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Abstract

The occurrence of the fox tapeworm Echinococcus multilocularis in Red foxes was
studied in Belgium and a neighbouring region in The Netherlands. A total number
of 1202 foxes were analysed (1018 in Belgium and 184 in The Netherlands) of
which 179 were infected with E. multilocularis (164 in Belgium and 15 in The
Netherlands). Further, the spatial distribution of infection among sampled foxes
was analysed with an ellipsoidal gradient, demonstrating a decreasing prevalence
in northwestern direction. Using this gradient, we showed that the spatial
patterns of infection in Belgium and the neighbouring region in The Netherlands
correspond, indicating a continuous distribution of E. multilocularis across the
nation borders. Part of the Belgian data allowed investigating temporal changes in
the spatial distribution of E. multilocularis. This revealed a northwestern spread of
E. multilocularis.

1. Introduction

Echinococcus multilocularis is a small tapeworm belonging to the family of the
Taeniidae. In Europe, the life cycle of E. multilocularis is predominantly sylvatic,
i.e. involving wild carnivores (mainly foxes of the genera Vulpes and Alopex) as
final hosts and several species of small mammals (mainly rodents of the families
Arvicolidae and Cricetidae) as intermediate hosts (Rausch, 1995 and Eckert et al.,
2001). Adult worms live in the small intestines of the final host and their eggs are
shed with the faeces. Intermediate hosts are infected when they ingest eggs
which then develop into larvae (i.e. metacestode stage with protoscolices) that
form cysts in internal organs, mainly the liver. Infected intermediate hosts are
consumed by final hosts in which the adult worm stage of the parasite develops.
Domestic dogs (Canis lupus f. familiaris) and cats (Felis sylvestris f. catus) may
create a synanthropic cycle when they ingest rodents harbouring the metacestode
stage with protoscolices. The sylvatic cycle of E. multilocularis is of
epidemiological interest since it is the source of infection for humans, which may
become infected after ingesting infective eggs and for domestic carnivores (i.e.
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dogs and cats) which become infected after consuming intermediate hosts
infected with fertile metacestodes. Once established, the synanthropic cycle can
also serve as a source of infection for intermediate hosts and aberrant hosts
(such as humans).

E. multilocularis is widely distributed in the northern hemisphere where it is
endemic in several west and central European regions, most of northern and
central Eurasia and parts of North America (Eckert et al., 2001). In the previous
decade, a lot of new data have been published on prevalences of E. multilocularis
in final and intermediate hosts in areas where it had previously not been
recorded. At present, the known geographic range of the parasite in west and
central Europe includes regions in Austria, Switzerland, France, Germany,
Liechtenstein, Luxemburg, Belgium, The Netherlands, Poland, Czech Republic,
Slovak Republic, Denmark and the Norwegian Islands of Svalbard (Brochier et al.,
1992, Lucius and Bilger, 1995, Schantz et al., 1995, Kolarova et al., 1996,
Eskens, 1997, Losson et al., 1997, Tackmann et al., 1998, Dubinsky et al., 1999,
Kolarova, 1999, Romig et al., 1999, van der Giessen et al., 1999, Eckert et al.,
2000, Eckert et al., 2001, Balicka-Ramisz et al., 2003 and Vervaeke et al., 2003).
Comparison of existing prevalence data from animal hosts in different European
regions is difficult because of differences in sample sizes and detection methods
(Vervaeke et al., 2005). Moreover, only a few areas are monitored for longer
periods of time. Hence, currently it remains unknown whether E. multilocularis
has extended its range recently or whether the parasite has simply remained
undetected until now. However, a trend towards increased parasite density and
range is apparent for central and parts of west Europe (Romig, 2002 and Sréter
et al., 2003).

Human infection with the larval form of E. multilocularis is considered as one of
the most pathogenic autochthonous parasitic zoonoses in central Europe and is
usually lethal if left untreated (Ammann and Eckert, 1995, Eckert et al., 2001 and
Kern et al., 2003). So far, the occurrence of human alveolar echinococcosis (AE)
in Europe is characterised by a low but persistent incidence, with an estimated
annual incidence of 0.02-1.4 cases per 100,000 inhabitants for the endemic
regions of central Europe (Eckert and Deplazes, 1999). Data from EurEchinoReg
(Surveillance for human AE in Europe, 1982-2000) shows 559 AE patients in
Europe combined with the occurrence of human cases outside endemic regions
(Kern et al., 2003). Moreover, increasing fox populations in most European
countries over the last decades (Artois, 1997, Romig et al., 1999 and Vervaeke et
al., 2003) and their invasion of urban and suburban settings (Hofer et al., 2000,
Deplazes and Eckert, 2001, Giraudoux et al., 2001, Gloor et al., 2001 and
Deplazes et al., 2004) increased awareness of scientists and authorities of the
potential public health risk of this zoonotic tapeworm.

The aims of this paper were (i) to analyse the spatial distribution of E.
multilocularis in foxes in Belgium and a neighbouring area in the south of The
Netherlands to obtain quantitative insight into the potential spread of the parasite
and (ii) to examine the temporal variation in the prevalence of E. multilocularis.
Spatial analysis may provide useful insights into the heterogeneity in the
distribution pattern of E. multilocularis and its migration. In order to spot large-
scale geographical patterns in distribution, international monitoring of E.
multilocularis in wildlife requires the analysis of prevalence data across borders.
As the studied region is situated at the margin of the endemic region of E.
multilocularis in Western Europe, our primary interest was to find out where the
prevalence is highest and how it changes if one moves away from this endemic
focus. For this purpose, we have concentrated on finding a spatial gradient of E.
multilocularis prevalence in foxes, to locate prevalence contours and to find
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directions of steepest descent in prevalence. To our knowledge this paper
presents the first spatial analysis of parasite infection across border regions. For
southern Belgium, a series of annual samples of spatial occurrence data were
used to describe temporal changes in spatial distribution of E. multilocularis over
the period 1998-2002.

2. Methodology

Two separate data sets on intestinal infections of Red foxes with E. multilocularis
were collected. A first data set comprised a total of 1018 foxes that were
randomly sampled in different regions in Belgium over the period 1996-2002
(Brochier et al., 1992, Losson et al., 1997, Losson et al., 2003 and Vervaeke et
al., 2003). A second data set comprised 196 foxes that were collected during the
period 2002-2003 in the province of Limburg in the southern part of The
Netherlands (van der Giessen et al., 2004a and van der Giessen et al., 2004b).
This province is situated adjacent to the border with Belgium. Foxes were
collected as road victims or as hunting casualties. The geographical co-ordinates
of the positions where foxes were shot or found as road victim were noted. All
surveys used the intestinal scraping technique to detect E. multilocularis (see
Delplazes and Eckert, 1996 and Eckert et al., 2001). The small intestine was
placed on a plastic sheet, divided in five equal parts and each part was opened in
full length with scissors. After removal of coarse material (stones and bones) and
large parasites, deep mucosal scrapings were made using microscopic slides. The
mucosal material adhering to the slide was transferred to a plastic petri dish and
squashed to a thin layer by means of pressure on the slide. A mucosal scraping
was taken at the proximal, middle and posterior third of each of the five parts of
the small intestine and these mucosal squashes were then examined under a
stereoscopic microscope for the presence of adult E. multilocularis tapeworms.

The geographical positions of all foxes were recorded in standard co-ordinates,
allowing a logistic regression with the position vector ¥ = ' X: ¥!as covariable:

y .
log { P ) = flx, ¥
WL — Py ’

A linear model for the probability that a captured fox was infected with E.
multilocularis can be written as f(x, y) = aix + a,y + b so that contours are linear
with direction a,/a; and offset b.

The probability that a captured fox was infected with E. multilocularis was
described as a function f(x, y) describing the spatial variation according an
ellipsoidal gradient model:

f(x,y)=a(x—xo)*+ab(y—yo)*+c

so that contours are ellipsoidal with origin (xo and y,), scale parameter a and
eccentricity parameter b and main axes: Fig. 1.
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Fig. 1. Prevalence contours (x100%) of Echinococcus multilocularis in foxes from
Belgium and the province of Limburg in The Netherlands estimated using a
logistic regression. Symbols indicate the geographic position of uninfected (black)
and infected (red) foxes (crosses: Belgium; dots: The Netherlands).

The third parameter c is an offset term which can be used to offset overall
prevalence levels; an increase in ¢ increases the prevalence everywhere in the
graph. The scale parameter a determines the magnitude of the ellipsoidal
contours. A special case is when a = 0 which means that the prevalence is
constant with p = exp(c)/[1 + exp(c)]. The eccentricity parameter b determines
how much the contour deviates from a circle; when b = 1 the contour is perfectly
circular, for very large b or very small b the contour approaches a straight line.
For negative values of b the contours assume a hyperbolical shape. For example,
when a = 0 and ¢ = —1.74, then f(x, y) = —1.74 and

p =exp(—1.74)/[1 + exp(—1.74)] = 0.176/1.176 = 0.149 or 14.9%. Maximum
likelihood values were obtained for the parameters (a-c) using numerical
optimization routines in Mathematica© (Wolfram Research, 2004, Mathematica
Version 5.1, http://www.wolfram.com). In order to assess parameter uncertainty,
an adaptive rejection algorithm (Metropolis—Hastings) was used to sample from
the likelihood function and to obtain Monte Carlo samples of parameter values
(Gilks et al., 1996). These were then used to calculate confidence intervals of the
gradient surface (Fig. 2) (Carlin and Louis, 1996 and Gilks et al., 1996). The
optimum -2 log-likelihood value for the fitted gradient model was tested against
a uniform prevalence (a = 0) in a likelihood ratio test.
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Fig. 2. Three-dimensional prevalence surface with upper (0.975) and lower
(0.025) confidence limits of Echinococcus multilocularis in foxes from Belgium and
the province of Limburg in The Netherlands. The geographic positions of
uninfected foxes are presented as black dots in the ground plane; infected foxes
are presented as elevated dots. [(prev.) x 100% = prevalence]. Distances (y:
north-south and x: east-west) in kilometres.

The data from southern Belgium, collected in successive years (i.e. 1998, 1999,
2000, 2001 and 2002), with samples of roughly comparable sizes (i.e. 228, 128,
133, 187 and 142 foxes) and with locations of examined foxes more or less
evenly spread across the same region, were used to examine temporal changes in
the prevalence gradient. To this end, we fitted the model to the series of yearly
observations, using single values of the parameters b and c and (xp and y,) and a
separate value of the contour scale parameter a for each year. Because of
possible temporal inconsistencies that might affect the results (i.e. the data from
the province of Limburg in The Netherlands were collected after those from
Belgium), this analysis was restricted to the Belgian data.

3. Results

3.1. Spatial analyses of the distribution of E. multilocularis in Belgium
and The Netherlands

Results of the detection of E. multilocularis in several studies are shown in Table
1. In Limburg (The Netherlands) 184 foxes out of a total of 196 were tested with
the intestinal scraping method in 2002-2003 and 15 foxes were found to be
positive for E. multilocularis. In the northern part of Belgium 200 foxes were
collected in 1996-1999 with four positive for E. multilocularis. Data from the
southern part of Belgium were collected yearly from 1998 to 2002, with
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successive sample sizes of 228, 128, 133, 187 and 142 animals, with 54, 29, 37,
16 and 24 infected foxes, respectively.

Table 1.

Occurrence of Echinococcus multilocularis in Red foxes in Belgium and the
province of Limburg in The Netherlands

Region Foxes ‘

Period Total | Negative | Positive | Prevalence | C.I. (95%) ‘
Northern Belgium | 1996-1999 | 200 196 4 2.0 0.7-5.1 ‘
Southern Belgium | 1998 228 174 54 23.7 18.1-29.2 ‘
Southern Belgium | 1999 128 99 29 22.7 15.7-29.3 ‘
Southern Belgium | 2000 133 96 37 27.8 20.9-37.3 ‘
Southern Belgium | 2001 187 171 16 8.6 4.5-13.9 ‘
Southern Belgium | 2002 142 118 24 16.9 11.1-24.1 ‘
Southern Limburg | 2002-2003 | 184 169 15 8.2 4.9-12.7 ‘

Total number of investigated, positive and negative foxes and estimated
prevalences (with 95% confidence interval), per region and sampling period are
given.

Table 2 shows maximum likelihood estimates for the parameters of the gradient
model and corresponding values of —2 log-likelihood. The optimum -2 log-
likelihood value for the fitted gradient model was tested against a uniform
prevalence (a = 0) and was highly significant (deviance = 138.1;
df.=5-1=4; p <0.0001). Interestingly, adding the data from a separate
survey in the province of Limburg in The Netherlands, adjacent to the
northeastern border of Belgium, appeared to only solidify the conclusion that
there is a decreasing E. multilocularis prevalence in northwestern direction (Fig.
1). A likelihood ratio test using each study separately and both studies joined
showed agreement. Indeed, the separate —2 log-likelihood values for the Dutch
and Belgian studies were 101.5 and 763.5, respectively and the —2 log-likelihood
value was 873.6 for the pooled data. This yields a deviance of 8.58 (i.e.

873.58 — (101.48 + 763.52) with d.f. = 6 and p = 0.87 and hence, all surveys
fitted the same spatial gradient (Table 2). The deviance between linear and
ellipsoidal gradient models fitted to the combined Belgian and Dutch data was
7.98, with d.f. = 2, p = 0.98. Hence, the ellipsoidal gradient model performs
significantly better than a linear gradient model.
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Table 2.

Prevalence gradients for Echinococcus multilocularis in Red foxes for 1998-2002:
Model comparison

A: Linear gradient

|
Region | i ax b ¢ d.f. P ‘
Be 0.00827 -0.0194 | —1.422 | 101.61 3 ‘
NL —0.00498 —0.0489 | 7.255 (+)779.98 | 3 ‘

881.59 6 ‘

|
Be + NL 0.00898 —0.0185 | —1.645 | (—) 883.90 | 3 ‘
Deviance? 2.31 3 0.49
Region a ,f; & £ j?r_; E d.f. | p
Be + NL® | 0 - -1.74 - - 1011.67 1
Be —3.29 x 107 | 95.40 4.67 1511.1 67.5 763.52 5
NL -3.98 x 107* | 0.23 4.97 239.0 —-112.0 | (+) 10148 | 5

865.00 10

Be + NL -1.66 x 107> | 10.3 0.82 537.6 54.4 (-)873.58 | 5
Deviance® 8.58 5 0.87

(=2 log) Maximum likelihood values for the linear (A) and ellipsoidal (B) gradient
model fitted to the Belgian (Be) and Dutch (NL) data. Deviance between linear
and ellipsoidal gradient = 7.98, d.f. = 2, p = 0.98. Hence, the ellipsoidal gradient
model performs significantly better than a linear gradient model.

@ Separate gradients for each region (Be; NL) and single joint gradient (Be + NL)
compared in likelihood ratio test: in both cases no significant difference

(p < 0.95).

b Constant prevalence model (a = 0): ¢ = —1.74, corresponding to an overall
prevalence estimate of 14.9%.

The maximum likelihood gradient for the joint Belgian and Dutch observations,
superimposed on a map of the region is given in Fig. 1. This figure shows that E.
multilocularis positive foxes were detected more often in southern Belgium, near
the border to France and Germany in comparison with northern Belgium. In The
Netherlands, the sampling density was relatively high compared to Belgium, but
the prevalence appears similar to the adjoining area in Belgium. Model analysis
suggested that the prevalence in northern parts of Belgium near the Dutch border
and northward is low, possibly 0.1% or less, while the epicentre of E.
multilocularis infection may be situated southeastward, i.e. in Germany (Fig. 1).
The estimated prevalence in the southernmost part of Belgium (i.e. near the
border with France and Germany) is approximately 40% and decreases to
approximately 10% near the border with Limburg in The Netherlands. Fig. 2
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shows a three-dimensional graph of the same prevalence gradient, with a (95%)
confidence range to illustrate the strength of evidence for the existence of a SE-
NW gradient in the prevalence of infected foxes.

3.2. Temporal analysis of the spatial distribution of E. multilocularis in
southern Belgium

Table 3 shows the results of the temporal data analysis of southern Belgium. The
overall prevalence of E. multilocularis in foxes is high (23-28%) until 2000. In
2001, there is a drop in prevalence, followed by a slight increase in 2002. A series
of constant (i.e. spatially uniform) prevalences provided a poor description,
whereas an ellipsoidal gradient with only the scale parameter different by year did
not fit significantly worse than an unconstrained model leaving all five parameters
(i.e. a-c and xq and yq) free for each year (see Table 3 for details). Fig. 3 shows
successive contour graphs of the prevalence gradient of E. multilocularis in foxes,
based on data from southern Belgium. The sizes of the contours in Fig. 3 indicate
an increasing prevalence until 2000 (note, for instance, the shift of the 0.01
contour), whereas in 2001, the 0.01 contour decreased in size. In 2002, this 0.01
contour has increased again slightly. Note that only the scale parameter needs to
be changed among graphs; location and eccentricity of the ellipsoidal gradients
can be kept the same. The resulting series of gradients provided a strong
improvement in goodness of fit compared to a single, stationary gradient fitted to
the whole series, while the deviance from a model where all five parameters (i.e.
a-c and xp and y,) were fitted separately for each year was not significantly
better (deviance = 20.48, d.f. = 16; p = 0.80). The series of gradients fitted to
the successive years (1998-2002) for southern Belgium indicated a distinct
increase in prevalence in the southermost part of the country from 1998 until
2000 accompanied by a spread of E. multilocularis in northwestern direction. In
2001, there appears to be a sharp decrease, whereas in 2002, we find a higher
prevalence again, as seems obvious from the overall prevalences given in Table
1.

Table 3.

Prevalence gradients for Echinococcus multilocularis in Red foxes for 1998-2002:
successive years

Year | i A ‘ X Vo |

! Constant prevalence?

| 1998 | O - -1.17 | - - 249.62
1999 | 0 - -1.23 | - - 136.98
2000 | O - -0.95 | - - 157.27
2001 | O - -2.37 | - - 109.26
2002 | O - -1.59 | - - 129.03

[

Total 782.16
[
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Year

Full model

1998 | —3.53 x 107% | 118.91 | 17.06 | 2459.0 | 43.8 | 212.06

1999 | -9.41 x 107 | 11.32 5.81 1035.1 | 22.5 | 127.83

2000 | —2.33 x 107™* | 0.79 0.40 234.0 |44.5|137.74

2001 | —-2.60 x 10™* | 3.04 -0.19 | 256.1 91.0 | 90.57

2002 | —2.70 x 1073 | 0.20 0.10 219.9 84.6 | 104.42

Total 672.61

Shared parmeters®

1998 | —2.39 x 107 | 4.28 —0.20 | 265.3 76.9 | -
1999 | —1.06 x 107 | 4.28 —0.20 | 265.3 76.9 | -
2000 | —8.82 x 107 | 4.28 —-0.20 | 265.3 76.9 | -
2001 | —1.44 x 10™* | 4.28 —0.20 | 265.3 76.9 | -
2002 | —1.44 x 107* | 4.28 —0.20 | 265.3 76.9 | -
Total 693.09

Maximum likelihood values for the ellipsoidal gradient model fitted to the time
series data from the southern part of Belgium.

@ Constant prevalence (a = 0): prevalences 23.7, 22.7, 27.8, 8.6 and 16.9% from
1998 to 2002, respectively.

® The full model fitted to the data for each separate year can be compared to a
model with all parameters shared except the ellipse scale parameter a (bottom
block). The deviance (693.09-672.61) can be tested in a likelihood ratio test: the
difference in —2 log-likelihood is 20.48; this deviance is asymptotically x*-
distributed with d.f. =5 x5 — (5 + 4) = 16and p = 0.80, meaning that the more
parsimonious model with shared parameters does not lead to a significant
decrease in goodness of fit.
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Fig. 3. Prevalence contours (x100%) of Echinococcus multilocularis in foxes from
Belgium over the period 1998-2002. (+) symbols represent uninfected foxes and
(X) symbols represent infected foxes.
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4. Discussion

In Belgium and the southern part of The Netherlands, E. multilocularis infection is
most frequently found in the southeastern part of Belgium. This was confirmed by
a spatial analysis of the distribution patterns. The results indicate that
prevalences in northwestern areas are very low (<1%) whereas prevalences in
southeastern areas may be much higher (>30%). Using the same spatial analysis
technique, we showed that the fitted gradient is continued across the national
border, in a contiguous area in the southern part of the province of Limburg in
The Netherlands. To our knowledge this is the first study analysing transnational
data to study the spatial distribution of E. multilocularis infection across nation
borders and we have established a consistent spatial gradient across the
complete examined region. Joining data may greatly enhance the potential for
spatial analysis because an increased scale allows the detection of spatial
patterns which may remain undetected when smaller regions would be considered
separately (van der Giessen et al., 2004b).

The spatial analysis used in this paper is different from other methods, like
kriging or conditional autoregressive (CAR) models for spatial smoothing
(Venables and Ripley, 1994 and Gilks et al., 1996), in that we only consider
large-scale variation in prevalence and not local patterns. This makes the gradient
method less dependent on data abundance, or uniformity of sampling, though
obviously at the expense of spatial resolution. At the margin of the endemic
region of the parasite we were mainly interested in the probability that a fox is
infected and how this probability changes when we move away from the endemic
region. In a low (or non-)endemic country most of the sampled foxes will be
uninfected providing little information on the spatial distribution of E.
multilocularis. A logistic gradient then provides a simple screening method for
finding coarse spatial patterns, especially in areas at the margin of the endemic
region, to find the direction where the prevalence changes most rapidly. As
several of such marginal regions exist in Europe due to the highly heterogeneous
spatial distribution of E. multilocularis in foxes (e.g. Giraudoux, 1991 and
Tackmann et al., 1998), application of the gradient method may be useful for
scientists concentrating on (possibly) newly endemic regions at the margin of
established endemic regions. The specific regression equation that is chosen can
be easily adapted to the geometry of the studied region. A previous analysis on a
smaller scale used a linear model (van der Giessen et al., 2004b). However, in
the present study a linear gradient performed poorly (see Table 2A). Hence, in
relatively large areas a linear gradient model may become too restrictive and an
ellipsoidal gradient model may prove better.

The data of the province of Limburg in The Netherlands appeared to fit well into
the spatial pattern of the Belgian infected foxes, although sampling in Limburg
province was in 2002-2003, whereas the Belgian data were collected from 1996
to 2002. The spreading pattern found in southern Belgium indicates a tendency
for migration into northwestern direction and not in northeastern direction, where
the province of Limburg is situated. During the last two decades both the
distribution range and population densities of the Red fox increased rapidly in
northern Belgium (Vervaeke et al., 2003). In the same period, high prevalences
of E. multilocularis were reported in southern Belgium (Brochier et al., 1992,
Losson et al., 1997 and Losson et al., 2003). Thus, the overall increase in
prevalence of E. multilocularis in foxes southwards may indicate that the
expanding fox population from southern to northern Belgium (Vervaeke et al.,
2003) is accompanied by an increasing infection pressure of E. multilocularis. The
parasite may be starting to migrate northwards, as suggested by the low
prevalence and patchy distribution of E. multilocularis in northern Belgium that is
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likely to be due to a recent range extension of E. multilocularis in these areas
(Vervaeke et al., 2003). In the province of Limburg in The Netherlands, the
prevalence of E. multilocularis in foxes decreases in northern direction, also
indicating that the parasite might have spread from southern Belgium across the
border into areas in the south of The Netherlands (van der Giessen et al., 1999,
van der Giessen et al., 2004a and van der Giessen et al., 2004b).

Furthermore, the analysis of annual changes in spatial distribution for a subset of
the data from south Belgium revealed an indication of an increase in prevalence
as well as a northwestern motion from 1998 to 2000. This temporal pattern may
be consistent with the spread of E. multilocularis northwards from southern
Belgium. The sudden drop in prevalence in 2001 still remains to be explained.
Although the spatial pattern does not seem to change (Table 3 and Fig. 3), the
proportion of positive foxes (i.e. 8.6%) is approximately one-third of that of 2000
(i.e. 27.8%). In 2002, the prevalence is somewhat higher again, still not reaching
the level of 1998. Collection and investigation of foxes were not markedly
different in 2001 and 2002, compared to the previous years and it seems unlikely
that the apparent decrease in prevalence is caused by lower detection rates
because the detection method was the same for all studies. The observed
differences in prevalence may reflect natural variation due to fluctuations in the
fox or rodent populations. If so, a smaller time-scale may provide better
information on the changes in spatial spreading.

Interestingly, our results confirm those of van der Giessen et al. (2004b) who
studied the spatial distribution of E. multilocularis in the northern part of The
Netherlands (province of Groningen). In that study, the prevalence of E.
multilocularis appeared to change strongest in east-west direction and was
highest near the German border, adjacent to a German endemic area. Both this
study and ours suggest that the border areas in The Netherlands are the most
margin of E. multilocularis territory. The spatial gradient and temporal
fluctuations in prevalence of E. multilocularis in the Red fox found in this study
may support the hypothesis of Tackmann et al. (1998) that the spread of E.
multilocularis over long distances is due to foxes dispersing from endemic areas.

Finally, an implicit assumption in the modeling of our data is that the population
was stable during the period with respect to host characteristics which (i) almost
certainly does not reflect the natural situation (for instance, E. multilocularis
distribution is patchy in fox populations (Eckert et al., 2001 and Vervaeke, 2004)
and (ii) allows the estimation of global prevalence, but not of local prevalence.
Hence, we cannot speculate on the effects of, for instance, age structure of the
fox population on the increase or decrease of prevalences. Moreover, foxes were
collected over unequal (though overlapping) periods and were not collected
randomly. Rather, sampling depended on the availability of road-traffic victims
and foxes killed by hunters so that foxes may be clustered at places where they
tend to die (e.g. main roads), not necessarily where they live. However, any
additional local model may be applied in an additive way. For instance, the fixed
trend component in a kriging model may be our ellipsoidal gradient. Unfortunately
sampling densities differ a great deal between regions, with extremely low
numbers of foxes in the northwestern part of Belgium precluding any precise local
analysis of spreading patterns. Models employing local spatial structure that
correlate prevalence with landscape (e.g. land use) and ecological (e.g. age
structure of fox population, susceptablility to E. multilocularis, gender, ...)
features will provide invaluable additional information on local prevalences and on
the factors that are responsible for the spread of E. multilocularis. This will help in
the decision-making of whether (and when) or not to implement and to evaluate,
preventive measures for E. multilocularis. In this way, our and other models could
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help in the prediction, monitoring and prevention of human AE.
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