversity in parasite commun:ties. In
contrast, the ability of any species to establish and
invade the community is dependent upon its life
history strategy, particularly 1ts fecundity and trans-
mission success. Lhis suggests that ‘supply-side’
considerations are crucial in determining which
parasite species are present in a host population. In
more detailed models for parasite communities that
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Fig. 9. The relationship berween parasite community
richness (average number of species per host) and
parasite burden per host for a toliation of studies of
parasite comununities (Sousa, 1994}, The communiries
that were designated as ‘interactve’ by the original
authors are marked ‘I[at’ in the diagram,

include stochastic effects, it is likeiy that the huge
fecundiry and long life expectancy of parasitic
heiminths wiil also promote the coexistence of a
vanety of species (Warner & Chesson, 1985 ; Chesson
& Warmner, 1981).

Most empirical sets of data for parasite com-
munities suggest that local abundance {the burden of
wormas carried by any individual host) is determined
by regional abundance (Dobson, 1990; Dobson &
Pacala, 1992). The models described here provide an
important insight into the debate about whether
parasite communities are ‘isolationist’ or ‘inter-
active’ (Holmes & Price, 1986), and whether the
parasite species in a community can be defined as
‘core’ or ‘satellite’ species, as well as the larger
debate which considers this phenomenon in popu-
lations of free living species that live in patchy or
fragmented environments (Hanski, 1982: Nee,
Gregory & Mayv, 1991). Sousa (1994} has suggested
that ‘isolationist’ and ‘interactive’ communities as
defined by Hoimes & Price (1986) are probably two
ends of a hypotheticai spectrum of parasite com-
munities. When the data collated by Sousa (1994) are
pilotted as graphs of parasite abundance against
parasite diversity (Fig. 9), no clear demarcation
occurs between isolationist and interactive com-
munities. Although most of the more diverse
communities have been classified as interactive, there
are many communities of intermediate diversity,
that have been classified as isolationist. The models
presented here suggest that the diversity of a parasite
community i3 strongly determined by the growth
rate and [ongevity of the host popuiation; later
extensions of the model will examine how age-
structure in the host popularion, fine scale niche
partitioning within the hosrt and heterogeneity in the
external habitat cor"abute to the levels of diversity
that can be mainta: ~=d,
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In more homogeneous habitrats, parasite distri-
butions wiil be less aggregated and hosts are more
iikely to contain mixed species infections. This may
select for more antagonistic interactions berween
parasite species. It is intriguing to note that one of
the best documented examples of antagonistic inter-
acrions berween parasite species come from the
intertidal molluse communiries studied by Sousa
(1992, 1993). Long-term studies of this system
conclude that recruitiment processes stil primarily
determine the compositon and relative abundance
of species in these communities (Sousa, 1993).
However, the homogeneous habitat and hugh fec-
undity of the host population may select for
interference competition in the parasitic trematodes
that dominate the parasite communiry. [n contrast,
long lived vertebrates tend to live in complex habirtats
which wiil produce high levels of aggregation of the
parasites in the host population (Pence & Windberg,
1984 Bush, Aho & Kennedy, 1990; Esch, Bush &
Aho, 1990; Goater & Bush, 1988; Bush & Holmes,
1986 a). Differences berween the general levels of
diversity observed in fish and bird parasite com-
munides (Kennedy, Bush & Aho, 1986) may simply
reflect the combinauon of differences in habitat
heterogeneity and host life expectancy. The parasite
species in these communities are not usually patho-
genic, so high levels of parasite abundance and
diversity can be supported by the host.

The basic reproduction number of a parasite (R,)
1s fundamental in determnining the population dy-
namics of simple single-parasite one host com-
munities. Modifications of parasite survival, fec-
undity, transmission and behaviour affect R,. Fully
understanding the life history consequences of
changes in parasite behaviour therefore requires the
derivation of an expression for R, (Dobson 1988,
Anderson 1994). Once obtained, these expressions
allow us to examine the role of parasite life-history
strategtes in determining the success of a parasite in
a host population. Extending the models to more
than one parasite species in a community allows us to
exarmine the role of parasite life-history strategies in
determining the relative abundance and diversity of
different species in parasite communities. A parasite’s
fecundity and transmission success are the two key
determinants of its life-history strategy which de-
termine whether it can invade a host population and
its abundance once established in thar population.
The diversity and partterns of relative abundance
observed in any coliection of parasite species in a
community are thus more likely to reflect the life-
history strategies of each individuai species in the
community, rather than interactions between the
species.

This work was developed while the authors took part in
the programme on epidernic models at the [saac Newton
Insttute for Mathemarical Sciences, University of
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ABSTRACT

This paper considers the dynamics of a hast (animal) species that would grow
exponentiaily in the absence of parasitism, and a community of parasic species thal
may regulate this growth. The model consists of a single differeatial equation for the
host and one for ¢ach of the parasue species. Thus level of simplicity 15 achieved
bv assuming that each parasite specics has 3 negative binomial distnbution within
the host population, with ¢ither zera covariance benween the species (exploitation
competition), or a specified covanance struciure (wntericrence competition). Condi-
tions on the modet parameters that determine the aburdance of the different species
are formulated, as are conditions that determine when 1 parasite specics can winvade
2 conununity and whea a specics is likely lo be squoezed out. The results show that
highly aggregated parasite species are more likely 1o coexst, but are less abie o
regulate their host population. A ncgauve correlation between the distributions
of the parasite species enhances both their ability to coewst and ther abdity to regu-
late the host population. The results of this anaivsis apply more gencrally 1o other
svstems where commumties of exploiter species coexist on discretely distributed
hosts, for exampie, inseets on piants.

1. INTRODUCTION

Anderson and May (2] demonsurated with the aid of a simple differ-
ential equation model that a parasite specics could regulate the size ot a
host population that would othcrwise grow exponentially. In coastruct-
ing the model they assumed that the distribution of the parasites with-
in the host population was negative binomial and invariant with time.
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Since then several attempts have been made to relax this requirement
[1,1516,24], but thesc alternatives are less mathematically tractable
than the original Anderson and May model that continues to make a
significant contribution to the subject [271 In contrast to the scrutiny
that the assumption concerning the distribution of parasites has re-
ceived. the assumption that a single parasite specics 1S present has
attracted little critical attention. Dobson [10,11] used a two-spegies
version of the Anderson and May model o describe Lhe interaction
between two parasite species that utilize the same host and classified
the types of interaction as exploitation or interference compeltition. For
the former the parasite species utilize the same resource independently,
and hence the covariance between their distributions is zero. For
interference competition external factors determine that the presence
of one species infiuences the probability of the presence of the other,
and hence there is a nonzero {positive or negative) covariance between
their distributions. In this paper we extend the work of Dobson [11] to
an arbitrary number of parasite species in a commuaity and relax some
of the constraints on parameter values. The treatment throughout is
phenomenological tn that no mechanisms for the generation of the
probability distributions are included in the model.

Anderson and May (2] assumed the parasites o have a negative
binomial distribution within the host population, that is the probability
generating function

Flmk.z)=(1+2(1-2)]

with mean m and variance m(l = m /). They modeled the dvnamics of
the host population size (A} and the total size of the puarasite popula-
tion (P) by the differential equations

dH

W={a—b)H—aP
dP APH all=ky p*
Pl -y L P S Sty =

Here the birth and death rates of the host are g and b, respectively, the
death rate of the parasite 5 w, the increase in the rate of moriality of

I
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the host duc to a single parasite is a, and A is the rate of production of
transmission stages per parasite. The proportion of transmission stages
that become adult parasites is H(}/(H (1) + H,). This factor incorpo-
rates all parts of the life cycle cxernal to the host, for example the
dvnamics of free-living or intermediate stages. A full description of the
assumptions that lcad to (1) may be found in (2],

The long-term behavior of solutions of (1) may be summarized as
follows [9,27].

If

(i) 0gA<b+pu+ta H ==, P =0

(i) b+p+ta<i<a+puta H =, P—= ‘
P/H—0 r/H 7

(ili) a+ p+a<A<A=a+pu+a+(a-b)/k f-a(/\-(‘cu.u-%X ))/ac> O
H—-=, P —x i 4
P/H =k |
JA-(a=p+a))/a>0 ///_\

(iv) A>/ H— Hyf'/ (A=), A (wec. !wbda)

P/H—=(a-b)/a.

Lty
In words, the four possibilitics are, for increasing values of A

(i) The parasite population becomes extinct and the host population
grows without bound,

(ii) Both host and parasitc populations grow withoul bound, but the
mean number of parasites per host lends 10 zero. This is known as
“washout’";

(iii) Both host and parasilc populations grow without bound, and the
mean number of parasites per host tends to a positive finite limit;

(iv) Both host and parasite populations tend t0 a bounded stcady
state. For this fourth possibility the parasite regulates the host popula-
tion to a constant dcnsity.

In order 10 develop an a-dimensional version of (1) it is not nec-
essary to specify the gencrating function for a multivariate negative
binomial distribution although this cun be done in a variety of ways (sce
Appendix). For the resulis in this paper we need only assume that when
the n individual parasite specics are distributie with mean m,, their /< 24
variances are m (1+m /k )and the covariance between species @ and
species jis mom, /1 and 1, >k k.

Ltmbired )

i
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The equations for the dynamics of the host population and the #
species of parasite arg

di
i=1.n
dP. A PH a(l+k) Pt
@ THvH T Te) T
a(l+l;) AP
- v p

t=la;om g o

for j=1 to n. These equations arc easier to analyze following the
transformations X = H/(H + H,), Y, =m, = P /H, which lead to

X
E;=HQX(1—X)[H v a‘}’.]
|
7
4y, « (2)
Hc.il_=yf AX =, = _E]:n[_";'y.],

where r=g— b, s, =a+u +a,and {; =%_ The variable Y is the
mean number of parasites of species ; per host (intensity of species /),
and X is an incrcasing mecasure of host population size, 0 £ X <1,
X —1as H—= In contrast 10 Dobsen [11] who assumed a common
natural mortality rate p for cach parusite species, we only assume the
parameter H, 0 be the same for all specics. A relaxation of this latter
requirement will be discussed in a subscquent paper.

In Section 2 the properties of (2) with ~ =2 are discussed, and in
Section 3 the equations for n species of parasite arc analvzed. The
model addresses the following questions:

(1} What determines the abundance of the different parasite species
in the community?

(2} Arc life history constriints on parameter values important in
determining a parasite’s ability to invade a commuanity, or in permitting
it 10 exclude other specics?

(3) When can a parasile species invade a community and when is a
specics likely to be squeezed out?

(4) Is there a limit to the diversity of parusite communitics, and
which features of parasite host ccology determine observed levels of
diversity?

/6
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2. THE INTERACTION BETWEEN TWO SPECIES
OF PARASITE
When restricted 10 two specics uf parusite, (he equaiivns ia ()
become
dX
-d—l=HoX(1—X)[r—a:Y1—a:Yz] (3)
ay, a, a, .
_d—‘.l_—-=}'l AlX'-Sl—Tc‘l—}/l“—['}'z (4)

with 2 similar equation for Y;. We first analyze (3), (4) for the case of
exploitation competition, where { =1, = For this case the only
interaction belween the parasite specics is through the dynamics of the
host population ((3)).

2.1. EXPLOITATION COMPLTITION
2.1.1. The Steady States

When 1/ =0 Equations (3), (4) have the uninteresting trivial solution
(X =Y, =Y, =0), and scven different steady state solutiens:

S1 X=1, Y, =Y, =0.
$2 X=1, Y. =k,(A —5.)/a,. Y. =0.
83 X=1, Y, =0, Y. =ki(A, — 51}/ a;.
S+ X=1, Y=k (A —5)/a, Y, = k(A ~5.)/ay.
S5 X =(r+k;s)/(k A}, Y. =r/a, Y. =0.
S6 X =(r+kys,)/(kiAs), Y, =0, Y.=r/a..
ST X=(r+ks,+kys;) /(KA TkiAz),
Y, =k (MNX—5,)/a, Y:=k:()l:X—/5‘.)/a:,

Although all scven stcudy stales are mathematical propertics of the
svstem for any parametcr valucs, Lhcy arc only biologically feasible if
the parameters are such that the vaiues of X, Y., and Y, are within
their feasible regions, 0 < X <1, 0 <Y, Yy The parameter values that

lead to each of the steady states S1-S7 being feasiblears indicated on
the diagram of the (A, A;) plane presented as Figure 1.
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Ay g

S6 B}

syerik. "
S7
S3!
it sS4
e — S5
TS s2 >
0 5 5 5""1“1 ;'H

Fic. 1. Regions in the (A, A.) planc for which each of the seven possible stcady
state solutions o (3), (4) arc locally stable when 1// =0

2.1.2. Local Stabiity Resulis
The Jacobian matrix of the system (3}, (4) i

Hy(1=2X)r = a.¥, - as¥s]  =a, i X(1= X) =, X(1-X)
la,t,

Ky

AT A -5, - 0

la.¥,

X,

AT 0 PO e

For steady states S1-S4, X =1, the matrix J has eigenvalues — H,
(r—a,¥ —a,¥,), A, —35, —2a,Y, /k, and A, —5; =2a,Y, /&, and
hence the regions in parameter space where the steady states are locally
stable are readily discerned. For steudy stale S3 J has two negative
eigenvalues, and a third cqual 0 A, X — s, which is ncgalive when
A, /5, <A, /(s, + r/ k). Similarly, stcady siate S6 is locally stabie when
A, /5, < A, (s, +r/ky). Finally dircct analysis of J reveals that the
steady state S7 is locally siable in the region for which it is bivlogically
feasible, that is, the region where 0 < X <1 and Y..Y, >0 as defined
above for S7. Hence the regions in the (A, A;) plane where steady
states S1-S7 arc locally stable arc all readily determined. These are
illustrated in Figure 1.
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213 The “Washout” Phenomenon

For steady states SI-S3 Y, and/or ¥, arc zero, and the size of the host
population A tends w infialy, For those casas cithor the 2! aumber
of parasites of the relevant species (£, or P,) may tend to zero, or tand
to—a-finisa-hmmt-of grow at a slower rate than the host population. The
situation where the parasite intensily £7)) lends W ecry, ul the tolal
number of parasites of the same species () does not tend to zero is
known as “washout,” because the growing host population washes owt
the parasite population. To investigate this phenomenon rewrite (3) as

%.!{i =H[r—aY, —aY.]
For S1 Y,,Y, —= 0, and hence H ~¢”. From (4) ¥, ~exp{(4, — 5,)¢] and
hence P, = HY, — 0 if A, <y, — r. Similarly specics two becomes extinet
if A, <s5,~r, but washes out if 5, =7 <A, <5..

Applying a similar argument to the steady state S2 reveals that
parasite species two washes out if r + k5, + A, > 5, + ki,\l,&boundary
of which is a line in the (A,, A,) plane joining the points (s,, 5, = ) and
the points (s, +r/k,,5,), and hecnce continuous with the washout
boundary in the region where ST is stable. A similar analysis defines the
boundary for S3. A typical example of the boundary between parasite
population washout and cxtinclion is shown in Figure 1. For the
remainder of this paper we will not make a distinction between the two
types of behavior as ¥, — 0.

214 Conditions for Incasion Success, Competitive Failure,
and Coexistence

In Sections 2.1.1-2.1.3 we catalogued the dvnamical behavior of solu-
tions to (3), (4), and hence the process of exploitation competition. The
intcresting points to note arc the conditions under which the presence
of ope-parasite specics influences the dynamics of the other.
@. illustrates the locally stable steady state values of X, ¥,
an pToltted as functions of A, with all other parameter values fixed
and A, > 5, +r/k,. Hence we are tracing a line parallel 1o the A, axis
in Figure 1, through the regions where the steady states S3, S7, and S6
are stable in turn. AS A, increascs from zero specics one is present, but
specics two cannot invade until the first thresheld is reached. Above
this threshold specics two can “invade,” and for increasing A, the
intensity of specics onc and the size of the host population decrease,
while the intensity of species 1wa increases. At the second threshold the
intensity of specics one is zero, and above it the intensity of specics two

{ Tha

9.



8 MG ROBERTS AND AL P DOBSCN

S5 S7 ; Sé s S2: S4! S7 S6 A
s, Alsgrriky) Al O sireksirksikA Adsetrky) Fe
5wk, 5 ) ks 5

et o (b}

Fic. 2. Locally stabie steady state values of .Y, Y, and Y, calcuiated from (3), (4)
for realistic vaives of #y, r, @, k, and 5, i =1, plotted as a function of A, for (2)
A5 vr/k and(b) A <5+ r/k,.
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remains constant while the host population size continues to decrease
as A, incrcases. Hence the lower threshold specifies a condition which
must be met in order for specics two w invade, and the upper threshold
the condition tor species one W be expelled. Between these thresholds
the two species coexist and jointly regulate the host population.

Figure 2b shows similar information, but for the sitwation where the
host population is not regulated by specics one alone. There are now
three thresholds corresponding o the buunduriss in a2 (A, A,) plune
where S2, S4, S7, and S6 arc locally stable in wrn. For values of A,
below the first threshold specics two cannot invade. As A, increascs
through this threshold species two invades, but the intensity of specics
one remains constant until the second threshold is reached. Above this
the parasite specics regulate the host population, with the intensity of
species one reaching zero at the third threshold. Above this specics two
is constant with incrcasing A, (cf., Figurc 2b). Hence if species onc i3
present in an increasing host population, the lower threshold specifics
the criterion for specics (wo to invade, the middle threshotd the crite-
rion for the parasite species to jointly regulate the host population, and
the upper threshold the criterion for specics one o be expelled.

The condition for two parasite specics to coexist in a regulated host
population corresponds 10 the condition for the existence of the steady
state S7. The boundarics between the region where this state is stable,
and the regions where S5 and S6 are stabic, subtend an angle @ at the
origin of the (&,, A;) plane (see Figure 1), where

(5:':"’//(1)(5/'*"/“:)"5:5:
31(3'\':"(/;(1)"-5:(5:-’/[(:) .

tan ¢ =

Hence there is always a region in the (A, A;) planc where the two
species can coexist, but this rcgion is “squeezed” as the k, get bigger.
Small values of the &, correspond to 4 high degree of aggregation, and
hence aggregated specics have a better chance of cocxisting in a
population. Analogous results have been found in other studics 5,11,21)
[t is also apparent from Figure 1 that small values of the &, increase the
size of the region in the (A,, A;) ptane where the host population is rot
regulated. Henee, a low degree of aggregation (large k) increases the
ability of the parasites to regulate the host.

Finally, when two specics coexist {§4 ur 57) we have the relationship

3:

KA TR A TR

S'.
x

[

A2

a
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Hence, 1o a first approxdmation, the relutve magnitudes of the o
species are determined by the relative magnitudes of &, 4, /a, and
k-A./a-.

2.2, INTERFERENCE COMPETITION

Interference competition is characierized by 2 ronzero (positive
or negauve) correlation between the wwo parasite species, and hence
1/1# 0 (sce (4)). For biological rcalism we assume that the covariance
between the distributions of the (wo species is smail compared to their
individual variances, which means mathematically that { » £,, &,. If the
intensity of one parasite specics is zero then the steady state values of
X, Y, and Y, arc unchanged from their values when 1//=0 (see
Section 2.1.1). Hence the steady states S1-S3, S5, and S6 are the same
as those for exploitation competition. The state S4 is replaced by S4,
where X =1 but

Y :__51_('\1—51)—'((:(’\2_51)/!
oo (1—kk, /%)

and a similar expression holds for Y.. The steady state S7 is replaced by
S7', where

_ ’(1_k1k:/1:)’kl5: T ka3, — KK (S, "'%)/i
KAy + ks ds _kmk:("“.ff\:)/f

Y = Ky (AX =5 )= k(A X —50) /1
L7 (1 -k ky /%)

with a similar expression for Y, The Jacobian matrix of the system (33,
() is

Ho(1-2X){r=a¥, —a,Y,] — o,y X{1-.X) - a, /i, X(1-X)
2a,¥Y,  a.l, a,’,
Iu /\,V ,\:X’"S‘_-.‘ X, - -
) ’ aY, , la.¥. a ¥
ALY, - .\;.Y—:;—T-—T—

|

/{-}-

A |

27,
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For stcady states S1-S3 and S+, / has onc cigenvalue equal to ~ H,
(r = a¥, — a:¥3), and two others which arc ncgative if

(2 +-§-)alY._+(—_—2—+—}-)a:Y:>(A-_—s¢)+(f\;"5:)

i %
and
A _ 2a.Y, a.-Y, B a,.Y,
VTR T TR T T I .
_ Ct,YZ A _ _ 2Q:Y: . Cf..Y-_ > '
! 2T T T, T

The regions in the (A, A,) plane for whichf(of these steady states is
tocally stabie are then readily determined from the values of Y, given
above. For stcady statc S5 two eigenvalues of J are negative, and
the third is negative when As(s, +r/k) < Alsy +r/1) {recall that S5
can only exist if A, > s, +r/k). A similar result holds for S6. For
the steady state S7° the eigenvalucs of J are the roots of the cubic
poiynomial

3 alyl_a_a‘.'yl 2
w - Tk "

+(ala:YlY:(F%—li:)+HDX(l—X)(al/\l}’l-—a:/hY:))w
A AL AT A
+ HoX(1 - X)a,a,Y Y, -E—-ﬁ-f- —7 = |,

As the coefficicnts are positive, and the product of the cocefficients of
w? and w excecd the constant term. the roots of the cubic equation
have negative rcal part. Heace the steady state S7 is locully stabie

whenever it exists. The regions of the (A, A;) plane for which e ol
= seven steady stategesastund are locuily stable are specitied in
and illustrated in Eigure 3.JThe steudy states arc labelled §2-57"To

emphasize that althodgh+-sdme cascs the valucs of X, Y, and Y, arc
the same as when 1/{ =0, their regions of stability in the (A, A5) plane
are different.

In Figure 3a it can be scen that where there is 2 positive correlation
between the parasile specics; the region in purameter space whers wo
species can coexist is reduced, as is the region where the host popu-
lation is regulated. Alternatively, it can be seen in Figure 3b that a

23,
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TABLE

The Regions in the (4,, A,) Plane of the Regions Where the Steady State
Salutions of (3), (4) Exist and Are Locally Stabie

51 0<A <, 0ca, <y,
s SIS A<y kg, 0 A < sy T k(A -5),
s¥ 0<A1<s‘4-k:()«;-—.f:\./!, oA < Sk
S¥ A 25+ k(A =50/ Ay > 5+ k(A - 50/,
Rl =y f1Kay = 5) 7 kgl = &y fUK Ay = 32) <UL = kyas S i50r
ss As +r/ky<a(sy +r/0, A > (s +r/k))
Se' Alss +r/k) < Alsy + 770, &> (5, = 1 /ky)
5T Alss +r/ky) > Ays, + 7700, Als, +r/k)> A5y +r /1)

kiU =k /1A =5+ kol = ky /064 = 520> (V= koks 7 10)r

negative correlation between the parasite specics results in an enlarged
region where they can both cocxist and an enlarged region where the
host population is regulated. Synergistic interactions beoween parasites
are thus likely 10 reduce diversity or require hosts with enhanced
population growth rates. In contrast, competition increases diversity but
reduces the abundance of individual parasite species.

The boundaries between the regions in the (A,, A.) plane where S3
and S7', and S& and S7 arec locaily stable subternd an angle 4 at the
origin, where

(51-r-r/kl)(s:-f—r/k:)—(s!v-r/!)(s':—rr/I)
(si+r/D (s +r/k )+ (5w /D (5, T r/ky)

tan g =

Although this region is “squeczed” even more when [ > 0, there is still
aiways a rcgion where the specics can coexist, A negative correlation
between the parasite species fucilitates coexisience, whereas a positive
correlation reduces the area of parameter space where this s possible.

3. THE INTERACTION BETWEEN n SPECIES OF PARASITE

We now gencralize the analysis of Section 2 in order 10 examine the
dynamics of 2 interacting specics of parasite. Equations (2} have the
uninteresting trivial steady swte, 2" -1 different steady states with
X =1, and another 2" - { with X <1, The weight of analvsis can be
reduced by imposing an ordering on the parasite species according o
whether their steady state intensity is pOsILiVe Or Zoro.

3.0 EXPLOITATION COMPETITION

When 1/4, =0 for i =, and [, =&, the cquations in (2) have the
steady states where all purasite species are present: X = 1, Y=k (A -

2L
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FIG. 3. Rewions in the (i, As) planc for which cach ol the seven pussible steads
state solutions to (3), () arc locally stable, with (2} >0 und (b) {<0 The
boundaries in Figure 1 arc shown as {uint lines.

2<
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s)/a, forj=ltom X=0r+5 ., ks)/T_, kA, ¥Y=k(AX-

5, )/a for y=1 10 n; and the stcadv state valugs where ‘some of the
sp;cws are absent: X =1, ¥ =k {A ~35)/a forj=110m, Y =0 for
j=m+1 w n, for all m=1 10 n=-1, and A —-\r~r_,_1 i, 3/
LicimkA Y, = k(AX =5)/a forj=110m, Y=0forj=m+110
nforalm=1ton —1 The blUlOElCd“‘« realistic steady states are those
with X <1 and Y20forj=110 n.

When there are m parasile specics prosent, the Jucehbizn matrix of
the system J has the principal (m + 1) x (m + 1) submatrix

Hyd=2X)[r=L,_, na¥] =~aH,X(1-X) - a,H,X(1-X)
oY, AX -5 - :1"}" 0
7= ALY, 0 A:X—s:—:i—i}}l—---
ALY,

diagonal elements /,=A X -5, when m—1<i<n and all other
entries zerg.

For the stcady states where the host populmon is not rcuu]a[cd
(X =1), the eigenvalues of J are — - Holr =Z, ., ha,Y)), Y. /k, for
l<igm, and A -3 for m+1<i<na Henee the regions in parame-
ters space where cach of these steady states are locaily stable are easily
determined. In particular, species [ can or cannot persist according 10
whether A; is greater or less than s, subject to the overall condition
r>._,l_lmaY It this last condition is contravened, them the host
population is regulated by the m species,

The Jacobian matrix about the regulated steady states has the
principal (m + 1) X (m + 1) submatrix

0 —a HyX{(1-X) -a.HX(l-X)
a, Y,
AY, - 0
j': Y O Q':}':
AT - ks
Am¥on

with the other elements zero apart from J, = A X —5 form+1 < i g
The eigenvalues A, X —5, for m=1<ign determine the stability of
the steady stalc wh(,n the corresponding ¥, = 0. The other ¢igenvalues

26 .
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of the Jacobian matrix correspond to those of J'. Let w be an cigen-
value of J°, and let the corresponding eigenvector have components
u;_, for j=010 m~ 1. The u, solve the equations

wi, + HyX(1= XY Y au =0 (5)

j~1.m

A:}:'“O-(W*T)“J'=U' (o)
First suppose w real and positive. If u, were zero, then from (6) all u;
for j =1 to m would be zers. Hence without loss of generality assume
u, > 0. Equation (6) then implics that «; >0 for j=1to m, but (5) then
implies u, < 0. A similar contradiction follows from the assumption that
w is complex with positive real part. Hence all eigenvalues of J* arc
negative, or complex with ncgative real part, and the stability of steady
states where the host population is regulated is determined.

Given a set of paramelers {r,k,, 5, @, A,, { = 1 10 a} it i now possible
to determine which steady state exists and is lecally stable. The process
is presented below in the form of an algorithm.

Order the species so that A, /s, 2 A, /s, fori=1to n.
m=max(i: 1 €i<n, such that A, > s}
Faori=m+lton Y =0
Xo=(r+ L nk 50/ mk, A
[f X <1 then (Host population is regulated)
Fori=ltom ¥ =k{AX—-s5)/a;
If ¥ <0 then
Y =0
m=m~—1
10. Go To Step 3;
11. Elsc {Host populaticn is not regulated}
12 X =1
13. Fori=ltom Y =k(A ~-5)/c;
14. End;

W00 b

The invasion praoblem may be soived by examining the stability of the
steady state where just one of the Y, p#¢ zero. Assume that the host
population is regulated by m = n —1 parasite species, and the intensity
of species n is zero. Hence X =(r =L, ., JA5)/Z.. ) ok A, and J, =
A, =5, If 7, >0 this steudy state is unstable. Species nowill then
invade and the host population will subsequently be regulated by the n
parasite species. Note also that, by direct differentiation 56X /dk, <0
whenever A X > 5, and hence when a parasite specics regulates its host

T
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population, the host pepulation size is smaller when the degree of
aggregation is less. As noted in Section 2.1, a low degree of aggregation
in individual parasitc specics increases the aoility of the parasites (o
reguiate the host population.

3. INTERFERENCE COMPETITION

We now introduce a nonzerg covdriance, i, for at lcast one pair
Gihi=f,0<i,jgnr, 1/, £ 0. As before wa assume covariances w be
small compared to variances. The full steady state solutions of (2) arc
now difficult to construct explicitly, butl approximate solutions may be
found by looking for small perturbations about the solutions for ex-
ploitation campetition.

Consider first the case where there is nof population reguiation, for
which the steady state solution is X =1 (& — =) and

Y+ ¥ —"—{x=-'{A,—s,.)=%;*,

where ¥,* is steady state solution for exploitation competition. Defining
e=max{{ /i, i,/=110 n;i=} we obtain

{
a;.' ‘e ~
NEYT- L YT -ofe) (7)

At

.-__I

il ey Y

and hence if ali covariances are pasitive, and other parzmeters remain
unchanged then the intensity of each parasite species is reduced in
comparison with that for cxploitation competition. Similarly, if all
covariances arc negative the intensitics are increased.

When population regulation occurs, define r=X-X" Il
Where ¥ # 0 the steady state values must soive
24
Y = A (XY s ey

/

and hence

%
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Substituting in £._, ,a ¥ =r wcoblain

Ly

l‘H
\ D S
=1l

“laie;

o YoLA

?O{é). (9)

A

4:71-’

Hence steady state values may be found. Ir all covariances are positive
then x > 0, and the host population is regulated at a higher density than
it would be if the covariances were zero. Note, however, that if Y] is the
steady state intensity of species j under interference competition, and
Y:* is its intensity under exploitation competition, then '

1=1,n

and hence interference competion will always increase the intensity of
some species and decrease the intensity of others.

33, EXAMPLE n=3
First consider three parasite specics exhibiting exploitation competi- T

tion. In accordance with the algorithm order the species so that A, /5.

> A /52> Ay /5y I Ay > 5y then m =3 and we caleulate X =(r - Cn <

E,-l.'{k,-s‘-)/):,- l.Jk,A,[. If X <1 the host population is regulated by the / /\ 2’ T3
LY

three parasite specics. Explicit expressions for the ¥, are

(WpN)

Y _ k. PA kL (Ase = s ) T A (A sy~ As)
T K A+ KiAs + Ky A, J
ky [ras =k (Aas; = A53) # 55( 4255 = Ay54)
Yz_a_z( KA TR A koA, (10)
Y. = ky [rdy = k(A8 = Ass) 7 ko (Ay5; — Assy)
]_';; koA Tk Ay kA )

By the ordering of the parasite species Y, and Y, are positive, if
Y, <0 as calculated by (10) we reset Yy =0, m =2 and recalculate X
When m =2 the sicady states arc the same as for the two-specics
model, except that from (10} the states where the host population is
regulated arc only stable when
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When the host population is not rogulated the steady states are X =1
and Y, =k, (A —5)/a if A >s, otherwise Y, =0. The steady states
aihigir regions of stability in the (A, A5, Ay) octant are summarized in

{ Tadie 2.y
changes to these stcady states due to a nonzero correlation

berween the species may be determined from Section 3.2, When the
host population is not regulated (X =L}, then from (7)

ay iy ay b
LR Ot se il £
TABLE 2
The Regions in the (A, A;, A7) Planc eiskw-fegions Where the Steady State

Solutions of (2) Exist and Arc Locally Stabie, with r =3, 1, =000
i fl, =k and A, /5,3 A /53 Ay /s,

Steady state values Locally stable iff

m=0 X=1,Y=0i=1w103 A <5, i=1w03 -
m=1 X =], T 5o A< rTs Sk T e
Vi=k(A ~5)/a, Ay Ty, A <,

Y,=Y, =0

,Y-(f?kljl)/k|/\!,
Yimr/a, Y=Y, =0

Ao >y SR
A Sy sk TR - TR
=

-‘-w-i,Jk.A.-)”'—:-i,s"".S.
m=2 X =1, A5y, AL > 5., Ay <y
Y.'k.(’*z"ﬂ)/a.- k,AT*k:A:<r+k::1?k:::
i=1,2,Y,=0
Xwlr+ks, +k.5.)/ A o5, AL > s,
(kA + k2 45),
Ymik(AX-5)/a, Either
i=12Yy=0 Ay<syand KAy Sk, A>T ks - kL
Or
Ay €5yl Ay kA e = ks = kL))
and L _gk A <r=2 ) oy
me=3 X =1, A >y, i=1w3and
YViek(A ~5)/a, Lok A <r =T ks
t=1103

Xa("—"):u-l,jk.jl)/’ A 2oy, Ay > a,

ZiaiakA, Ay > sk Ay =k Ayl (e = ks~ ko sn)
YJ"k‘(Al,Y_S‘)/a‘,
i=1liw3

rd ¥ o -7 .
and L kA 2oty
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to order ¢, with similar equations for ¥, and Y, It is apparent that the
steady state intensity of infection of species 1 is reduced if

] r

] -'5:)*'%}_](’\3_53))0-
12 11

When population regulation does occur, the change in the host popula-
tien deasity s found from (5) as

= (Um /=l 70y Y+ s s /) Ve = (U /= 1 Ly )ag vy

LAy TimAy Tina,

and the changes in the intensily of each parasite species may then be
found from (8).

4. DISCUSSION

The results presented in this paper have implications for both the
structure of parasitic helminth communities, and the structure of com-
munities of other organisms that utilize patchily distributed dynamic
resources (3,20,31,32). Similar models apply to many other ecological
systems (for example, inscets on plaaw, coral reef fishes, and on a
tonger time scales birds in woodlands). In particular, the models are
appropriate for any system where communitics (or assemblages) of
species with relatively high birth and death rates repeatedly colonize
and utilize the individuals of a species wilh slower rates of population
turnover. The results suggest that spatial heterogeneity may be as
crucial a mechanism in determining the diversity of ecological commu-
nities of other free living systems as it is for parasitic helminths. Other
workers have recently derived similar results for microparasites such as
viruses and bacteria utilizing hosts as resources [35], Drosophila using
fruit as a resource [3,29,30,31), and plant specics utilizing space as a
resource [35,36). Tt is suggested that the coexistence of parasite specics
that utilize the samc host population is mainly mediated by the aggre-
gate distribution of cuch parasite specics within the host population,
which effectively “frees up” unoccupied arcas of host-space for colo-
nization by other specics.

The results show that highly aggregated parasite species are more
likely to cocxist, but are less able to regulate their host popuiation.
The conditions that determine which of two parasite species (or both) is
able to persist in a host population have Deen presented in two ways:
as regions in parameter space (Figure 1) and as bifurcauon diagrams
(Figure 2). A ncgative corrclation between the distributions of two
parasite species enhances both their ability (0 coexist and their ability o

3/
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regulate the host pepulation (Figure 3). The analysis for exploitation
competition (zero covariance) has been extended o three (Table 2} or
mare parasite specics, and (he results generalized w interference com-
petition (nunzero covariance) using a pertyrbation technique. In more
detailed models for parasite communities that include stochastic effects.
it is likely that the high fecundity and long life expectancy of parasilic
helminths will also promotc the coexstence of 3 variety of parasite
species {6,36).

The algorithm that describes whether or not a species can invade the
parasitc community provides insights into the conlinuing debate about
“core and satellite” species in parasite communities [3,10,14), and
the larger debate which considers these pheromena in populations of
free-living species that live in naturaily discrete patchy or fragmented
environments [17,26]. Essentially, these invasion criteria suggest the
community will be dominated by species with large basic reproduction
ratio (R, = A, /s,) and that a contlinuous spectrum of strategies exist in
any community; at onc end arc “core” species with high R, values and
at the “satellite” end are species with low R, values.

A continuing debate in ecology is concerned with whether the
structure of ecclogical communities are the result of interactive or
noninteractive processes [28]. Maost data sets for parasite communities
suggest that local abundances (the burden of worms carried bv individ-
ual host animals) are determined by regional abundance [10,12), but a
recent review suggests that communitics of paruasitic helminths provide
the main examples of communilics where interactions between specics
are the primary process determining refative abundance [8]. A simuia-
tion study has suggested that {in at least one system) interactions
between parasite specics play cnly a minor role in determining the
structure of the parasite community {22]. Empirical studies present
evidence for both positive and negative interactions between parasites
in natural communities (4,7, 11,12,13,18,19,23]. The models described
in the present paper suggest that interactions between parasites and
their hosts are more important n determining community structure
than dircct interactions between the parasite species. Indeed, direct
interactions between parasile specios may produce the opposite effect
on diversity than would be assumed by cursory examination of the sign
of the interaction.

Thesc results demonsirate the importance of individual life histories
in determining whether a parasite will establish in, and putentiaily
regulate, & host populativn. The imporwnce of iife history payoifs in
determining the structure of ecological communitics and dssemblages,
and the trade-offs within the life histories ot the ditferent species that
allow thef to coexist, has been emphasized in a aumber of recent

$7.
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studies [29,30,35). For cxample, a detailed study of tremdtlode commu-
nities in snails has shown that even where interactions between parasite
species are pronounced, the fecundity und colonization rates of individ-
uai species are crucial in determining their abundance in the parasiie
community {33]. The work described in the present paper suggests that
similaritics in the life-history stratcgics of parasitic organisms are im-
portant in determining which specics will estabiish in a host population.
Small differences between specics will then be importunt ia determining
which specics will coexist. Recent studics have suggested that parasite
communitics can be classificd as either isolationist, where interactions
between species are infrequent, through to interactive, where interac-
tions bewween parasite species have pronounced effects on diversity
[20,23] (compare the distinction between cxploitation and interference
competition in the present paper). In additon, a recent review of
parasitic helminths in vericbrate hosts suggests that parasile communi-
ties fall along a spectrum from completely isolationist 10 highly inierac-
tion [34]. The results presented in this paper compliment that review in
suggesting that fecundity and recruitment dominate interactions be-
tween parasite species in determining the observed levels of diversity
and abundance in parasite communitics.

APPENDIX

A candidate for a probability gencrating function for a community aof
n parasites s

¥ = I_[ F{m k. ,z)

1=1,n

R (1= F(m, k. )] [t = Fm, k. 2)]
{, !

(A1)

j=l.micy

where F(m,k,z) is the generating function for the neyative binomial
distribution (scc Section 1). We estabiish conditions for ¥ 10 be a
generating function, i.c., conditions that easurc that =1 when z, =1
for all i, and that the cocfficients of the Tavlor expansion of ¥ in the =,
are positive. The first condition follows directly from the fact that Fisa
gencrating function, hence F(m, &, 1} = 1. The second coadition is simi-
larly easy to verify when 174, =0 forall ) (exploitation competition},
but does not hold for all values of . '

For notational convenience let Lthe coefticient of 27 in the expansion

3.3
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of F(m,k,z) be F{7>0. The probability that a host animal has no
parasites of any specics is

[1r'+ ¥ T [I“Fé"‘{[l"}'—é"]‘ (A2)

t=1.,n Jelaeay

The probability that a host animal has p parasites of species £, and no
parasites of any other species is

D (3)

I—I chn" Z 7.

J=lmiiny i=laiimy o

and the probability that a host animat has p parasites of species {, g
parasites of species J, and no parasites of anv other species is

F;‘)F;”( 1 r;,i-')—{i}. (A4)

weal,oa, Wiy if

For % to be a generating function {A2)-({A4) must be positive, which for
(A3) and (A4) requires that the expressions in parentheses are positive.
For the casc where 7 = 2 conditions (A2)-{A4) simplify 10

(A3)

Equations (A3) show that & is not a vulid generating function for all
values of [ and m,. As Y, ( =m,, sce (2)) tends 10 infinily in (A3), 1 /{
must tend to zero for the inequality to held. However, as pointed out in
the text the results do not depend on the precise generaling function,
only on the stated variance and covariance o mean relationships.
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