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Patterns of macroparasite abundance and aggregation in
wildlife populations: a quantitative review

D.J.SHAW! and A. P. DOBSON!

' Department of Zoology, University of Cambridge. Dawemng Street, Cambridge, CB2 JEY. UK
- Department of Ecoiogy and Evoluttonary Brolugy, Eno Hall, Princeton University, Princeton, New Yersev, USA

SUMDMARY

[n this paper we review the published literature on patterns of abundance and aggregation of macroparasites in wildlife
host populations. We base this survev on quanurative analyses of mean burden and a number of measures of the degree
ot aggregauon ol parasite burdens between hosts. All major parasite and vertebrare host taxa were represented in the
database. Mean parasite burden was found to be log-normaliy distributed, indicating that all parasite burdens are regulated
to sume degree. In addition, all but one of the parasitic intections were aggregated with respect to their hosts, and the
relationship between log mean parasite burden and log variance was tound o be very strong (R* = 1-87), That is, for a
ytven mean parasite burden there are constraints on the degree of variation in individual host burdens. The aggregated
nature of the parasitic ifectons 1s also apparent from cther measures of the degree ot aggrepation: prevalence — mean
relutsonships, and the negative binomial parameter. £, Uxing a relatively new rechnigue tor parasitological infection data —
rree-based models, as well as traditional linear models - 2 number of the parasitic infecfions was found to be associared
with svstematically lower or higher parasite burdens, Possible biological explanations for these and other partterns are

proposed.

Keyv words: macroparasites, aggregation, negative binom:al, distriburtion, worm burden, population dvnamics.

INTRODUCTION

Aggregation is very widespread in ecological popu-
lations (Tavlor, 1961; Tavior & Tavlor, 1977:
Tavlor, Woiwod & Perrv, 1978 Anderson et al.
1982), Aggregation is characterized by the estimated
vartance to mean ratio {hereafter denoted by 5*/%). A
variance equal to the mean would indicate a
completely random (Poisson) distribution. If the
estimated s°/¥ is significantly greater than unity, the
distribution is aggregated, i.e. individuals tend to be
clumped in sampling units.

The importance ot aggregation to the dvnamics of
animal popuiations in general has been the focus of
much theoretical work. For example. in insect
populations, spatial aggregation has been shown to
enhance density-dependent processes, provide po-
tential refuges tor prey, and allow apparentlv
compeutng species to co-exist in the same habitat
i Skeflam, 1951; Hassell, Comins & Mav, 1991).

The distribution of macroparasites between
hosts is also characteristically aggregated (e.q.
Crofton, 1938; Crofton, 1971 a, b; Pennveuick, 1971
Anderson & Mav, 1978, 1979 a; Anderson & Gordon,
1982; Dietz, 1982; Dobson, 1983; Grenfell, Smith &
Anderson, 1987: Pacala & Dobson, 1088; Guvar
& Bundy, 1991; Bundv & Mlediev, 1992). This
aggregation is frequenrlv represented bv the negarive
binomial distribution, where an inverse measure of
aggreganon, &, together wirh rhe mean. 15 used to
describe the distnibution ot parasites between hosts
(e.g. Brevev, 1973 a: Boxshall, 1974, Kennedy, 1934;
Anderson & Aav, 1991). However, to date there
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have been no svstematic comparative analvses of the
observed distribution patterns in natural infections
of wildlife, despite a large literature.

This aggregation of parasites leads to an increase
in the effective density that each parasite experiences.
Anderson & Gordon (1982) and Grenfell er al.
{1993), this volume, present reviews of some of the
processes likelv to generate aggregated distributions
in hosts. In a homogeneous host population infected
randomlyv by parasites, theorv points to a Poissen
distribution of parasites (Pacala & Dobson, 1988).
The widely observed aggregation in parasite burden
arises from heterogeneities in host populations or in
wntection pressure. These heterogeneities are gener-
ated by changes in the climate over time or space:
genetic differences between hosts in terms of parasite
induced host mortality {Anderson & Mav, 197958);
heterogeneity in infection levels. because of host
behaviourial or phvsiological (age, sex) differences,
or even variation in the number of infectious stages
encountered per infection event. In general the
smaller the difference between hosts for the above
(and other) factors the less the degree of aggregation.
However, the dvnamic effects of aggregation depend
on 1ts interaction with density-dependent processes
iAnderson & Gordon, 1982; Medley, 1992). In
particular, a highly aggregated distribution * concen-
trates’ the etfect of density-dependent liritation on
parasittsm, leading to a potentially stabilising in-
fuence (Anderson & May, 1978 Mav & Anderson,
1978 Grenfell, 1988; Grenfell, 1992; Grenfell &
Dobson, 1995},

[Here we report a compararive study, that atternpts
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ro disentangle the etfects of changes in mean burden
from cnanges in heterogenety around this mean. in
particular, we have considered how ubundance and
aggregarion vary berween very diverse groups of
wildlife host-parasite svstems. "he atm 15 to establish
whether: (a) there are general underlving rends in
observed partterns of abundance uand aggregation and
{b) question whether specific taxonomic or ecologieal
groups uppear to differ from
trends > The former set of
information about whether there are constraints on
parasite abundance and aggregation, and the latter
can perhaps give indicarions as to what these
constraints might be. With such comparative analv-
ses we can only ever derect assoclations between
biclogical factors and worm burdens. However, these
anaiyses mav provide pointers for more specific
experimental and theorencal work.

these underlving
results can uive us

In the next secoion we introduce the anaivtical
methods used in this paper, as well as providing a
brief discussion of the characterization of parasite
data. We then describe the dutabase used in the
analvses. The resuits sectton is divided into two
parts: (1) generai patterns of mean burden and
aggregation; (i1) examnation of specific host-parasite
infections. All the results are then brought together
in the discussion.

METHODS
Characterization of parasite data

The fundamental description of parasire burden data
1s the (inherentlv) discrete frequencv distribution of
parasite counts between hosts, The statistical dis-
tribution which has provided an excellent empirical
fit to the aggregated data for macroparasites, is the
negative binomtal distribution. It provides the basis
of a large part of published theoretical work on the
interaction between parasites and hosts (e.g. Crofton,
1971 a; Pennvewick, 1971; Anderson. % May, 1978,
May & Anderson, 1978 Anderson & Gordon, 1932,
Kevmer, 1982a; Bundy et al. 1985; Scorr, 1987
Pacala & Dobson, 1988 Grentell et al. 1990 Smith
3z Grenfell, 1994).

The negative binomual is characterized by two
pararneters: the mean and &, an inverse measure of
the degree of aggregation ( Bliss & Fisher, [933). Fig.
|l provides a graphical illustration of the excellent
narure of this Air to manv parasite distributions, [n ali
four cases illustrated. the estimated negative bi-
nomial frequency distribution does not significantiy
differ from the observed parasite frequency dis-
tribution (analvses of deviance, P > 0-1): whereas
the estimated Poisson frequency distribunon alwavs
differs significantly (P < 0-001}.

While moment estimates of & can be used to give
an indicanion of rhe degree ot aggregation in parasite
burdens when the mean parasite burden is relatively
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large (> I} (Shaw, Grenfell & Dobson, unpub-
fished), we reallv require the complete observed
frequency distributions for accurate maximum like-
lthood estimation. In the main, such distributions
are not provided in the published literature. There-
fore, three simple summarv measures of distribution
structure are used to make broad comparisons
between parasite data: the arithmetic mean burden,
v (the basic measure of macroparasite intensity
(Anderson & Mav, 1991 Bundy & Medley, 1992));
the sample vanance, 57 (the dispersion of parasites
between hosts) and the prevalence of infection, p.
The latrer is the easiest obtainable measure of the
tevel of parasitism (for example, by scoring the
presence of parasite eggs in host faeces). However, it
aives much less information than the mean about the
intensity of parasitism, and is especiallv sensitive to
false negarives (Wiltliams, 1963).

Statistical analvsis of parasite burdens

Mean parasite burden. The calculated mean parasite
burdens in the database are from very diverse
svstems, and the associared data values encompass
several orders of magnitude. In addition, the dis-
tribution of mean values are highlv skewed: overall
average 795, 25°, quartile 0-37, and 759, quartile
10-3. That is the overall average is greater than the
73%; quartile. Therefore mean parasite burden
was log,, transformed (hereafter log) which nor-
rmalised the data. Standard unbalanced analysis of
variance and covariance was used to examine patterns
of log mean parasite burden, weighted by host
sample size. Any significant variation in log mean
burden between hosts was examined using a simple
vet powerful method - category deletion analysis
(Chambers & Hastie, 1992): particular groups of
infections are excluded, and the analysis re-run. If
there is no longer significant variation in log mean
parasite burden, the data for the species excluded
trom the analvsis are then said to be associated with
significant variation in mean burden.

Prevalence-mean analysis. The relationship between
prevalence of infection and mean parasite burden has
been used to estimate the degree of aggregation in
particuiar helminth infections of humans (Anderson
& Mav, 19854, Guvart et al. 1990). The technique
involves using the zero probability term of the
negarive binomual distribution:

p=l+5/k)

This equation is then firtted to the observed
prevalence-mean data using a standard binomial
maximum likelihood technique proposed bv Guvartt
et al, (1990). The aim of this set of analyses was
io extend the work of Anderson & May 19854 and
Cruvatt er al. {1990) to consider parasite infections in
anirnal populations.
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Fig. 1. Observed parasite frequency distributions in a number of different hosts, compared with expected

d:stnbunons based on Poisson and negative binomial hts, estimared by maximum likelihood techniques.

(a) Gastropod, Valvata piscinalis, infected by Echinoparvphium recurvatim {Digenea: Echinostomatidae, (Evans et af.

1931)); Poisson goodness of Kt to observed frequency distribution: X' = 18964 p.F. =8, P < 0-001; Negative

binomual fit: y* = 23:26, p.F. = 16, £ < (*107. (b) Gnat, Culicardes crepuscularis, infected by F!zandlere[la quiscali

:\em.noda Filarridae {Schmid & Robinson. 1972)); Peisson fit: * = 2707, p.r. = 6, P < 0-001: Negative binomial
X =733 pF =8 P <03 (c) Sheep, Oris domestica, mfected by Ixodes ricinus (Arthropoda: Ixodida (Milne,

1943)) Poisson fit: y* = 15972, p.F. = 18, P < 0:001; Negative binomial fit: y* = 40-76, D.r. = 41, P < (0-481.

(dy Cravtish, Orconectes rusticus, infected by Paragonimus kellicorti (Digenea: Paragonimadae (Stromberg et af.

[978)): Poisson tit: ¥ = 712-3, D.F. = 6, P < 0-001; Negative binormial At: Y=115prF =11, P < 0-402.

["ariance/mean analysis. Tavior and others {Tavlor, arumals {Lloyd, 1967; Pdlva, 1931; Neyman, 1939:
1961 ; Southwood, 1966; Pielou, 1969: Elliot, 1977, Preston, 1948; Thomas, 1949; Bailey, 1959: Cassie,
Tavior & Tavlor, 1977 Tavlor et ai. 1978 Tavlor & 1962; Williams, 1964), however these are of limited
Woirwod, 1980; Anderson et al. 1982) have provided use in host-parasite dyvnamics for two main reasons.
considerable ecological data supporting the notion First, many of the proposed distributions are tco
that the relattonship between the variance and mean complex or multi-modal, which restricts their
of an organism'’s ecological distribution is related by application and makes biological relevance and
a4 power law: interpretation  very difficult (Crofton, 1971 a).
o 107 Secondly,_ in some distributions, notably Williams

logarithmic sertes (1964} no account of uninfected
The result is an expected linear relationship between individuals 1s included in the distribution. This
log, variance and log,, mean (hereafter log s* and log exclusion of uninfected hosts is a major biological
V) -ie. logs® = a+bloge. In this paper. we present problem when apply a distribution to data for

this relationship for the infections in the darabase. parasites and their hosts: in manv host-parasite
We also extend this idea to examine variability in the svstems uninfected hosts represent one of the main
degree of aggregation between particular infections. sources of information on the distribution of para-

The basic i1dea is the same as for mean parasite sites. because this group of hosts are the easiest to
burden - the change 1n significance in linear models count (Crotton, 19714).
of covariance, ussoclated with the exclusion of
particular infections. However, in this case we have Tree-based statistical models. This paper uses a
two tvpes of result: (1) particular infections can be refatively new technique to analvse some of the
associated with consistent ditferences in the degree observed patterns in mean parasite burden: tree-
of aggregation over a range of mean; (i1) the degree based statistical models (Sonquist & Morgan, 1964;
of aggregation signiticantiy changes as mean parasite Breiman et al. 1984; Clark & Pregibon, 1992). They
burden increases. provide a graphical alternative to the linear re-
There are other qualitative analytical methods gression models described above. As with linear
which could be used to describe uggregauon in models, iree-based models tnvolve a dependent
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viartable (in this case log mean parasite burden) and
@ series of independent tactors. At a particular level
of anaivsis, we make a binary division of the data,
between vroups of categories, which produces the
best Bt to the data. [n pracuce, this involves an
(nteractive maximum hkelihood procedure which
attempts to maximize the deviance resultng from a
multinomuial distribution, ro determine which binary
partition s most likelv' given the data (Fisher,
1938 Ciampi et al. 1987 Clark & Pregibon, 19492)
around this problem.

This approach 1s readily extendable 1o many
factors and the resuit is a tree which gives an oprimal
hierarchy of the ditferent factors. The grear ad-
vantage of tree-bused models 3 that 1t does nort
matter in which order the factors are put into the
model. Once the frst binarv division has been
determined, the tree algorithm then determines
which partition 15 the next most important. [ree-
based models do not explicitty allow tor interactions
between factors. However, by recursive partirtoning
down through the various levels. they do allow a
graphical illustration of the interaction structure of
the data. in terms of the various independent tactors.
The result is a tree which gives an opumal hierarchy
of the ditferent factors.

THE DATABASE

In order to investigate the general parterns in parasite
load and aggregation, data were collecred from a
large variety of published host-parasite systems 1n
the wild. Indirect measures of worm burden - such
as faecal egg counts or circulating antigen levels ~
were not included in the database. This is because
the relationship between such measures and the
actual worm burden present in the host are very
complex and compound each other. Hosr-parasite
svstems were included when at least ¥, j, 5°.and an
estimate of &, the degree of aggregation ol parasites
in hosts, had been given. \Where the tull parasite
frequency distribution was published. this too was
included. The mintmum host sample size was set to
30 in order to reduce the etfects of sampling error.
a potential problem when trving to esumate the
degree of aggregation {Anderson & Gordon, 1982},

[t is very unhikely that compiling such a database
will result in equal representation of the full diversniv
of host-parasite systems. That 1s, we have to operate
with an unbalanced database. where not all types of
interaction are represented equally. This jack ot
balance will in turn determine which analvses can be
performed and the conclusions that should be drawn
from them. In an attempt to reduce the potential
problem of imbalance, a small number of host-
parasite svstems were excluded from the final
database. [f a particular tvpe of host-parasite svstem
(e.g. monogenean infections. »r infection of in-
vertebrate hosts) was represented by five or less data

sit4

pownts, these svstems were excluded. In conse-

quence, the dutabase does not represent the “full
range of parasitic infections, it 1s rather a rep-
resentation of host-parasite systems that are rela-
tivelv frequently published. However, this collection
{ Appendix A) does represent the largest comparative
data-set on witdlife parasite distributions presented
to date. As an tllustration of its diversity, Fig. 2
presents a taxonomic tree showing which parasite
sroups are represented in the database. The figure
alse includes the relative trequency of the parasite
senera in the database, 1.c. most of the published
literature on macroparasite intections involve platv-
helminth and nematode infections.

Ecological and physiological processes involved in
infections

in addition to the statistical parameters, a number of
ecotogical and physiological characteristics ot host or
parasite species have been included in the database
(Appendix A). Potentially there are a large number
of possible host and parasite tactors that might be
important in influencing patterns of abundance and
aggregation and therefore should be included in the
database. In the analyses presented here we have
attempted to keep these categories as broad as
possible. This is because we are interested in looking
at the general patterns of abundance and aggregation
as opposed to very specific examination of individual
svstemns. These factors are summarized in Table |. A
simple coding svstem is adopted. [For example, in
Infection process T:prev refers to those infections
where Transmission is via the consumption of
infected prev, and so on]. The different factors
included in the analvsis are briefly outlined below:

Parasite tvpe — Ectoparasite burdens will be limited
bv the surface area of the host's exterior available to
infection (hair, gills); whereas endoparasite burdens
will be constrained (ultimacely) by the ‘internal’
volume thev inhabit (gut, muscle, liver etc.). Dif-
ferences in ectoparasite burdens may result from
differential exposure to changes in the external
environment. Endoparasites, on the other hand, mav
experience heterogenous host immune responses
{because of genetic, nutritional or immuno-
competence differences).

Parasite taxonomic class — Parasites have been clas-
sified into various taxonomical groups. All members
of a particular group share certain unique charac-
teristics. [f these identifving features are involved in
infections, then svstematic differences in abundance
and aggregation between parasite groups might be
expecred.

Host type - In this paper we have coarsely divided
host tvpe into the major vertebrate genera, though
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IFig. 2. Taxonomic tree of the parasite infections in the database. The numbers in brackets. at the end of each node
denote how many of that parasite group are present in the darabase.

more subtle divisions could be used. The tvpe of
host infected might be expecred to resuir in dif-
terences in worm burden - perhaps through the
influence of greater immunity (mammais) or wwpes of
dier.

Number of hasts in the life cvele - The transmission
processes involved in anv one intection will depend
on the number of hosts in the lite cvele, A life cvele
mvolving more than une host is likelv to involve
more than one tvpe of infection process, in order that
parasites can infect the different host tvpes. Such

complexity is likely to result in different patterns of

burdens. than those infections oniv involving one

host. Therefore, we might expect that abundance
and aggregauion will depend on the complexity of
4NV one parasite svstem.

Definitive/intermediate hosts — For the purposes of
this paper we have defined definitive hosts as those
nosts where egg production occurs, and intermediate
hosts as the other hosts in the life cvele. Because of
the relatively few lst intermediate hosts that were
found 1n the literature review, only second in-
termediate hosts are included in the database.

Host habitat — The host habitat will determine the
tvpe of host present, and theretore may alter which
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"Table I. Summary ot host-parasite independent variables in the database. The numbers indicate the number

of svstems in the database of cach category

I Puarasite tvpe Parasite taxonomac class Host type
| i
| —
J T endoparasite 223 | P: Digenea 44 H: fish +6
I IPT: ectoparasite H P: Cestoda 37 H: fish 15
L
P: Nematoda o4 | H: fish 30
|
. : C e , s Y 37
3 Number of hosts in hfe cvele P: Acanthocephala (3 H: fish 122 \
! } P: Exoptervgora 13
v Hsrs: o 109 |
| ‘ bop: Endoptervpota 23 ]
P Msts: 2 w9 | Host habitat
i !
.‘ Hsts: J 33 I Hab: marine 31
1 Definitive vs. second intermediate Hab: fresh 73
\ : i | ' ) e |
. Infection process ; I definitive = Def: v 246 Hab: cerr 139
T active.larvae ) ‘ [ second intermediate = Def: n 17
i L.
T: active.adult 34
i
1 [
I T: passive ol | { Host mugratory behaviour
T prey i+2 J i migratory = Mig: v GH)
j
if non mugratory = Mig: n 198
1

parasites are present, and at what levels. In particular
habitat may have a crucial effect on the spatial
distriburion of the infective stages. Thus infections
involving infective stages released into a Howing
stream from freshwater snails mav result in very
different burdens and parterns of aggregation, from
those involving infective stages present in the bodies
of terrestrial beetles.

Transmission process - (i) An acrive parasite larval
stage actively seeks out and intects the host; (ii)
Active aduilt: (iii) The host passively consumes
infectious parasite stages present on vegetation
during normal feeding; (iv) The host consumes a
prey item which contains an infectious parasitic
stage.

Host nmugratory hehaviour — hosts undergoing seas-
onal migration :wav from a particular habitat mav
have lower burdens, from those thar do not migrate.
This has been demonstrated with an association
between host migration distance and tower burdens
in warble tlv infections of reindeer (Folstad ef at.
1991} All hosts in the darabase. were therefore
classified as either migratory or not.

There are other possible categories that could be
included in the database. For example, the size of a
parasite. the number of ezgs produced and the etfect

of crowding due to conspecifics as well as other
parasite species could aH be important in deter-
mining parasite burdens. However, precise infor-
mation of this sort is not usually readily available and
there are problems relating to, for example, the
reduction in parasite size and egg production due to
host immunity {(Michel, 1963}, or arrestment of
parasitic stages — occupytng space but not producing
eggs.

Another potentially important factor not included
here is some measure of host volume/surface area,
Parasite burdens are ulttmately constrained by the
volume/surface area of the host {or the volume/
surface area of the particular site of infection, e.g. the
liver for Fasciola hepatica). However, it was not
possible to estimate the volume or surface area of all
the hosts in the database and therefore initiai analvses
used a more approximate measure - host weight.
The assumption 1s that host weight is related to both
volume and surface area and provides an index of the
amount of ‘space’ available for infection. There was
a significant positive refationship between log mean
parasite burden and log host weight (P < 0001, R?
= 007)). However, this relationship was very vari-
able: for a given host weight observed mean parasite
burdens varied over several orders of magnitude.
This result either indicated that host volume, as
represented by host weight, is not tmportant in
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determining burdens, or (more likelv) we need a
hetrer measure of host tissue avarlable to the purasite
45 4 potenttal stte of infection. Thererfore, no further
anaivses on host weight was performed.

RESULTS
Owverall comparative patterns

Mean parasite burden. Fig. 3 presents a histogram of
the log mean parasite burdens observed for the entire
database. The equivalent trequency distribution ot a
firted log normai distribution, with the same average
and standard deviation as the observed log mean
parastte burden, 1s included on the graph. There is no
signuficant difference between the two distributions
(v? vaiue = 20-003. nrF = I8, P < 0-33). That is,
mean parasite burden can be assumed to be distri-
buted log normally. This result reflects a general
feature of spectes abundance data: tree-living organ-
isms tend to be log normally distributed in their
habitats (Mav, 1973). Log normal distributions are
generated bv the conjunction of a variety of In-
dependent factors acting on species. In terms of
host-parasite svstems, these tactors are likely to be:
transmission rates of parasites between hosts: mor-
taliry rares of the ditferent parasitic stages; influence
ot climare and temperature of parastte iife cvcles;
parasite egg production rates; and the severitv of
density dependence in hosts (Kevmer, 1982a).
Different parasite species have evolved a number of
mechanisms to facilitate this transmission to a wide
variety of hosts in many diverse habirtats.

Despite this heterogeneity between svstems, there
appears to be a general constraint on the levels of
mean abundance: 90°, of infections have mean
abundances between 0-1 and 100. Clearly there 1s a
minimum abundance level below which parasite
ipecies cannot persist over time, i.e. a transmission
threshold {Anderson. 1980; Kevmer, 19824a). In a
given infection there also is a maximum abundance
level swhich reflects the maximum transmisston rates
possible. The fact that less than 59, of the observed
mean burdens are greater than 100 worms implies
that large burdens are onlv associated with a few
specific host-parasite interactions. In the next section
these, and those svstems with relatively low burdens,
will be considered 1n detail. Such intections should
represent the limits of abundance leveis possible in
hosts.

Sampling etfort may make a major contribution to
the taiis ot the observed log normal distribution. At
one extreme verv few svstems will have been
examined where mean burdens are less than one
worm in 1000 hosts. At the other. the countung of
several thousand parasites per host 15 very nme
intensive. That s, the data presented here do not
represent the acrual distribution of mean parasite
burdens, rather the majority of svstems. Nee, Harvey

_sur

& Mav (1991) highlighted this problem in other
animal abundance data, which showed an apparently
rruncated log normal distribution - rare species were
upparently under-represented. However, in the log
parasite abundance data presented here there is a
very good fit to a log normal distribution. Therefore,
in this database, possible biases in estimation of
parasite burdens do not appear to be significantly
altering the overall observed pattern,

Prevalence of infection and mean parasite burden. The
overall relationship between prevalence of infection
and log mean parasite burden is presented in Fig. +.
The relanonship, essentially a rapid rise with burden
to a high asymptotic prevalence, is in general
agreement with published work on human infections
fe.g. Guvart et al. 1990; Guvarr & Bundy, 1991;
Beoth & Bundy, 1992; Medlev et al. 19934, b).
However, whitist low prevalence is associated with
low mean burdens. as burdens increase prevalence
can vary markedly. For example, at a mean burden
of 10 parasites per host, the prevalence ranges
between 10°, and 100°,. As described in the
methods, the relationship between mean parasite
burden and prevalence can potentially be used as an
estimate of the degree of aggregation. Unfortunately,
the large variability in mean burden shown in Fig. 4,
and the large range in sample sizes (which greatly
influence any maximum likelihood estimation) make
estimating the degree of aggregation from prevalence
of little quantitative use and theretfore no further
analvsis of mean parasite burden and prevalence is
presented.

Dispersion pattern of parasites between hosts. As
described 1n a previous section, the ratio of variance
in worm burden to the mean parasite burden can be
used to tndicate the dispersion pattern of parasites
between hosts. From the 269 host-parasite systems
in. the database all but one have s’/% significantly
greater than unity, indicating significant aggregation
compared to a Poisson distribution. This result
provides very strong support for the notion that
parasites are in general aggregated in their hosts.
The onlv exception is an infection of a 2nd
intermediate host the Perch, Perca fluviatilis, infec-
red by the cestode Triaenophorus nodulosus (Chubb,
1964), where the s°/¥ = 1-053. Possible reasons for
this discrepancy include the amalgamation of dif-
ferent age classes or seasonal changes in infection by
the consumption of infected invertebrates.

The wariance/mean relationship for parasite burden.
Fig. 3 presents a plot of logs® against log ¥ for the
database, and shows a tight linear relationship. The
estimated slope of the reiationship (§ = 1-35+0-037
5.D.) Is significantly greater than one, again indicating
that parasites are aggregated in their hosts (Tayler,
1961). This vaiue is also in broad agreement with the
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points are sub-divided according ro parasite taxonomic
class.

resuits of Tavlor et al. (1978) who examined 136
animal populations in ditferent habitats and esti-
mated that b was 1'43 (5.0. = 0-39). The tightness of
the relationship in Fig. 3 (R* = 087 is surprnising
however. This suegests thar parasites mav be
constrained in the degree of varianon observed for
any given mean burden. From an evolutionary
context this suggests that there mav be a trade-otf
herween parasites becoming too aggregated in their
hosts (loss of an infected hosts results in too many
parasites being lost), or becoming too random
{decreased mating chances) in thetr distribution
{Pennveuick, 1Y71; Anderson & Gordon, 1982).

8
-

| iog s¥ = 1.098+ 1.551 kg & p
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p-vatua : <0.00t A 087

<]
S SR

log vanance

2
I T

2
- k.

log mean parasite burden

Fig. 3. Log vanance against log mean parasite burden
tor the whole database. Also included is a regression
line that would represent a 1:1 s*/% ratio; the regression
{dotted line) of log variance against log mean data, with
equation; and the p-value and R? associated with the fit.
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Fig. 6. Histogram of all the estimates of the negative
binemial paraketer, A.

The a priord expectation was a series of rela-
tionships with perhaps similar slopes, but different
intercepts (see Tavlor et al. 1978; Anderson et al.
1982). In other words, the change in the amount of
variation as mean parasite burden increases would be
similar; but the estimated variation for given mean
parasite burdens would differ between groups. The
implication of this result is that, regardless of the
infection, mean parasite burden is the main de-
terminant of the variance in burden between hosts.
However, 137, of the spread in parasite burden
variance is unexplained by mean parasite burden. In
a later section we consider whether any of the
biological factors presented in Table 1 are associated
with this variation in the relationship.

Estimates of the negative binomial parameter, k. Fig.
O presents a histogram of the negative binomial
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parameter, k. estimated for all the host-parasite
infections in the database. Where possible, maxi-
mum iikelihood estimation was used, otherwise the
standard moment estimates were calculated. From
Fig. 6. the vast majoritv of & values are less than
one - once again indicating highly aggregated para-
site populations. This is 1n agreement with Fig. 3
and equivalent reviews on human-parasite infections
{Anderson, 1978 ; Anderson & Mav, 1978; Guvatt ef
al. 1990; Bundv & MNiedlev, 1992: Maizels er afl.
1993). The negative binomiai distribution 1s in fact
dependent on two parameters — & and ¥. This means
that a given & can be associated with different means,
and vice versa (Pennvcuick, 1971). Therefore direct
comparisons ot & values are equivocal unless con-
sidered in terms of the mean and prevalence of the
respective  host-parasite  svstem (Graten &
1993: Pennveuick, 1971; Scort, 1987).
Fig. + has already demonstrated that the relationship
between mean parasite burden and prevalence is
inexact. Consequentiv, no further analvsis of be-
tween anyv associations between particular groups of
infection and estimate ot & ts presented.

Woolhouse,

Patterns of abundance and aggregation associated
with specific host-parasiie systems

Figs. 3 & 5 demonstrated that mean parasite burdens
were log normally distributed and that there was a
tight relationship berween log mean parasite burden
and log variance. Both these resulis suggest con-

straining influences on burdens. In this section we
will consider whether specific host-parasite systems
are associated with sigmificant differences in abun-
dance and aggregation. \We do this by considering
those infections that are on the extremes, in terms of
abundance and aggregation, which may provide
clues as to the possible determinants of worm
burdens.

Patterns in log mean parasite burden. Fig. 7 presents
the average log mean parasite burden for each of the
respective categories from Table 1, The average log
mean parasite burden for all host-parasite systems is
shown as a honizontal line (A). We can use it as an
indicatnon of which categories are associated with
lower or higher mean burdens. Those categories
with the widest difference in average log mean
burden are likelv to be associated with significant
differences in mean burden. From Fig. 7 these
categories are infection processes, the number of
hosts in the life ¢vele, and parasite taxonomic class.

Fig. 7 also provides some indication of the
mteractions berween categories. For example, the
low average log mean parasite burden
observed for cestode infections is for the most part
responsible for the observed difference between the
average log mean parasite burdens of ectoparasites
and endoparasites, [n particular, cestode infections,
predator-prey mediated intection processes and 2-
host svstems all have low average log mean parasite
burdens (Fig. 7(I})}. These three groups of svstems

relatively
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are not independent of each other: in our database all
the predator-prev mediated infection processes are
associated with life cveles with 2 hosts, and 889, of
these are cestode infections. Another group of host-
parasite svstems 10 emerge trom Fig. 7 are those
infections with relatively high average burdens (Fig.
7{II). These svstems invoive only | host in the life
cvele. Transmission into the host is either via the
passive consumption of infectious larvae residing on
vegetation, or active searching of hosts bv adult
parasites. -

From detailed analvsis of mean parasite burden
and the host and parasite factors shown in Table 1,
TWo groups in particular are associated with signi-
ficant differences in mean parasite burden: (1)
Hymenolepis and other tapeworm infections (1 = 17)
have svstematically lower mean burdens (James &
Llewellyn, 1967; Threifall, 1968; Heodasi. 1969:
Vincent, 1972 Mlead-Briggs & Vaughan, 1973:
Mead-Briggs & Page, 1973 Grundmann, Warnock
& Wassom, 1976 Yanez &% Canaris. 1988). ()
Trichostrongvlid (# = 11) and Hvpoderma infections
{n =+4) have svstematicallv higher mean burdens
{(Mvkyrowvez, 1964; Brevev & Minar, 1976 Helle.
1980: Bve, !987: Halvorsen % Nilssen, 1087:
Folstad et af. 1991: Hudson, Dobson & Newborn,
1992y,

The majority of the other host-parasite svstems
were not associated with systemaric ditferences in log
mean parasite burden. This lack of significance can
be interpreted in a number of wavs: either the host
and parasite tactors chosen are nor explicit enough,
or the wrong factors were chosen: or the majority of
parasitic infections are constrained in terms of
burden. Given the Iarge diversity of host-parasite
svsterns 1n the database, we would suggost the latter.

T'ree-based nodel of log mean parasite burden. Fig. 7
provided a summary of some of the broad patterns of
log mean parasite burden in the database. One
problem with the database is that not all combina-
tions of categortes are present and those that are, are
not represented to the same degree. This unbalanced
‘design’ means that it is unclear which linear model
of log mean parasite burden against the various host
and parasite factors should be fitted. A tree-based
statistical model is one possible solution (Sonquist &
Morgan, 1964, Breiman et al. 1984; Clark &
Pregibon, 1992).

Fig. 8 is the output from the first four levels of a
tree-based model of log mean parasite burden against

all the ecological and parasitological independent
variables i.e.

log (mean parasite burden)
= parasite taxonomic class + host type
<+ intfection process
+ definitive ©s. intermediate host
+number of hosts in the life cvcie
+ host habitat
-+ host migratory behaviour.

The tree illustrates all the major patterns in mean
parasite burden detected in the previous sections:
thus rapeworms are associated with significantiv
lower log mean parasite burdens (Fig. 8(A)):
mfections where transmission is either via passive
consumption of larvae or by actively searching adult
parasites are associated with significantly higher
mean parasite burdens (Fig, 8(D)).

The tree also reveals informarion that was not
readily apparent from the linear models. In par-
ficular, the partition after infection process is host
migratory behaviour (Region B). However, the
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-cxpectation that there would be an assocation
between lower mean parasite burdens and hosts
undergotng seasenal migration only holds tor Region
C. In fact, it appears that those migratorv hosts in
Remon D experience much higher burdens than
those non-migratory hosts. The answer to this
potential contradiction lies in the fact that this group
of migrarory hosts includes some of the relatively
heavy burdens of trichostrongylid infections. If the
trichostrongvlid infections in the database are sphit
according to whether hosts migrate or not, then the
average burdens ure 133 and 684 respectivelv. That
i1s, there /s an association between host migration and
lower mean burdens. The tree also reveals rthat as we
descend further down, host habitat and host tvpe
also appear to have assoclations with mean burden.
In other words, most of the factors included 1in Table
1 do seem to influence observed parasite burdens,
but some are more subtle in their effect than others.

All the intormation presented in Fig., § could be
found by traditional linear modelling techniques.
For example, there significant association
between host migratory behaviour and mean burden
in those |- and 3-host svstems where transmission 1s
via active larvae or by predator-prev mediated
processes {P < 0-013) (i.e. Region C). However. it is
unlikely that such clear graphtcal patterns would
readilv emerge from a complex series of linear
models of all the possible combinations in the
darabase. Furthermore, binarv divisions occur as a
result of the maximum likelihood algorithm, making
subjecuvity in the choice of models less liketv. e
would suggest that such tree-based analvses can be
used to help come to grips with other large,
potenually unwieldy epidemioclogical databases.

15 a

Patterns in aggregation. \We now examine patterns of
aggregation in specific host-parasite intections. From
the analvsis of the wvariance to mean reiationship
already presented, we can conclude that mean
parasite burden s by far the most imporrant
determinant ot estimated variation in parasite abun-
dance (Fig. 3). However, 13 9, of the variation in log
variance cannot be explained by log mean parasite
burden. Therefore the associations between host-
parasite factors and the relative degree of aggregation
also needs to be explored. These unalyses produced
nwo tvpes of patterns: first, specific groups of host-
parasite svstermns were assoclated with consistently
figher or lower degree of aggreganon over a relevant
range ot mean burdens {!); or second, the degree of
.1gg'regation changed with increasing mean burden
2).

t1) Trichostrongviid. oxvurid and those infec-
tions where the definitive hosts are infected by
consuming intected invertebrate intermediate hosts
are assoctated with relauively high degrees of ag-
aregation when compared to the rest of the database.

sia

A number of small groups of other parasites are .

associated with consistently higher or lower degrees
ot uggregation: some digenean infections involving
invertebrate intermediate hosts have unusually
higher levels of aggregation; in contrast, dipteran
Hvpoderma infections of cattle and reindeer, and
some acanthocephalan infections of fish have un-
usually lower levels of aggregation.

t{2) There are two small groups of host-parasite
infections where the degree of aggregation signi-
Reanely mean burden increases:
Hymenolepts and other tapeworms: and a general
agroup of intections of mammaliian hosts where the
lite cycle is facilitated bv the consumption of infected
invertebrate intermediate hosts.

decreases as

DISCUSSION AND CONCLUSIONS

‘This paper has presented analvses ot the patterns of
abundance and aggregation of macroparasites in
wildlite hosts. The simplest resuit can be readily
stated: the observed empirical data suggest that most
parasitic helminths and ectoparasites are aggregated
in thetr disteibution in their natural host populations
(Crotton. 1971 a; Anderson & Mav, 1978 Anderson
& Gordon, 1982; Dobson, 1985; Grenfell et al.
1987; Bundy & Medlev, 1992). In many ways this
result complements the aggregated distributions
observed by Tavlor et al. (1978) in their exhaustive
studies of free-living populations. The variation in
the level of aggregation at any mean density that is
observed in our study is less than that observed by
Tavler (Tavlor, 1961; Tavior & Taylor, 1977;
Tavlor et al. 1978; Tavlor & Woiwod, 1980): this
probably reflects the ease with which we can define
individual host organisms as natural sampling units
of habitat for parasites, i.e. hosts are the quadrats for
sampling parasites,

The observed reiationship between variance and
mean parasite burden raises an interesting point:
there seem to be evolutionarv constraints on the
degree of aggregation. If parasites are not benign
inhabitants of hosts; host mortality rates (and with it
the loss of parasites) mav be influenced bv the
presence of parasites (Anderson & May, 19794). As
parasites become more pathogenic then mean worm
burdens will decline — as will the observed degree of
aggregation — essentially because hosts in the tail of
the distribution will die at a much faster rate than
those with low to intermediate burdens. However,
selection for high levels of parasite-induced mortality
{virulence) is likelv to lead to situations of reduced
mating opportunities, which may lower egg pro-
duction below a level where the parasites selected for
this increased virulence would be unable to maintain
itseif in the popuiation (Pennvcuick, 1971 ; Anderson
& Gordon, 1982). The interaction between parasite
fecundity and aggregation, leads to the selection for
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mtermediate levels of pathogenicity and intermediate
levels of aggregution (in nucroparasites this s
equivalent to the trude-otf between transmission and
virulence (Dobson & Mereniender, 1991)).

Patterns of abundance and aggregation

Our analvses, whilst relatively broad, have turned up
some important generai patterns. in particular, the
process that determines how the parasite enters the
hust 15 clearly imporant in determmmeg both the
level of aggregation and mean parasite burden.

Parasites that enter hosts passively (are ingested
with tood) tend to exhibit higher levels o aggregacion
and mean burden. These are
trichostrongyvlids involving single hast life cvcles.
Larvae can survive over a vear on vegetation { Rees,
1930 Smith, Grentell & Anderson, 1986; Waller &
Thomas, 1978), and adults produce lurge numbers of
eggs. The net result is hkelv o be large worm
burdens. Not all hosts experience such burdens,
therefore, the estimated varmance will be relanvely
high, resulung in a high degree of aggregauon.
However, the vast majority of work on trichostrong-
viids involves the management of relatuvely large
host populations at artificially high densities. which
mav exaggerate the intensitv of intections that
observed in natural populations.

Dipteran infecuons ot relativelyv large hosts also
dispiay relauvely high mean burdens. These Hvpo-
derma infections involve active searching by winged
and very mobile females ties, with up to a thousand
Hypoderma larvae found on hosts (Brevev, 19736
Folstad et al. 1989), which indicates a very ethcient
rransmission process, therebv increasing potential
burdens. In contrast with the trichostrongviids,
Hypoderma infections show relativelv low degrees of
aggregation, possibly because of the efficient trans-
mission process.

At the other extreme, hosts that become intected
by eating infected invertebrate preyv tend to show low

PATasites mainly

burdens. These infections predominantly invoive
cestodes and acanthocephalans, with high and sea-
sonal imvertebrate moertality rates { Kevmer, 19824);
seasonal larval developmental rates in invertebrates
(Hevneman, 1938); low transmission rates
between hosts (Jarroll, 1980; Kevmer & Anderson,
[979: Anderson & Mav, 1978); and relatively large
parasites compared to hosts —the larter indicating
strong density dependence. There mav aisc be
differences in feeding behaviour berween ditferent
predators in the same population. This group of
infections also shows a decline 1n estimated ag-
gregation d4s mean burden increases. A possible
explanation s

very

a maximum burden per host: an
mcrease 1 mean burden relates o u greater pro-
portion to the sampied host population with the
maximum parasite burden, thereby decreasing the
difference between host burdens.

S22

All ot our results presented above suggestitlﬁ:_l'\?af“‘ )

future attempts to unravel exactly what factors

produce the observed patterns of abundance and

aggregation could proht from more experimental
studies. In particular, we would still like to know
more about the spatial distribution of parasite
infective stages in the environment affects patterns
ot aggregation observed in the final host. The only
exampies so far are a number of papers on the spatial
distribution of infectious stages of human infections,
¢.z. Hominick, Dean & Schad (1987} on hookworm,
Waoclhouse & Chandiwana (1989} & Udonsi (1990)
on schistosomes. However, these are on human
pathogens, where the relationship between host and
purasite may be different from wildlife hosts. The
pioneering laboratory experiments of Keymer &
Anderson (1979), could certainly be extended and
undertaken over a range of field conditions.
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