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1 INRA-Unité de Biométrie (UR 546), Domaine Saint Paul – Site Agroparc, 84814 Avignon cedex 9, France
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SUMMARY

Macroparasites are almost always aggregated across their host populations, hence the Negative Binomial Distribution

(NBD) with its exponent parameter k is widely used for modelling, quantifying or analysing parasite distributions.

However, many studies have pointed out some drawbacks in the use of the NBD, with respect to the sensitivity of k to the

mean number of parasites per host or the under-representation of the heavily infected hosts in the estimate of k. In this

study, we compare the fit of the NBD with 4 other widely used distributions on observed parasitic gastrointestinal

nematode distributions in their sheep host populations (11 datasets). Distributions were fitted to observed data using

maximum likelihood estimator and the best fits were selected using the Akaike’s Information Criterion (AIC). A simulation

study was also conducted in order to assess the possible bias in parameter estimations especially in the case of small sample

sizes. We found that the NBD is seldom the best fit for gastrointestinal nematode distributions. The Weibull distribution

was clearly more appropriate over a very wide range of degrees of aggregation, mainly because it was more flexible in fitting

the heavily infected hosts. Moreover, the Weibull distribution estimates are less sensitive to sample size. Thus, when

possible, we suggest to carefully check on observed data if the NBD is appropriate before conducting any further analysis

on parasite distributions.

Key words: macroparasite, nematode, aggregation, negative binomial distribution, Weibull distribution, heavily infected

host, distribution tail.

INTRODUCTION

Macroparasites are almost always aggregated across

their host population, with a large number of hosts

harbouring few parasites and few heavily infected

hosts (Pacala & Dobson, 1988; Shaw & Dobson,

1995). The heterogeneity in parasite burdens is a

consequence of biological processes and of their in-

teractions: parasites may become aggregated on or

in their host due to aggregated spatial distribution

of free-living stages (Keymer & Anderson, 1979),

differences in susceptibility of hosts or differences

in host selection by parasite (Wilson et al. 2002)

and environmental and demographic stochasticity

(Anderson & Gordon, 1982). In trichostrongylid

nematodes, the aggregated distribution among dom-

estic ruminants (Barger, 1985) is usually thought to

mainly reflect individual variability of ruminants

in the acquisition and expression of the immune

response against nematodes (Hoste, Chartier & Le

Frileux, 2002). One consequence of aggregated dis-

tributions is that the small proportion of hosts in the

tail of the parasite distribution is responsible formost

parasite transmission and plays an important role in

the persistence of the parasite (Anderson & May,

1985; Woolhouse et al. 1997). Moreover, as in mac-

roparasites, host mortality and morbidity tend to be

dose-dependent (Poulin, 1998), parasite infections

are more harmful for heavily infected individuals

and, in sheep, the extent of nematode-induced pro-

duction loss is roughly proportional to worm burden

(Steel, Symons & Jones, 1980). Because production

loss and worm burden are positively correlated, the

aggregative property of the parasite distribution

has been widely used in genetic selection of sheep

resistant to nematode infection (Gruner et al. 2004).

The statistical distribution of worm burdens may

also have implications for chemotherapy of nematode

infections in domestic ruminants. Selective drench-

ing of the most infected hosts has been suggested to

slow down the rapid spread of treatment resistance

in parasite populations (e.g. anthelmintic resistance

in livestock (Hoste et al. 2002; Cornell et al. 2003). A

suitable measurement of parasite aggregation and an

adequate quantification of heavily infected individ-

uals are thus necessary to set up targets for treatment.
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Knowing the distribution of parasites is also im-

portant in data analysis, mostly because most of the

generally used statistical tests assumed that parasite

distribution follows a normal distribution (Wilson

& Grenfell, 1997).

Aggregation can be quantified by the variance to

mean ratio. If this ratio is equal to one, the parasites

are randomly distributed in their hosts (i.e. Poisson

distribution), whereas if it is greater than one, the

parasites are aggregated. The most widely used dis-

tribution is the Negative Binomial distribution

(NBD) with its parameter k inversely correlated

to aggregation. When k tends to infinity, the NBD

converges to the Poisson distribution (Elliot, 1977)

and the parasites are randomly distributed. When

k tends to 0, the parasites are aggregated. The NBD

is also widely used in analysing parasite data (Wilson

& Grenfell, 1997) and almost all observed distri-

butions are fitted with the NBD. However, to our

knowledge, few studies check whether the NDB is

the best fit for their data. Moreover, the use of k to

quantify aggregation has been criticized (e.g. Taylor,

Woiwod & Perry, 1979; Smith, 1984; Poulin 1993).

Taylor et al. (1979) have demonstrated that k is a

parameter whose relationship with aggregation is

complex, mostly because over a wide range of den-

sities the aggregation parameter k can vary with

density in a non-linear way. The estimation of par-

ameter k also varies as a function of host sample size

(Gregory & Woolhouse, 1993) and is positively cor-

related with prevalence of infection andmean burden

(Shaw, Grenfell & Dobson, 1998). In addition, k is

not sensitive to the heavily infected hosts represented

by the tail of distribution (Scott, 1987) although

these hosts drive much of the disease dynamics. In

this study, we use the ovine-trichostrongyle system

to compare different theoretical distributions on

observed parasite distributions. Five distributions

have been chosen for their tail property: NBD, log-

normal, exponential, normal and Weibull distri-

butions. The normal, the lognormal and the Weibull

distributions are exponential-bounded distributions

(Tufto, Engen & Hindar, 1997; Clark, 1998). The

normal distribution decreases faster than any ex-

ponential function, whereas the tails of the Weibull

and of the log normal decrease much slower than any

exponential function when the number of parasites

tends towards infinity. The normal distribution is

thus called a thin-tailed distribution whereas the

Weibull and the lognormal are fat-tailed distri-

butions. To our knowledge, the Weibull distribution

has not yet been exploited to describe parasite dis-

tributions but it has been used to describe plant

disease expansion in phytopathology (e.g. Xiao,

Subbarao & Zeng, 1996) or to measure survivorship

in epidemiology (e.g. Ebert, Lipsitch & Mangin,

2000).

This paper is organized as follows. First, we briefly

describe the datasets and the 5 distributions. Then,

we introduce the statistical methods used in this

paper to (i) select the best distribution for observed

parasite distributions, (ii) compare the fit of heavily

infected hosts by the distributions and (iii) study

the properties of the distribution parameters. Finally

the results of the 3 evaluations of distributions are

presented and discussed.

MATERIALS AND METHODS

Data sets

We focus on the interaction between the sheep and

the directly transmitted gastro-intestinal parasite

Teladorsagia circumcincta (for more details on the

life-cycle see Denham, 1969), which have been

widely studied at INRA in Tours (France), among

others, during the last decade. We had access to

individual worm counts for sheep infested under

similar experimental conditions (weather, strains …)

and necropsied with the same technique (1/5 to 1/10

of the aliquot of washings were examined) and by

the same technicians in order to minimize technical

error. For each dataset, we used an abbreviated name,

which is given in italics between parentheses in the

experiment descriptions (e.g. group1:Experimental).

First experiment

In the experiment of Gruner et al. (2004), 4 groups of

20 naive sheep (INRA 401 breed, 6 months old) were

contaminated either experimentally (group 1:Exper-

imental) or naturally on benzimidazole-susceptible

T. circumcincta contaminated pasture (group 2:

Natural, 3: Natural2 and 4: Natural3).

Second experiment

Gruner et al. (1994) infected 3 groups of 30 naive

lambs with the same dose of infective larvae of

benzimidazole-susceptible T. circumcincta but the

frequency of exposure differed from 4 weeks for

the lambs in group 1 (Single4) to 8 weeks for the

lambs in group 2 (Single8) and in group 3 the infec-

tion was spread over 8 weeks (Trickle8).

Third experiment

In 1998 and 1999, four groups of 10 lambs grazed 4

separated contaminated pastures (Leignel, 2000).

Each pasture was contaminated with an isolate har-

bouring 25% benzimidazole-resistant homozygotes

infective larvae, 25% BZ susceptible homozygotes

and 50% heterozygotes. On pasture 1 (NT), the

lambs were untreated, on pasture 2 (LVT), 3 (BoT)

and 4 (BZT), they were treated respectively with

levamisole, fenbendazole andwith both alternatively.

Data of 1998 and 1999 were joined for the 4 groups to

obtain a larger sample size.
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In the first experiment (except for the group 1) and

in the third experiment, lambs are constantly sub-

jected to infection with T. circumcincta since they

grazed from April to November, which is a common

duration of grazing season in the region. We had 4

datasets for the first experiment, 3 for the second

experiment and 4 for the third experiment. Table 1

summarizes the 11 datasets.

Distributions

The NBD, the normal distribution, the lognormal

distribution, the exponential distribution and the

Weibull distribution are presented in Table 2.

Aggregation is defined by the variance to mean ratio:

aggregation increases when this ratio increases and

inversely. For each distribution, we studied the re-

lationship between the distribution parameters and

the variance to mean ratio by drawing this relation-

ship. Parameter value ranges were chosen to be

biologically realistic. Except for the exponential, all

distributions have two parameters.

The variances of the normal and the lognormal

distributions, the mean of the NBD distribution and

the scale parameter, bw, of the Weibull distribution

are linearly related to aggregation. The other par-

ameters (k, aw, means of normal and log normal, and

b) have a decreasing exponential relationship with

the variance to mean ratio (see Table 2). Although,

the relationship between k and aggregation is

modulated by the mean value, aggregation increases

when k tends to 0. The two parameters of theWeibull

distribution behave similarly to the two parameters

of the NBD. As for the parameter k, the relationship

between aw and aggregation is modulated by the

average number of parasites per host: a higher par-

ameter value is needed to get the same ratio value

when the mean increases.

Statistical methods

Model selection:Maximum likelihood estimation of the

parameters of each distribution. All parameters were

estimated by maximizing likelihood (MLE). MLE

of parameters were obtained by solving the equations

or were computed using algorithms. All calculations

were made with the statistical software RTM 1.8.1.

The MLE of the NBD parameter k was calculated

with the RTM function ‘theta.ml’ in the library

MASS. The first author computed other MLE

algorithms.

Model selection: Akaike’s Information Criterion

(AIC). To select the best model among the set of

candidate models, we used the Akaike’s Information

Criterion (AIC). The AIC of a model is equal to:

x2 log (likelihood)x2p

with p the number of parameters of the model.

Table 1. Dataset descriptions

(Abbreviated names are used in the text. L3 means infective larvae. The minimal and maximal numbers of parasites per
sheep in a sample are presented.)

Abbreviated
name Protocol description

Number of
sheep

Minimal
burden

Maximal
burden References

Single4 1 dose of 7000 L3
slaughter 4 weeks after

30 1504 5870 Gruner et al. (1994)

Single8 1 dose of 7000 L3
slaughter 8 weeks after

30 1606 3780 Gruner et al. (1994)

Trickle8 8 dose of 875 L3
slaughter 8 weeks after

30 1245 4525 Gruner et al. (1994)

Experimental Experimental infection
(estimated dose: 20 000 L3)

74 57 11 995 Gruner et al. (2004)

Natural Naturally infected
(estimated dose: 18 114 L3)

30 41 4475 Gruner et al. (2004)

Natural2 Naturally infected
(estimated dose: 30 636 L3)

21 58 5818 Gruner et al. (2004)

Natural3 Naturally infected
(estimated dose: 127 000 L3)

30 2932 68 809 Gruner et al. (2004)

NT Non treated naturally infected lambs
(estimated dose: 94 320 L3)

20 128 9830 Leignel, PhD thesis

LVT Naturally infected lambs treated with
levamisole
(estimated dose: 45 600 L3)

18 95 3761 Leignel, PhD thesis

BoT Naturally infected lambs alternatively
treated with fenbendazole and levamisole
(estimated dose: 55 680 L3)

17 58 3731 Leignel, PhD thesis

BZT Naturally infected lambs treated with
fenbendazole (estimated dose: 61 200 L3)

20 60 9721 Leignel, PhD thesis
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The best model has the minimum AIC. We then

computed the AIC differences,Di, by subtracting the

minimum AIC of the 5 values from each AIC value.

Di values help to determine the level of empirical

support of a model given the best one (Di between 0

to 2: substantial level ; between 4 to 7: considerably

less and >10: essentially none) (Burnham &

Anderson, 2002). With these differences, the AIC

weights (wi) are computed; they can be interpreted as

the probability that a model is the best one among the

set of candidate models for the observed data

(Burnham & Anderson, 2002).

wi=
exp (x 1

2
Di)PR

j=1 exp (x
1
2
Dj)

with Di=AICixAICmin and R, the number of

candidate models in the set.

Identification of the differences between fits

To identify which hosts were best represented by

the candidate distributions, we arbitrarily cut out

the distributions in 3 parts : the first (A), represents

uninfected or lightly infected hosts (0 to 20% of the

parasite population), the second (B), the average in-

fected hosts (20 to 80%) and the third (C) the heavily

infected individuals (80 to 100%). For each part, the

residual sums of squares were computed for each

dataset and for each distribution. In order to compare

the two distributions, the differences between the

residual sums of squares were compared with a two-

sided Wilcoxon Signed-ranks test within each of the

three parts.

The behaviour of the tail of the theoretical distri-

butions was then studied by examining the re-

lationship between parameter values and the form of

the theoretical distributions in sensu Scott (1987, see

fig. 8 in her paper). The theoretical distributions of

the NBD and of the candidates were drawn for

similar mean values and for 3 different parameter

values. For NBD, k values chosen by Scott (1987)

were conserved.

Bias and variance in estimating the parameters

Bias and variance in estimating parameters for a

particular distribution and for an average parasite

load were studied using a series of random generated

datasets for different sample sizes (Monte-Carlo

method). For each sample, an estimate of the par-

ameter values is obtained by MLE. The bias of the

estimate is the expectation of the difference between

the estimated values of the parameter and its true

value. The variance of the estimate is the expectation

of the squared difference between the estimated

values and the mean of the estimated values. The

sample size range was fixed between 5 and 2000 in-

dividuals and 1000 samples were generated for theT
ab
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same variance to mean ratio in order to compare

the estimator statistical properties for the same

aggregation level. The bias and the variance of both

estimated values of the Weibull and the NBD par-

ameters for each sample size were compared with a

Wilcoxon Signed-Ranks test.

RESULTS

Model selection: comparison of the observed

distributions and the five theoretical distributions

The variance to mean ratio was computed for each

dataset (Table 3). This ratio is always larger than 1,

ranging from 108 to 7222, indicating an aggregated

distribution of the parasite nematode in all the data-

sets. Mean burdens are high, ranging from 1800 to

29 000, which is not uncommon in T. circumcincta

infections in sheep.

The 5 distributions were fitted to the 11 observed

datasets. The exponential, the log normal and the

normal distributions distribution provided worse

fits compared to the NBD and the Weibull, as some

of AIC differences exceeded 10, the level for no

empirical support (see Table 4).

The Weibull distribution clearly heads the list,

having no AIC difference greater than 1, and being

one of the most probable models of the candidate

models for all datasets. AIC differences for the NBD

distribution over the Weibull are smaller than 1 for

4 datasets only (NT, Experimental, Natural1 and

BZT) and between 1 and 6 for the others. The nor-

mal distribution is the best model for one dataset

(BoT) and for 5 others, the normal distribution is

a better model than the NBD (Single4, Single8,

Trickle8, Natural3 and BoT). The relationship be-

tween AIC weights and the variance to mean ratio

(Fig. 1) reveals that the Weibull distribution is ap-

propriate whatever the degree of aggregation. The

same cannot be said for the NBD distribution which

only seems to adequately fit distributions (compared

to the Weibull) with variance to mean ratios greater

than 800 (except for the last point : dataset Natural3),

whereas the normal distribution would fit distri-

bution with ratios smaller than 800. For dataset

Natural3, sheep grazed on previously infected

Table 3. Values of the maximum likelihood expectation (MLE) of the parameters of the five distributions

Reference of
experiments

Normal Lognormal

NBD Exponential

Weibull

Variance to
mean ratiomean variance mlog varlog k b aw bw

Single4 3793 9.54*105 8.20 0.10 12.52 2.64*10x4 4.58 4147.54 251.42
Single8 2777 2.99*105 7.91 0.05 24.58 3.6*10x4 6.04 2994.68 107.72
Trickle8 2886 8.60*105 7.91 0.13 8.85 3.47*10x4 3.62 3210.33 298.14
Experimental 3051 8.85*106 7.46 1.48 1.02 3.28*10x4 1.01 3070.18 2899.30
Natural1 1256 1.27*107 6.63 1.33 1.13 7.96*10x4 1.09 1295.96 1007.77
Natural2 2294 2.24*107 7.42 1.04 1.73 4.36*10x4 1.51 2523.13 976.88
Natural3 28 996 2.09*109 10.11 0.47 3.17 3.45*10x5 2.09 32 560.13 7222.25
NT 2474 4.81*107 7.48 0.86 1.63 4.04*10x5 1.27 2678.37 1943.44
LVT 1833 1.36*107 7.21 0.93 1.81 5.46*10x4 1.56 2025.27 743.84
BoT 1807 1.04*107 7.22 0.97 1.99 5.53*10x4 1.74 2002.01 573.34
BZT 2334 6.01*107 7.12 1.81 0.93 4.28*10x4 0.95 2282.12 2572.93

Table 4. Akaike’s information criterion and AIC differences of the 5 distributions for each of the 11 datasets

(AnAIC difference of less than 2 indicates that we cannot distinguish between the twomodels, whereas a difference of more
than 10 suggests that the distribution with the highest AIC of the pairs is providing a worse fit compared to the distribution
with lower AIC.)

AIC scores AIC differences Di

Weibull NBD Normal Lognormal Exponential Weibull NBD Normal Lognormal Exponential

Single4 492.43 498.25 493.18 502.25 552.45 0 5.8 0.8 9.8 60.0
Single8 457.40 460.29 458.40 461.82 533.75 0 2.9 1 4.4 76.4
Trickle8 489.14 491.55 490.09 493.56 536.05 0 2.4 1 4.4 46.9
Experimental 1331.44 1331.45 1388.67 1337.75 1333.44 0 0 57.2 6.3 2.0
Natural1 483.81 483.86 501.66 486.56 486.12 0 0.1 17.9 2.8 2.3
Natural2 358.56 359.79 361.67 367.04 365.00 0 1.2 3.1 8.5 6.4
Natural3 653.72 656.20 654.93 664.08 674.49 0 2.5 1.2 10.4 20.8
NT 346.66 346.08 359.47 347.59 350.54 0.6 0 13.4 1.5 4.5
LVT 298.20 299.32 300.34 304.34 304.49 0 1.1 2.1 6.1 6.3
BoT 279.11 281.14 278.71 288.31 286.98 0.4 2.4 0 9.6 8.3
BZT 346.13 346.14 363.92 348.56 348.21 0 0 17.8 2.4 2.1
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pasture and the average load per sheep is very high.

The large amount of parasites per sheep is probably

the main reason for explaining the better fit of the

normal distribution than the NBD. Even in this

particular case theWeibull distribution gives the best

fit for the observed distribution of T. circumcincta in

the sheep population.

Identification of the differences in the fits

The normal, the lognormal and the exponential dis-

tributions are not selected because some of their

AIC differences compared to the Weibull or NBD

distributions exceeded 10. Identification of the dif-

ferences in the fits is only studied for theWeibull dis-

tribution and the NBD. The residual sum of squares

(RSS) of the Weibull distribution is smaller from

those of the NBD for 7 datasets for the 3 parts of the

distribution (Table 5). The RSS of the NBD is

smaller for the 3 parts of the distributions of the

parasites for the NT dataset only. This result is

logically in agreement with the results from the AIC

weights. For the other 10 datasets, the RSS of the

Weibull distribution is always smaller than RSS of

the NBD for part C (the tail) of the distribution.

Hence, the Weibull distribution significantly better

represents the heavily infected hosts (Wilcoxon

Signed Rank test: P-value=0.0186). Differences are

not significant for parts A (P-value=0.1016) and B

(P-value=0.1230).

Displaying the NBD and the Weibull theoretical

distributions (Fig. 2) for different parameter values

(k=1, k=2 and k=3, and aw=1, aw=2 and aw=3)

confirms that the Weibull distribution has a more

‘flexible’ tail than the NBD. Changing the Weibull

shape parameter aw, which is inversely proportional

with aggregation, modifies the shape of the distri-

bution and the tail of the distribution. When aw

decreases, the tail decreases slower and the degree

of aggregation increases ; whereas the tail decreases

faster when aw increases and the degree of aggre-

gation decreases. In contrast, the tail of the NBD is

similar whatever the value of k.

Bias in parameter estimation: influence

of the parameter to sample size

The results of the simulation study are presented

in Fig. 3. An accurate estimation of the Weibull

parameter aw requires a sample size greater than 30

individuals (Fig. 3B) whereas an accurate estimation

of the NBD parameter k requires more than 100

individuals (Fig. 3A). The 95% confidence interval

(CI) of Weibull shape parameter aw, is always

smaller than the 95% CI of k. This discrepancy is

higher when the sample size is smaller than 500. The

parameter aw is less sensitive to the sample size than

the parameter k. The bias and the variance of the

shape parameter aw are always smaller than the bias

and the variance of the NBD exponent k. For a

similar variance to mean ratio, the shape parameter

aw of the Weibull distribution is thus less sensitive

to sample size than k. The estimation bias and the

estimation variance of the Weibull shape parameter

are always significantly smaller than those of k

(Wilcoxon SignedRank tests: bias:P-value<0.0001

and variance: P-value <0.0001).

DISCUSSION

In all datasets, the distribution of T. circumcincta

among lambs is aggregated, although the degree of

aggregation is highly variable. Degrees of aggre-

gation are the smallest in the 3 datasets of the second

experiment (Single4, Single8 and Trickle8). In these

experiments, lambs were infected with the same dose

of infective larvae and were necropsied between the

age of 4 and 8 months. In the two other experiments,

the degree of aggregation is higher and sheep were

older when they were necropsied. The increase in the

degree of aggregation with host age in our datasets

seems to confirm that aggregation reflects individual

variability in the acquisition and the expression of the

immune response against T. circumcincta (Hoste et

al. 2002). Despite a wide range in the degree of ag-

gregation, the Weibull distribution always gave a

relatively good fit, whereas the NBD seems more

appropriate for intermediate aggregation degrees

only.Moreover, the AIC analysis shows that even the

normal distribution is often a better model than the

NBD for our data, especially for low degrees of ag-

gregation. In our trichostrongyle nematode infec-

tions, it turns up that statistical tests based on the

normal distribution would be more appropriate for 5

datasets. This raises the question of the systematic
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Fig. 1. Relationship between AIC weights of 3 of the

5 candidate distributions and the variance to mean ratio

for trichostrongyle nematodes. The Weibull distribution

(line) always shows a good probability of being the best

distribution. The normal distribution (dotted line)

remains acceptable when the variance to mean ratio is

smaller than 800. The NBD (dashed line) displays

probabilities close to the Weibull distribution for

variance to mean ratios greater than 800 (except for the

last point).
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use of Negative Binomial distribution for analysing

parasite data, in particular when performing

Generalized Linear Modelling (GLM). This is de-

spite, as for the NBD, regression tools exist for the

Weibull (e.g. in the R software function ‘weibreg’ in

the library ‘eha’).

Analysis of residuals (i.e. differences between ob-

served and fitted values) shows that the Weibull

distribution gives significantly better fits for the

heavily infected hosts. This result is closely related to

the theoretical distribution patterns. The Weibull

shape parameter aw appears to behave as the NBD

parameter k, being smaller when the degree of ag-

gregation increases. But Scott (1987) showed that

changing the value of k does not substantially

change the tail of the theoretical distribution. Fig. 2

illustrates this result and shows that, conversely,

changing the value of the Weibull parameter aw does

substantially change the tail of the distribution. The

Weibull distribution is thus a more flexible model to

represent the heavily infected hosts. These animals

are particularly interesting in farm management for

two main reasons. First, major gains in reduction of

the pasture contamination and prevention of para-

sitic diseases could be obtained by treating the most

infected animals within a flock (Hoste et al. 2002).

Second, targeted treatment is a practical approach to

reduce selection pressure for anthelmintic resistance

(Githigia, Thamsborg & Larsen, 2001).

The simulation study of the statistical properties of

the parameter k confirms the results of Gregory and

Woolhouse (1993) who previously showed that esti-

mation of k varies with sample size. Weibull shape

parameter aw also varies with sample size but an

accurate value can be obtained with 30 hosts com-

pared to 200 for k. Accurate estimations of k are

obtained for mean parasite burden larger than 30

parasites per host, whereas estimation of aw does not

Table 5. Differences between the residual sum of squares of the Weibull distribution and of the NBD for

3 parts of the observed distributions

(Part A: hosts harbouring 0 to 20% of the parasite population, Part B: hosts harbouring 20 to 80% of the parasite population
and Part C: hosts harbouring 80 to 100% of the parasite population. A positive difference indicates that theWeibull residual
sum of squares is greater than those of the NBD and conversely.)

Single4 Single8 Trickle8
Exper-
imental Natural1 Natural2 Natural3 NT LVT BoT BZT P-value

A: [0%; 20%] x x x + + x x + x x x 0.1016
B: [20%; 80%] x x x + x x x + x x + 0.1230
C: [80%; 100%] x x x x x x x + x x x 0.0186
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vary with the mean parasite burden. Hence, in many

biological situations where sample sizes are small

(around 30 individuals) and/or where the number of

parasites per host is small, estimation of aggregation

degree with the Weibull shape parameter aw will

be more precise than with NBD parameter k.

Furthermore, in terms of experimental infections

because of experimental costs in sheep infections

(necropsy duration, animal costs …), getting an ap-

propriate estimation of the parameter related with

aggregation with a small sample size is a major gain.

This paper presents analyses of the fits of ag-

gregated distribution of trichostrongyle nematodes

from 11 different datasets. Variance to mean ratios

confirm that T. circumcincta parasites are aggregated

among the sheep. The degree of aggregation seems

related to age and could reflect individual variability

in the acquisition and expression of the immunity

response in our datasets. In our lamb populations,

the Weibull distribution gives much better fits than

the commonly used NBD and the normal distri-

bution is even more appropriate than the NBD (for

5 out of our 11 datasets) especially for variance to

mean ratios smaller than 800. The heavily infected

hosts, that drive much of the parasite infection, are

significantly better represented by the Weibull

distribution.

The Weibull shape parameter aw is inversely

proportional to aggregation and appears to be a good

descriptor of aggregation, whose estimate is less

sensitive to sample size and to small mean parasite

burden than the parameter k of the NBD. The

Weibull distribution turns up to be a good alternative

to the NBD to study parasite aggregation amongst

their hosts, especially in host parasite systems with

small sample size.

A drawback of the Weibull distribution is that it

does not give much insight into how underlying

biologically important mechanisms may influence

the distribution of parasites amongst their host. In

comparison, the NBD can arise in at least five dif-

ferent ways (Southwood, 1978) such as compound-

ing of Poisson processes or true contagion. From

a biological point of view, this property may be

important to understand processes underlying

aggregation (see e.g. Brown et al. 2002). However, in

epidemiology, a model, which gives a good rep-

resentation of heavily infected hosts, is essential, and

even more when it is used to predict parasite trans-

mission. Previous theoretical works have pointed

out that targeted treatment of the most heavily in-

fected-hosts (8% of the population) would result

in a decrease of 50% of the population mean worm

burdens, assuming a NBD distribution with a high

aggregation (k=0.05; Anderson & May, 1982). As

the Weibull distribution tends to better estimate

most heavily infected-hosts in our datasets, intro-

ducing this distribution and its shape parameter

aw in such models should give predictions closer

to reality for targeted treatments in sheep nematode

systems.

In conclusion, the Weibull distribution seems to

provide a good alternative to the NBD to study tri-

chostrongyle nematode distribution among their

hosts, beingmore flexible for modelling the tail of the

distribution and covering a wider range of aggre-

gation degrees. Similar evaluations should be con-

ducted on other host–parasite systems in order to

confirm these results. However, we would strongly

suggest that more emphasis is put on checking both

the goodness of fit of the theoretical model used and

whether other models might be more appropriate

when analysing and modelling parasite data.
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