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SUMMARY

Although veterinary authorities aim to limit persistence of classical swine fever (CSF) in wild
boar (Sus scrofa), to avoid potential transmission to pigs, factors influencing CSF transmission
and persistence are not clearly understood. Here we analyse incidence and persistence in a CSF
epidemic that occurred in the French Vosges Forest. Higher incidence was found in large forests
compared to smaller isolated ones, being highest near the starting point of the epidemic, but
poorly related to the local density. We hypothesize that the spatial and social structure of wild
boar populations may be responsible for this variability of incidence over space. Persistence

was highest near the starting point of the epidemic and where initial density was highest.

We hypothesize that persistence was favoured by the abundance of young wild boar, itself
encouraged by CSF. Our results allow us to propose management measures aimed at limiting

CSF persistence.

INTRODUCTION

Classical Swine Fever (CSF) is a viral disease affect-
ing wild and domestic swine worldwide. Outbreaks
occurring in domestic pigs entail severe losses to
the pig-farming industry because the virus is highly
contagious and may cause 20-90 % mortality [1, 2].
Massive slaughtering is required to eradicate it and
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CSF-free countries restrict pig trade during out-
breaks. For example, an outbreak in 1997 in The
Netherlands caused more than 2.5 billion euros of
losses [3]. Free-ranging populations of European wild
boar (Sus scrofa) are regarded as potential reservoirs
of CSF [4]. As CSF virus is able to survive in fomites
and meat for several months [5], cross-contamination
between pig and wild boar may occur either through
direct contact between wild boar and domestic swine,
or through the introduction of contaminated feed.
In Germany, 46 % of primary outbreaks recorded in
domestic pigs between 1993 and 1997 were ascribed
to contact with wild boar [6]. Thus, characterizing
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Fig. 1. Relationship between classical swine fever (CSF)
persistence (months with virus isolation, log-transformed)
and estimated population size (log-transformed) among
epidemics of CSF in wild boar [7, 11-13, 18, 22]. Pearson
R*>=0-860, P<0-001.

CSF epidemiology in wild boar would be a prelimi-
nary step towards its control.

A first aspect of CSF epidemiology in wild boar
that warrants attention is the variability of disecase
incidence. Incidence is supposed to depend on the
rate of contact between susceptible and infected indi-
viduals [4, 7]. Under the assumption that transmission
among wild boar occurs mainly through direct con-
tact, mathematical models predicted that CSF inci-
dence would increase with host density and that CSF
would become extinct under a threshold density of
susceptible hosts [8, 9]. We thus aimed to study the
density-dependence of incidence. We also thought
about the evolution of incidence in space and aimed
to test the effect of connectivity among habitat patches
which has been demonstrated to be of major import-
ance in other host—virus systems [10].

A second aspect of CSF epidemiology in wild
boar worthy of note is disease persistence. With the
exception of Sardinia, where particular conditions of
mixing occur between domestic and wild pigs, CSF
is epidemic and unavoidably becomes extinct after
one or several years [4, 7, 11, 12]. The comparison of
different epidemics in wild boar shows that time to
extinction is strongly correlated to population size
(Fig. 1) [4, 7, 13]. Several mechanisms may explain
this relationship between population size and disease
persistence. A first mechanism may be related to
population renewal, because CSF infection induces
either rapid death or recovery with life-long immun-
ity, so that new susceptible hosts are required for the
virus to persist [14-16]. According to the concept of
‘critical community size’, larger populations would
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be at risk of longer persistence because they produce
many piglets which increases the pool of susceptible
individuals [2, 4, 14, 17, 18]. Alternatively, the largest
wild boar populations can experience high density,
therefore, density has to be analysed in addition to
population size [2, 7]. Other factors may also alter
persistence such as birth rate and connectivity among
habitat patches. Field studies showed that popu-
lations subjected to intensive hunting pressure ex-
perienced long persistence, possibly because hunting
pressure maintains a high birth rate through density-
dependence [9, 11, 14]. Finally, connectivity among
habitat patches may act on persistence by affecting
the rate of infectious contacts among subpopu-
lations [19].

In this paper, we aimed to investigate factors
related to incidence and persistence at the level of
one epidemic that occurred in France between 1992
and 2001 [20-22]. This epidemic emerged in early
1992 in the municipality of Philippsbourg and spread
during 2 years. Incidence then slowly decreased; no
viropositive case was detected after 1997 and the last
young seropositive was detected in early 2001 [22]
(Rossi et al., unpublished observations). From 1992
up to 2001, infection was monitored at the scale
of the municipality, which allowed us to study inci-
dence and persistence among spatial units. We tested
whether incidence and persistence were influenced
by wild boar density (D,), distance from the starting
point of the epidemic (Dist) and connectivity to a
large forest (Connect) that we assumed as represen-
tative of connectivity among wild boar subpopu-
lations.

MATERIALS AND METHODS
Study area and sampling

The study area is located in North-eastern France
(Fig. 2) and was defined by veterinary authorities
at the beginning of the epidemic (January 1992) in
order to follow-up the progress of the epidemic.
Motorways, rivers, urban zones and the borderline
with Germany constitute the limits of the study area,
which covers over 3030 km? including 1180 km? of
woodland [22]. Data were obtained according the
recommendation of the European Community [23].
Since January 1992, two zones were delineated: the
infected zone included all municipalities where viro-
positive cases (see below for definition) had been
encountered during the preceding 6 months, while
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Fig. 2. Survey area and distribution of municipalities
according the three types of connectivity to a large forested
area (Connect).

other municipalities of the area constituted the control
zone. The sampling plan intended to include all wild
boar that had been shot in the infected zone, at least
30% of the individuals that had been shot in the
control zone and all wild boar that had been found
dead in the whole area. Sampling ended in January
2002 because no incident case (see below for defi-
nition) had been discovered during 1 year. For each
individual boar, a questionnaire was completed, and
the spleen and a blood sample were collected.

Laboratory diagnosis

A two-step procedure was adopted to detect CSF
virus (CSFV) in the spleen. A first screening was
performed using a commercial ELISA (Serelisa HCV
Ag Mono Indirect, Synbiotics Europe, Lyon, France)
to detect CSFV p-125. This first test was performed by
local laboratories. All positive or doubtful ELISA
samples were sent to the French reference laboratory
for CSF [(AFSSA), French Agency for Food Safety,
Maisons-Alfort, France] in order to perform virus
isolation. Virus isolation is the reference method
defined by the European Community as it maxi-
mizes both sensitivity and specificity [23]. Thus, in-
dividuals were considered definitely viropositive
when showing a positive reaction to ELISA and virus
isolation.

In sera, the French reference laboratory searched
for anti-CSFV antibodies using a neutralization per-
oxidase-linked assay [23]. This test is more sensitive
and specific than other available serological methods.
Additionally the AFSSA differentiate CSFV and
the closely related bovine viral diarrhoea virus by the
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comparison of serum titres regarding both viruses
[24]. Seropositive cases included animals showing
positive reaction at a 1/10 dilution with CSFV.

Definition of incidence and persistence

From March 1992 to February 2001, time (¢ in years)
was partitioned into nine 12-month periods. This
partition was done to include one reproduction period
(from March to September) and the entire follow-
ing hunting season (from October to February) in
a given year (following recommendations of local
game experts). Incidence and persistence were the
two variables analysed in this study. We estimated
incidence as the frequency of viropositive animals in
our sample in a given year. This frequency estimates
the proportion of wild boar that were infected a few
weeks before being killed because the virus is no
longer detectable in the spleen after a few weeks [2].
We studied risk factors of incidence at the individual
level.

We estimated persistence as the number of years
between the first and the last incident case detected
in a given municipality. We classified as incident
cases all individuals that had definitely been infected
within a year, i.e. any viropositive individual, any
seropositive individual during 1992, and any young
seropositive after 1992. After 1992, seropositive indi-
viduals older than 1 year could not be classified as
recently infected because antibodies are lifelong
[2, 25]. We analysed the variability of persistence at
the municipality level.

Explicative variables
Individual characteristics

Age (Age), gender (Gender) and capture method (Cap,
hunted, found dead) were recorded in the question-
naires completed by hunters and taken into account
as potential confounding variables in the analysis of
incidence. We defined three age classes (young, sub-
adult, adult) according to coat colour and body mass,
in accordance with previous field studies [26]. Young
individuals were all reddish-brown coated or strayed
wild boar and were assumed to be aged <12 months.
Subadult individuals were all black-coated wild boar
whose carcass weighed <50 kg, supposedly corre-
sponding to 13- to 24-month-old animals. Black-
coated wild boar with carcass heavier than 50 kg were
called adult, i.e. considered >24 months old.
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Municipality characteristics

The spatial unit was the municipality and the location
of a municipality was assimilated to its centroid co-
ordinates (x;, y;). We aimed to study the influence of
Dist, Connect and host density on incidence and per-
sistence. We calculated the distance from the starting
point of the epidemic (Dist, in km), i.e. the distance
between the centroid of each municipality and the
centroid of Philippsbourg municipality where the first
infected wild boar has been reported [20].

Wild boar are most often found in forested areas,
so the fragmentation of forests may lead to the frag-
mentation of wild boar populations into subpopu-
lations [27]. Thus, we defined three classes of Connect
in order to describe connectivity among subpopu-
lations (Fig. 2). When completely included within
large continuously forested areas (Vosges forest,
815 km?; Haguenau forest, 370 km?), municipalities
were classified as type 4. Type B included munici-
palities on the borderline between continuously for-
ested areas and open areas. Outside of large forested
areas, municipalities were classified as type C. In
type C municipalities, forest cover is not continuous,
therefore animal contacts and dispersal among mu-
nicipalities are assumed to be limited compared to
municipalities belonging to large forested areas
(type A) [27]. Thus, we hypothesized that CSF trans-
mission would be facilitated in type A compared to
type C, entailing higher incidence and persistence in
type A compared to type C. Type B municipalities
would exhibit an intermediate situation.

Hunters declared their hunting bag per year and
per municipality. In each municipality, we considered
hunting bag per hectare as an estimator of the local
density of wild boar (D, at ). No data were available
to compare hunting pressure among municipalities.
We thus hypothesized that hunting pressure was
identical in all municipalities. We used the hunting
bag of the 1991-1992 hunting season as an estimator
of density before the epidemic (initial density, D).

Statistical analysis
Factors related to CSF incidence

We analysed the effect of seven variables on incidence.
The effects of Age, Gender and Cap were tested to
account for individual differences in susceptibility
to CSFV and adjust for discrepancies in the sample
structure. Then we tested the effects of ¢, Dist, Con-
nect, and D,. We built all possible models including
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variables and interactions and selected the model
with the lowest Akaike’s information criteria (AIC)
value. When models had close AIC we retained the
most parsimonious model, i.e. with less parameters.
We tested the goodness-of-fit of the chosen model
by comparing its deviance to the deviance of the
null model. The chosen model was also examined by
testing differences between modalities of qualitative
variables with Wald tests [28, 29].

We tested the effects of density measured before
t (D3, D, 5 and D, ;) using a logistic regression in
order to test the density-dependence of incidence. By
testing the effects of density measured at ¢ or after
t (D, D;y1, D,y and D, 3) we aimed to test whether
incidence during a given year affected D, in the fol-
lowing years. We then represented model coefficients
and their confidence intervals on a correlogram.

Factors related to persistence

Regarding persistence, we tested the effects of Dist,
Connect, D,. The effect of factors were tested with
linear modelling, using an ascendant process. Models
were compared using F tests and the quality of the
chosen model was assessed by measuring the pro-
portion of variance explained (R?). All statistical
analyses were performed with Splus 2000 software
(© 1988-1999 Mathsoft), using a threshold P value
of 0-05.

RESULTS

During the 9 years of survey, 215 spleens and 62 sera
were collected and tested from wild boar that had
been found dead. However, the sampling was not
evenly distributed: 126 samples were collected from
March 1992 to February 1993, and less than 30 per
year thereafter. During the same period 15593 spleens
and 8013 sera were analysed from hunted wild boar.
In average 1808 hunted wild boar were sampled each
year, with a minimum of 925 in the second season
(1993-1994) and a maximum of 2495 in the third year
(1994-1995). In the first season (1992-1993) hunters
sampled proportionally less young wild boar than
in other hunting seasons (P <0-001).

Risk factors of infection

No viropositive case was discovered after 1997 [22],
we therefore tested the effects of risk factors on
incidence using data from 1992 to 1997, including
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Table 1. Coefficients of the final model chosen to
explain incidence

P value

Coefficients (Wald
Variable class (s.E.) test)
Intercept —0-94 (0-57) 0-099
Capture method, Cap 1-:54 (0-41) <0-001
Time: t (year) —0-84 (0-13) <0001
Age 1: subadults vs. youngs —2-17 (0:63) <0-001
Age 2: adults vs. youngs —3-89 (1-:23) < 0-001
Distance : Dist (km) —0-02 (0-01) 0-045
Initial density: D, —6-79 (10,01) 0-498

(hunting bag/ha)

Connect 1: type B vs. type A 1-80 (0-81) 0-026
Connect 2: type C vs. type A —4-11 (1-35) 0-002
Connect 1 X time t —0-49 (0-30) 0-102
Connect 2 x time t 0-79 (0-28) 0-:005
Connect 1 x Dy —59-15 (32:99) 0-073
Connect 2 x D, 128-04 (49-25)  0-009
Age 1 x Time 0-41 (0-22) 0-062
Age 2 x Time 0-91 (0-29) 0-002

The variables Age, Age; capture method, Cap; time, ¢; dis-
tance from the starting point of the epidemic, Dist; initial
density, D,; connectivity to a large forest, Connect; and
three interactions: Age xt, Connect x t, Connect x Dy had
significant effects. Coefficients (log of the odd ratios) are
given with their standard error (s.e.) and P values of
the corresponding Wald tests. Significant Wald tests are
in bold.

10011 shot and 165 found dead wild boar. We
retained a model including the effects of Cap, Age,
t, Dist, Connect, Dy, and three interactions: Age x t,
Connect x t, Connect x D, (Table 1). Considering
the decrease of residual deviance as a measure of the
goodness of fit, this model explained 28% of the
total variation of incidence.

Regarding individual risk factors, there was no
significant difference between males and females
(P=0-148). As expected, animals found dead were
on average more infected than hunted animals [odds
ratio (OR) 4-66, 95% confidence interval (CI) 2-09—
10-42]. Incidence was higher in young animals (<1
year) than in subadult (OR 8:76, 95% CI 2-55-30-11)
and adult individuals (OR 4891, 95% CI 4-89-
545-01). But there was no significant difference be-
tween subadult and adult individuals (P=0-197). The
difference of incidence among age classes decreased
over time (interaction Age x f) (Fig. 3).

At the level of the whole survey area, incidence
decreased over time ranging from 3-5% in 1992-1993
to less than 0:3% in 1997-1998. Incidence also
decreased when Dist increased.
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Fig. 3. Analysis of incidence: representation of the interac-
tion between (a) Connectivity to a large forest (Connect),
and initial density (Dy), (b) Connectivity to a large forest
(Connect), and time (7).

Incidence was higher in type A and type B munici-
palities compared to type C municipalities when D,
was below 2-5 shot individuals per 100 hectares, i.e.
in most of the range of initial densities observed in
type C municipalities (OR4,c 60-95, 95% CI 4-32-
859-20; ORp),c 370-04, 95% CI 21-03-6509-90).
Incidence was also higher in type B than in type A
municipalities (ORg/a 6:05, 95% CI 1-24-29-59).
However, Connect interacted with D, and ¢ (Fig. 3).
In type A and type B municipalities, incidence was
not significantly related to D,, but significantly de-
creased over time. On the contrary, in type C mu-
nicipalities, incidence was positively related to Dy
but showed no temporal trend. The examination of
incidence curves revealed that the survey period
included only the decreasing phase of the epidemic
in types A and B municipalities, but the complete
epidemic curve in type C municipalities. For this
reason we observed no significant temporal trend in
type C municipalities.
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Table 2. Coefficients of the final model chosen to
explain persistence

P value
Variables Coefficients (s.E.) (¢ test)
Intercept 3:36 (1:06) 0-002
Distance : Dist —0-007 (0-008) 0-396
Initial density : D, 1-390 (0-391) <0-001
Dist x D, —0-009 (0-003) 0-008

The distance from the starting point of the epidemic, Dist;
initial density, Dy; and the interaction Dist x D,, had sig-
nificant effects. Coefficients (log of the odd ratios) are given
with their standard error (s.e.) and P values of the corre-
sponding Wald tests. Significant Wald tests are in bold.

Dt 3 DI—Z Dt—l Dl Dt+l Dl+2 DI+3

L
PR R
BN e NV R U N

Coefficients (log of OR) and their
confidence intervals

Density D, (hunting bag/ha) at time # (year)

Fig. 4. Correlogram corresponding to the relationship be-
tween incidence measured at time z, and density measured at
time t—3, t—2, t—1, t, t+1, t+2, t+3 (hunting bag/ha).
Coeflicients significantly different from zero are in grey.

Relationship between incidence and population density

Incidence at ¢ was significantly and negatively related
to D, at t and D, at r+1, but was not related to
density at time D,,,, D, s, D;_y, D,_, nor D, _,
(Fig. 4). So the relationship between density and
infection was negative and was always contempor-
aneous or posterior to disease occurrence. These
results suggest that infection depressed density, but
do not support the hypothesis of density-dependence
of incidence. The disappearance of a significant re-
lationship at #+2 suggests that infection influenced
D, for no longer than 2 years (f and ¢+ 1).

Disease persistence

We analysed the persistence of CSF for 9 years among
60 municipalities. We retained the model including
the effects of Dist, Dy, and the interaction between
Dy and Dist (Table 2). However, we cannot rule
out the effect of Connect on persistence, because the
effect of Connect was confounded with the effects
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Fig. 5. Analysis of persistence: representation of the inter-
action between distance from the starting point of the epi-
demic (Dist), and initial density (D).

of Dist and D,. Our final model explained 44-3 % of
the persistence variability in our dataset (R?=0-443).

Persistence was positively correlated with D,
(Fig. 5). Persistence was also negatively correlated to
Dist. Finally, we observed a correlation between D,
and Dist: Dy had a stronger positive influence on

persistence near the starting point of the epidemic
(Fig. 5).

DISCUSSION

We first discuss which factors influence CSF incidence
and whether disease has any influence on wild boar
population dynamics. We then discuss how incidence,
population dynamics and other factors may interact
to influence disease persistence and which manage-
ment strategies may help to prevent CSF persistence
in the long term.

CSF incidence

We probably underestimated the true level of inci-
dence because the ELISA-Ag test used for screening
is less sensitive than virus isolation or PCR [24].
However, we assume this underestimation did not
affect the analysis of risk factors. Concerning the
variation of incidence in space and time, our analysis
put forward the effects of ¢, Dist, Connect, D,, and
two interactions: Connect x t and Connect X Dy.

We observed a decreasing trend of incidence over
time, which corresponds to the decline of the epidemic
which was also observed in other CSF epidemics
[4,7,12,18, 30, 31]. Three hypotheses may explain the
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decrease of incidence over space from the starting
point of the epidemic. First, the effect of Dist may be
confounded with the effect of Dy which also decreased
over space (R?: Dy— Dist=0-217, P<0:001). Such a
decline of host density may alter the transmission
of contagious parasites [32-35]. However, our data
showed no indication that host density (either D,,
D,_3, D,_,, D,_, or D,) positively influences sub-
sequent incidence, except in type C municipalities
which exhibit particular isolation and low D, A
second hypothesis is that the virulence of CSFV may
decrease over time so that municipalities distant from
the starting point of the epidemic should be infected
by less virulent strains [7, 22]. However, virulence of
CSFV strains remained stable during many other wild
boar epidemics [36, 37]. Our third hypothesis is re-
lated to the spatial structure of wild boar populations.
Wild boar are sedentary and live in social groups in-
cluding females and young individuals while adult
male are generally solitary [27]. We thus hypothesize
that infectious contacts are more frequent within than
between groups. This structure may correspond to the
spatially designed epidemiological model developed
by Bailey [38] that considers a host population struc-
tured in groups of equal density. This model predicts
a decline of incidence from the starting point of an
epidemic when the contact rate between groups is
under a threshold level. Thus, although the effect of
density cannot be ruled out, we advocate that host
population structure is a major determinant of CSF
incidence. The specific influence of social structure of
host population could be tested through adapted
mathematical modelling.

As expected, incidence was lower in small isolated
forests (type C) than in large continuous forests
(types A and B). Thus, besides the probable effect of
wild boar social structure on incidence we also assume
an effect of forest continuity by altering the connec-
tivity among wild boar subpopulations. This effect
of connectivity could be also tested through models.

Impact of CSF on host population dynamics

Our analysis of incidence revealed the impact of CSF
on wild-boar population dynamics. We first hypoth-
esize that CSF caused important mortality in wild
boar because incidence was higher in animals found
dead than in those shot [31, 39]. This hypothesis is
supported by the negative correlation observed be-
tween incidence and density at ¢ and 7+ 1. Incidence
was not related to density at 7+ 2, which suggests that
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CSFV depressed D, for up to 2 years. However, the
impact of CSF on D, may have been overestimated
because intensive hunting was requested of the hunt-
ers in 1992 which possibly aggravated the density
crash in 1992 [20-22]. Hunters then planned to allow
the population to renew after the epidemic peak,
therefore, hunting pressure may have declined in 1993
and 1994. Thus, the decline of the hunting bag prob-
ably overestimated the true decline of density so we
cannot accurately estimate the importance of the de-
cline of density.

Incidence was also higher in young than in older
individuals, which is consistent with the high recep-
tivity of young wild boar to CSFV [2, 17, 18, 31]. The
high incidence in the young combined to the high
lethality of CSF in piglets [2, 17] suggests that young
(<1 year old) died more frequently of CSFV than
older animals. This assumption was sustained by the
low proportion of young animals shot during 1992
compared to all other hunting seasons. Thus, besides
its influence on density, CSF probably modified the
age structure of the population. The effect of age on
incidence decreased over time so that we hypothesized
that the impact of CSF on age structure was also
temporary. Two mechanisms may explain the de-
crease of incidence in young wild boar over time.
First, newborn piglets were protected by maternal
antibodies by as soon as 1993. CSFV may then have
exerted a selective pressure during the following years
by favouring the survival of individuals resistant to
CSFV.

We conclude that CSF temporarily modified den-
sity and age structure in the wild boar population,
importantly in municipalities where incidence reached
the highest values. These modifications of age and
density might entail an increase of the birth rate dur-
ing 1 or 2 years [40]. We thus hypothesize a probable
increase of the birth rate after a CSF epidemic. Below,
we ask whether this mechanism may explain varia-
bility in persistence, and why.

CSF persistence

We probably underestimated persistence by remov-
ing from incident cases the seropositive individuals
older than 1 year. However, we assumed this under-
estimation did not affect the analysis of risk factors.
In our analysis persistence was negatively correlated
to Dist, and positively to D,. The effect of density
was strongest near the starting point of the epidemic,
and the effect of habitat connectivity Connect, was
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confounded with the effects of Dist and Dy,. We pro-
pose that, by depending on the availability of new
susceptibles, persistence was influenced by population
size and birth rate. First, we cannot rule out the ef-
fect of Connect, and population size. Persistence
was longest in types A and B municipalities where
connectivity among subpopulations was assumed to
be highest, i.e. where a large number of wild boars
could get in contact. This interpretation agrees with
the concept of critical community size (Fig. 1) [13, 41],
but it does not account for the highest persistence
of CSF near the starting point of the focus, above
all in municipalities with highest D,. We propose
the following scenario: we hypothesize that munici-
palities with the highest D, corresponded to wild boar
subpopulations close to habitat-carrying capacity,
where density-dependence negatively affected the
birth rate before disease arrival [40]. In those munici-
palities the birth rate may have increased when a large
number of animals died of CSF, i.e. in municipalities
with highest incidence peaks. Such an increase in the
birth rate may have favoured disease persistence be-
cause the piglets born after the epidemic increased
the pool of new susceptible individuals.

Obviously our analysis is not complete and other
factors remain to be explored like the social structure
of wild boar, the seasonal distribution of births, par-
ticular hunting methods, or the clustering of wild
boar on permanent feeding places, that may influence
CSF persistence by influencing the network of infec-
tious contacts [41].

Conclusion

For veterinary authorities the key point of CSF
management in wild boar is to control persistence.
According to our previous discussion any measure
limiting the availability of new susceptible boars
should favour a rapid extinction of CSF. Thus, a first
objective should be to limit population size and birth
rate by shooting a large part of the population in-
cluding reproductive females. However, this method
may be dangerous if insufficient animals are shot
or it is not continued over the long term because a
temporary decrease of density may positively affect
the birth rate and persistence through density-
dependence. A limitation of artificial feeding could
be proposed in order to limit fertility and survival, but
artificial feeding has not yet been demonstrated as a
determinant factor of population dynamics in wild
boar. Moreover, measures could be implemented to
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limit connectivity among forest patches in order
to limit population size. This could be achieved by
reinforcing existing barriers or positioning artificial
fences [4, 7, 9, 11, 40]. Moreover, other management
methods like oral vaccination should at least be
explored in the field.

ACKNOWLEDGEMENTS

The French Ministére de I’Agriculture, de I’Alimen-
tation, de la Péche et des Affaires Rurales funded the
monitoring of CSF from 1992 to 2001 and supported
the research of Dr Rossi during the four years of
study (research grant no. S00/41, ‘analyse et mod-
élisation de la peste porcine et de la brucellose porcine
du sanglier sauvage’). For data collection in the field,
the authors acknowledge the hunters and the Féd-
érations Départementales des Chasseurs (FDC), the
field agents of the Office National de la Chasse et de
la Faune Sauvage (ONCFS) and of the Office
National des Foréts (ONF), the Laboratoires Vétér-
inaires Départementaux (LVD) and the Directions
Départementales des Services Vétérinaires (DDSV)
from the Moselle and Bas-Rhin departements.
Particular thanks to J.-L. Hamann and F. Dej of the
ONCFS who managed data collection.

REFERENCES

1. Dalhe J, Liess B. A review on classical swine fever
infections in pigs: epizootiology, clinical disease and
pathology. Comp Immun Microbiol Infect Dis 1992;
15:203-211.

2. Van Oirschot JT. Classical swine fever. In: Straw BE,
D’Allaire S, Taylor DJ, Mengeling WL, eds. Diseases
of swine, 8th edn. Ames: Iowa State University Press,
1999: 159-172.

3. Meuwissen MPM, Hosrt HS, Huirne RBM, Dijkhuizen
AA. A model to estimate the financial consequences
of classical swine fever outbreaks: principals and out-
comes. Prev Vet Med 1999; 42: 249-270.

4. Laddomada A. Incidence and control of CSF in wild
boar in Europe. Vet Microbiol 2000; 73: 121-130.

5. Edwars S. Survival and inactivation of classical swine
fever virus. Vet Microbiol 2000; 73: 75-181.

6. Fritzemeier J, Greiser-Wilke I, Depner KR, Moennig V.
The epidemiology of classical swine fever in Germany
between 1993 and 1997. In: Report on Annual Meeting
of National Swine fever laboratories, Vienna, Austria,
16-17 June 1997, European Commission, doc. VI/
7888/97.

7. Artois M, Depner KR, Guberti V, Hars J, Rossi S, Rutili
D. Classical swine fever (hog cholera) in wild boar in
Europe. Rev Sci Tech Off Int Epiz 2002; 21: 281-303.


https://doi.org/10.1017/S0950268804003553

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Incidence and persistence of CSF in free-ranging wild boar

Hone J, Pech R, Yip P. Evolution of the dynamics
and rate of transmission of classical swine fever (hog
cholera) in wild pigs. Epidemiol Infect 1993; 108:
377-386.

Guberti V, Rutili D, Ferrari G, Patta C, Oggiano A.
Estimate the threshold abundance for the persistence
of classical swine fever in the wild boar population of
the eastern Sardinia. In: Measures to control classical
swine fever in European wild boar, Perugia, Italy, 6-7
April 1998, European Commission, doc. 1V/7196/98:
54-61.

Grosholz ED. The influence of habitat heterogeneity on
host—pathogen populations dynamics. Oecologia 1993;
96: 347-353.

Rutili D, Guberti V, Ferrari G. Classical swine fever
in wild boar. Evaluation of control measures applied in
Italy and proposal for the future. In: Measures to
control classical swine fever in European wild boar,
Perugia, Italy, 67 April 1998, European Commission,
doc. IV/7196/98: 135-137.

Ferrari G, Guidoni M, Amaddeo D, Autorino GL,
Forletta R. Epidemiology of CSF in wild boars in
Toscana. In: Measures to control classical swine fever
in European wild boar, Perugia, Italy, 6-7 April 1998,
European Commission, doc. IV/7196/98: 62—67.
Grenfell B, Harwood J. Metapopulation dynamics
of infectious diseases. Trends Ecol Evol 1997; 12:
395-399.

Swinton J, Woolhoose MEJ, Dobson A, et al.
Microparasite transmission and persistence. In: Hudson
P, Rizzoli A, Grenfell B, Heesterbeek H, eds. Ecology
of wildlife diseases. Oxford: Oxford University Press,
2002: 83-101.

Mollison D, Levin SA. Spatial dynamics of parasitism.
In: Grenfell BT, Dobson AP, eds. Ecology of infectious
diseases in natural populations. Cambridge: Cambridge
University Press, 1995: 385-420.

Berthier K, Langlais M, Auger P, Pontier D. Dynamics
of a feline virus with two transmission modes within
exponentially growing host populations. Proc R Soc
Lond B 2000; 267: 2049-2056.

Depner KR, Miiller A, Grube RA, Rodriguez A,
Bickhardt K, Liess B. Classical swine fever in wild
boar (Sus scrofa)—experimental infections and viral
persistence. Dtsch Tierdrztl Wschr 1995; 102: 381-
384.

Kern B, Depner KR, Letz W, Rott M, Liess B. Incidence
of classical swine fever (CSF) in wild boar in a densely
populated area indicating CSF virus persistence as a
mechanism for virus perpetuation. Zentralbl Veterinar-
med 1999; 46: 63-67.

Park AW, Gubbins S, Gilligan CA. Extinction time for
closed epidemics: the effects of host spatial structure.
Ecol Lett 2002; 5: 747-755.

Picard M, Burger C, Plateau E, Cruciére C. Classical
swine fever in wild boar: disease behaviour is changing
[in French]. Bull Soc Vét France 1993; 77: 81-97.
Aubert M, Picard M, Fouquet E, et al. Classical swine
fever in wild boar in Europe [in French]. Ann Méd Vét
1994; 138: 239-247.

https://doi.org/10.1017/50950268804003553 Published online by Cambridge University Press

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

567

Cruciére C, Burger C, Gonzague M. Laboratory inves-
tigation of the ‘Massif Vosgien’ CFS wild boar out-
break. In: Measures to control classical swine fever
in European wild boar, Perugia, Italy, 6—7 April 1998,
European Commission, doc. IV/7196/98: 93-97.
Commission of the European Communities. Council
Directive 2001/89/EC of 23 October 2001 on Com-
munity measures for the control of classical swine fever.
Off J Eur Communities 2001; NL316 of 1.12.2001:
5-35.

De Smit AJ. Laboratory diagnosis, epizootiology, and
efficacy of marker vaccines in classical swine fever: a
review. Vet Quart 2000; 22: 181-188.

Matthaeus W, Korn G. Neutralizing antibodies in pigs
experimentally infected with a classical swine fever virus
[in German]. Zbl Bakt 1967; 204: 173—180.

Klein F. Estimating growth rate in wild boar (Sus scrofa)
using capture-mark-recapture data [in French]. Sym-
posium international sur le sanglier, Toulouse (France),
24-26 April 1984. Ed. INRA Publ. 1984: 58-67.
Vassant J, Brandt S, Maillard D, Baubet E. Wild
boar ethology and behaviour. In: Measures to control
classical swine fever in European wild boar, Perugia,
Italy, 67 April 1998, European Commission, doc. IV/
7196/98: 6-16.

Agresti A. Categorical data analysis, 1st edn. New
York: Wiley and Sons, 1990: 734.

Crawley MJ. GLIM for ecologists. Oxford: Blackwell
Science, 1993: 379.

Nettles VF, Corn JL, Erickson GA, Jessup DA. A survey
of wild swine in the United States for evidence of hog
cholera. J Wildl Dis 1989; 25: 61-65.

Hofmann MA, Thur B, Vanzetti T, Schleiss J, Schmidt
J, Griot C. Classical swine fever in wild boar in
Switzerland [in German]. Schweizer Arch Tierheild
1999; 141: 185-190.

Cliff AD, Haggett P. Atlas of disease distributions:
analytical approach to epidemiological data. Oxford:
Basil Blackwell, 1988: 300.

Anderson RM, May RM. Population biology of infec-
tious diseases: part 1. Nature 1979; 280: 361-367.
Blower SM, Roughgarden J. Parasites detect host
spatial pattern and density: a field experimental anal-
ysis. Oecologia 1989; 78: 138—-141.

Arneberg P, Skorping A, Grenfell B, Read AF. Host
densities as determinants of abundance in parasites
communities. Proc R Soc Lond B 1998; 265:
1283-1289.

Lowings JP, Ibata G, De Mia GM, Rutili D, Paton D.
Classical swine fever in Sardinia: epidemiology of
recent outbreaks. Epidemiol Infect 1999; 122: 553-559.
Biagetti M, Greiser-Wilke I, Rutili D. Molecular
epidemiology of classical swine fever in Italy. Vet
Microbiol 2001 ; 83: 205-215.

Bailey NTJ. The mathematical theory of infectious
diseases and its applications, 2nd edn. London: Charles
Griffin & Company, 1975: 175-185.

McCallum HI, Dobson A. Detecting disease and para-
site threats to endangered species and ecosystems.
Trends Ecol Evol 1995; 10: 190-194.


https://doi.org/10.1017/S0950268804003553

568 S. Rossi and others

40. Fowler CW. A review of density dependence in popu- 41. Swinton J, Harwood J, Grenfell BT, Harwood J.

lations of large mammals. In: Genoway HH, ed. Persistence thresholds for phocine distemper virus in-
Current mammalogy. New York: Plenum Press, 1987: fection in harbour seal Phoca vitulina metapopulations.
401-441. J Anim Ecol 1998; 67: 54-68.

https://doi.org/10.1017/50950268804003553 Published online by Cambridge University Press


https://doi.org/10.1017/S0950268804003553

