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Abstract. The increasing awareness of the ecological impact of domestic cats (Felis catus) as wildlife predators has
given rise to much effort in research on cat control, but studies related to the spread of pathogens in natural popula-
tions remain almost non-existent. We aimed to determine the infection strategy of Feline Immunodeficiency Virus
(FIV) in a natural population of cats, focusing on qualitative and quantitative aspects of its transmission. FIV is a
lethal retrovirus infecting cats world-wide, transmitted by bites. It has an interesting potential as a control agent for
this species. We studied an urban population of stray cats over three years, monitoring its epidemiology and its social
and spatial structures. Despite a high cat density, both transmission rate and prevalence of FIV were relatively low.
Socially dominant males were more likely to be infected. In addition, males of the study population were less often
infected than in another population, where a polygynous mating system involved more fights. Infected individuals
lived long enough to acquire the virus and infect another cat. Because they were subordinates, non-infected cats had
a shorter life expectancy, which would not have permitted the spread of FIV. Thus, FIV infected predominantly at-

risk individuals whose social ranking allowed a high probability of retransmitting the virus.

Introduction

The impact of introduced domestic cats (Felis catus) in many
parts of the world is widely recognised as very detrimental to
many small endemic vertebrate species. In addition to entire
continents, domestic cats have successfully invaded at least
118 of the 131 major island groups (Atkinson 1989). In island
ecosystems they exert a high pressure on indigenous fauna
and are one of the most important causes of past extinction
and current endangerment of endemic species (Atkinson
1989; King 1985; Lever 1994; Dickman 1996; Boitani 2000).
Of all introduced carnivore species, the cat is often consid-
ered to be by far the most dangerous for native animals, as
much for its wide prey spectrum as for its efficiency in rapidly
extirpating entire populations (Boitani 2000).

Classical control methods, including shooting, poisoning
and trapping, are poorly cost-effective for feral cats, espe-
cially when accessibility is limited (Bester and Skinner 1991;
Hone 1994). Although it may not be the most suitable solu-
tion for some problem populations, such as those on mainland
Australia and New Zealand where owned cats would be at
risk, biological control is considered a promising alternative
for remote or uninhabited islands (Courchamp and Sugihara
1999; Cleaveland et al. 1999). Success in controlling the
Marion Island cat population by releasing feline panleuco-
paenia (van Rensburg ef al. 1987) has provided an excellent
stimulus for studies to improve this control method. In partic-
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ular, the choice of optimum pathogens is of crucial impor-
tance, calling for empirical studies on the epidemiology of
natural cat populations (Courchamp and Sugihara 1999).
Such studies are strikingly absent from the literature, despite
the strong advocation of biological control (Dobson 1988),
and the evident need to better understand the pattern of spread
and control potential of the more than 30 parasitic species
naturally harboured by cats (Lever 1994).

Among these parasites, Feline Immunodeficiency Virus
(FIV) has recently been considered a potential candidate for
biological control of cats introduced onto oceanic islands
(Courchamp and Sugihara 1999). FIV is a lentivirus that
induces feline AIDS in domestic cats (Pedersen 1993).
Different strains of this virus infect other felid species
(Courchamp and Pontier 1994), but there is no external
desease reservoir for Felis catus. This virus is functionally
analogous to its human homologue, the Human
Immunodeficiency Virus (Bendinelli et al. 1995; Willett et al.
1997; Hartmann 1998), apart from its transmission mode,
which is mainly through bites during aggressive interactions
(Yamamoto et al. 1989; Courchamp and Pontier 1994;
Courchamp et al. 1998). There is no vertical transmission
(from mother to offspring). FIV infection leads to lifelong
antibody (and virus) carriers. The clinical staging of FIV
infection is very similar to that of the Human
Immunodeficiency Virus infection, with a short acute stage, a
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long asymptomatic period (lasting up to several years, in which
the cat is healthy), a Persistent Generalised Lymphadenopathy,
an AIDS-Related Complex associated with chronic infections,
and finally AIDS. As in humans infected by HIV, feline AIDS is
characterised by a loss of immunological defences, allowing
subsequent opportunistic infections. Therefore, cats infected
with FIV may die from micro-organisms that would not nor-
mally harm them. The cat is infectious during all five stages of
infection, which have been estimated to last an average of five
years in laboratory conditions (experimentally infected cats:
Pedersen and Barlough 1991). There is no recovery nor immu-
nity to FIV, either natural or artificial. For further details on FIV,
see the complete reviews published on various aspects (molecu-
lar: Elder and Phillips 1994; genetic: Miyazawa et al. 1994;
immunological: Lin 1992; clinical: Pedersen and Barlough
1991; serological: Courchamp and Pontier 1994; general:
Bendinelli ez al. 1995; Hartmann 1998). Epidemiology remains
the one aspect where FIV knowledge is completely lacking.
Some at-risk parameter classes have already been defined,
involving an effect of age (old cats) and sex (males) for the prob-
ability of acquiring FIV infection (Courchamp et al. 1998; see
also Courchamp and Pontier 1994 for a review of serological
surveys), but most epidemiological features of this disease
remain unknown. As an example, no estimation of FIV trans-
mission rate in natural populations has yet been made.
Similarly, the life-expectancy of naturally infected individuals
is unknown. Qualitative aspects of FIV transmission, such as
the identification of at-risk individuals, also need further study.

The aim of this paper is to characterise the epidemiological
pattern of FIV infection. This we do by testing four predic-
tions: (i) FIV prevalence should be relatively low in natural
populations (because the virus is transmitted by bites during
fights, which are infrequent: Liberg 1981; Kerby and
Macdonald 1988); (ii) high-ranking individuals are expected
to be more exposed and thus more often infected by FIV
(because they are more involved in aggressive interactions
than low-ranking ones: Liberg 1981; Kerby and Macdonald
1988); (iii) FIV prevalence in males should be higher than in
females, and higher in polygynous populations than in
promiscuous populations (because polygynous males are
involved in more intensive competition and aggressive
encounters with other males than promiscuous males:, Liberg
1981; Natoli and De Vito 1991); (iv) assuming a low trans-
mission rate (because physical confrontations leading to bites
are rare), life expectancy of infected cats should be high, oth-
erwise FIV would not persist.

To test these predictions, we continuously monitored an
urban population of stray cats for three years. We tested the
association between FIV infection and social status (assessed
by body size, home-range size and by a range of typical
behaviours); we also compared an estimate of the average life
span of infected individuals with that of uninfected individu-
als, and then to an estimate of FIV transmission rate; we then
tested the effect of social structure of cat populations on FIV
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prevalence by comparing results from this population with
that of a population with a polygynous mating system
(Courchamp et al. 1998).

Material and Methods

The natural population of cats used for this study inhabits the 7.5-ha site
of a hospital situated in the centre of Lyons, France. Data presented here
are from December 1992 to August 1995 (33 months). Cats were located
by direct observation, and observed during the day and at dawn and
dusk, periods previously determined to be the most important in terms of
activity for this population. Individual characteristics and behavioural
data were collected in the field and were recorded later into a comput-
erised database, which was used for the analyses. During the study, cats
were observed at least once a week, for varying duration (1 h at least),
using focal, scan and ad lib data collection. Data were pooled for a pre-
liminary analysis of the behavioural and home-range size differences
between infected and uninfected individuals (4590 observations in
total). Four different behaviours were analysed for this study: walking,
marking and resting, which are associated (the latter negatively) with
territory vigilance or defence, and mounting of females by males, which
can be associated with dominance (Yamane et al. 1996). In all, 48 cats,
with 20-335 observations each, were used for these analyses. All
behaviours were considered for each cat as a percentage of activity, in
order to compare between cats (by a #-test).

To complete our analysis of whether infected and uninfected cats
differ in their social status, observations were also carried out through-
out the year to collect information on the home range of each individual.
In feral and stray domestic cats, high-ranking individuals are known to
be usually bigger and have larger home ranges than low-ranking indi-
viduals (Liberg 1981; Konecny 1983). For each observation, the posi-
tion of the cat was plotted on a digitised map. We determined
home-range size using the 95% Minimum Convex Polygon method,
from the RANGE IV program (Kenward 1990).

Full census and trapping sessions were conducted twice a year. Cats
were individually trapped in baited cages, and then tranquillised (see
details in Courchamp et al. 1998, 2000). The trapping protocol had no
noticeable effect on the social interactions in the population. Control
observations were carried out before and after the captures. We individ-
ually marked each cat and recorded its sex, age, weight, and health con-
dition in addition to several morphometric features including the length,
width and height of the head. Sex of individuals was estimated by
primary and secondary sexual characteristics, and confirmed when cats
were trapped. Precise age was known for cats born during the study
(58.3% of all cats) but was estimated (on the basis of the condition of the
teeth) for older cats or for cats immigrating from outside of the study
population. Following Natoli (1985), cats were allocated to one of four
age categories: kittens (<6 months old), juveniles (<12 months), sub-
adults (<18 months) and adults (=18 months). A blood sample was taken
for serological analysis of the presence of FIV antibodies from cats older
than 3 months old (see details in Courchamp et al. 1998). Captured cats
were kept in individual cages where they were fed until release at the end
of the trapping session (after 10 days at most).

The database was constructed and used in 4e Dimension; statistical
analyses were carried out using Statview IV. For a detailed description of
the rural population with which we compare the present population, see
Courchamp et al. (1998).

Results
Population

In total, 145 cats were present during the period of study, the
population at any one time varying between 30 and 73 indi-
viduals, with a significant increase over the six censuses of
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the study (Spearman rank correlation test: 7,=0.94,n=6, P=
0.005). Such a change is partly due to the seasonal presence
of kittens and juveniles, which were mostly absent from the
first census. Depending on the time of the year, 33—-56% of all
cats were adults. The sex ratio was non-significantly biased
towards males (54% males, x*> = 1.847, d.f. = 5, P = 0.870).
Probably owing to good conditions such as regular feeders
among the hospital staff, the density of the cat population was
high: 345-2485 cats km~, depending on the place and the
time of the year. The average density was 733 cats km™.
These estimates are based on the whole hospital site; if sub-
areas where cats were never seen are excluded, the actual
density was on average 1100 cats km™ and increased to 3650
cats km. Details of the population characteristics are avail-
able elsewhere (Courchamp 1996, see also Courchamp et al.,
2000); we therefore present only information that is directly
relevant to the epidemiological study.

FIV prevalence and transmission rate

FIV prevalence was stable during the years of the study (Fig.
1; x> =9.952, d.f. =5, P = 0.077). Censuses made after the
period presented here confirm this stability (x>=10.27, d.f. =
8, P=10.247, see Courchamp et al. 2000). In addition, as all
cats were identified individually, it was possible to estimate a
corrected prevalence in the population, by adding the few
non-captured individuals that were known to be present
during the captures and for which FIV status was known from
previous (positive cats) and/or subsequent (negative cats)
captures (see Fig. 1). For the last capture, only 5 individuals
escaped capture (93.2% efficiency), allowing a more precise
estimate of the prevalence: between 12.28% (if all 5 non-
trapped cats were uninfected) and 21.05% (if they were all
positive). If this group of 5 cats has the same prevalence as the
rest of the population (taking into account the sex-ratio of this
subgroup), then the total prevalence is no higher than
14.04%. This is to be compared with a prevalence of c. 20%
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in a population with a polygynous mating system (see
Courchamp et al. 1998).

We estimated the transmission rate in the population to be
one new infection every 190-316 days (at least 3—5 new
infections in 33 months). Only four individuals were poten-
tial transmitters at the time of each new infection: other infec-
tious cats had disappeared from the population before the
seroconversion of new infected cats. If we assume an equiva-
lent transmission rate from all infectious individuals, the
transmission rate is therefore at most one new infection per
infected individual every 760—1264 days.

Social status

Of the 12 infected individuals in total, 8 were males. Males
were not significantly more infected than females (13.3% of
males were infected v. 10.0% of females: x> =0.253, d.f. =1,
P =10.615), because of a slightly higher number of males in
the population. This differs from the results obtained in
another population of free-roaming cats, where we found a
significantly higher infection rate in males (23.8% in males v.
9.6% in females: Courchamp et al. 1998). That other popula-
tion had a polygynous mating system, where males strongly
compete for females, in contrast to the present population,
which is promiscuous (Say ef al. 1999). The prevalence in
females was similar in both populations (x> = 0.004, d.f. = 1,
P =0.949). In contrast, it was almost double for males in the
rural population (23.8% v. 13.3%), although this is not signif-
icant (x* = 2.219, d.f. = 1, P = 0.136). Interestingly, FIV-
infected males performed most mountings of females
observed in the urban population (see below). It is also worth
noting that no serious fight (that could involve bites) was ever
directly observed since the beginning of the study in late
1992, confirming that fighting (with bites) is an infrequent
behaviour in this population.

The body size of individuals was estimated using both
body mass and an estimate of head size (length x width x

Fig.1. FIV prevalence estimated from the six samples (dia-
monds, solid line) with confidence limits (+s.e.). Corrected
prevalence is also given (crosses, dashed line) and corre-
sponds to the prevalence estimated from trapped cats plus
individuals of known serological status that were present in
the population at the time of trapping but which escaped
capture (see text). In grey are also given the three next points
of the sampling, which confirm the steadiness of the preva-
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Fig.2. Correlation between volume of the head and body mass.

height). Body mass was significantly correlated with this esti-
mate of head size (n = 55, r = 0.85, P < 0.0001; Fig. 2).
However, body mass varied according to the time of year and
with breeding condition of females. We therefore first
checked that infected individuals had the largest heads (¢ =
2.257, d.f. = 68, P=0.027) and then, because of allometric
relations, we used the residual of a weight v. head volume
regression to control for the correlation between these two
parameters. We then tested for a difference between this
measure of cat size and the infection status of individuals. For
four infected cats, at least one of the five variables we used for
this analysis was missing; the animal therefore had to be
removed from that analysis. Infected individuals had a signif-
icantly larger body size than uninfected cats (U = 190, P =
0.036; see Fig. 3), showing that they had the largest skull,
regardless of their current body weight. Since they were also
among the heaviest cats in absolute terms, this analysis shows
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that infected cats were among the largest and heaviest indi-
viduals in the population, and therefore likely to be dominant.

Sufficient data on home range was available for 40 cats.
Home ranges of males were nearly twice as large as those of
females (1.57+0.27 hav. 0.85+0.11 ha: t=2.585, d.f. =51,
P =0.013), whereas home ranges of adults were, on average,
three times larger than those of juveniles (1.87 = 0.24 ha v.
0.66 + 0.11 ha: r =4.8721, d.f. =49, P <0.0001). For both
sexes, there was a significant trend for individuals with a
larger home-range size to be infected by FIV (males: U= 80,
P =0.002; females: U=91, P=0.009; Fig. 4). Fig. 3 shows
that body mass alone cannot explain the larger home range of
infected cats.

FIV-infected individuals were significantly more often
observed walking around their home range (¢ = 3.601, d.f. =
46, P=0.0089) or marking it (r=4.861, d.f. =46, P<0.0001)
than uninfected individuals. In contrast, infected cats were
significantly less often observed resting (t=-3.131, d.f. =46,
P =0.0030). FIV-infected cats also performed most of the
mountings of females, although data were too few to allow a
meaningful statistical test: five out of a total of seven (the
other two were, however, performed by a young male who
became positive for FIV shortly afterwards). These results
show that individuals displaying typical dominant cat
behaviour, territory defence or vigilance and mounting, were
more often infected by FIV than were others (Fig. 5).

Life expectancy

It is difficult to assess the life expectancy of cats in natural
populations. Although most cats born in our population were
discovered within weeks, dead individuals were often
hidden, and disappearances could seldom be unambiguously
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Fig.4. Class of home-range size according to the serological status for
FIV infection: uninfected (open bars) and infected (solid bars). On
average, infected cats have a significantly larger home range. Sample
size is given above the bars.

attributed to death. Moreover, the life expectancy of cats is
too high to be adequately studied in a natural population
within a few years: many cats were born before the start of
the study and many others will die after its end. We therefore
used the observation period (time between the first and the
last observation in the population) of infected and unin-
fected cats. Whilst not an accurate estimate of life
expectancy, we assume that observation and life spans are
correlated, because the disappearance of regularly seen
individuals is most likely to be due to mortality and because
we generally discovered litters very rapidly, at least those
that were to eventually emerge. Moreover, our goal was
only to compare our estimate of life expectancy between
infected and uninfected cats. Since cats live, on average,
longer than the 33 months of our study, we used five years of
data. The study period covers the full five years, but only 33
months of data were used for most of this paper because of a
change in protocol after 33 months (see Courchamp et al.
2000). We found that infected cats were present in the popu-
lation significantly longer than uninfected cats: 788 days v.
242 (U= 1241.5, P=0.0002). However, a likely explana-
tion for this finding is the existence of an age effect on FIV
infection (Courchamp and Pontier 1994; Courchamp et al.
1998): as older individuals are more likely to be infected,
including juveniles in our calculation would lower the mean
life span of uninfected cats. Owing to a high juvenile mor-
tality, many juveniles were observed for less than a month.
We thus removed from the sample all individuals younger
than the youngest infected cat (322 days). We still found a
significantly longer observation period for infected individ-
uals (1085 v. 879 days: U= 263.5, P=0.040). When sex is
taken into account, our estimation of life expectancy does
not differ significantly for infected and uninfected females
(U=34,P=0.413), but is significantly higher (1250 v. 778)
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Fig. 5. Average percentage of activity (+s.e.) for four behaviours, for
FIV-uninfected cats (open bars) and FIV-infected cats (solid bars):
mounting of females (for males only), walking, marking and resting. All
differences are significant (**, P < 0.01; *** P < 0.0001), except for
mounting, for which too few occurrences were observed (no test was
performed). Infected cats show behaviours typical of higher social
ranking (more mounting of females, walking and marking; less resting).

in infected males than in uninfected males (U = 49.5,
P =0.014). We can conclude that infected cats do not have
a shorter life than uninfected cats. On the contrary, males
that were observed longer in the population were more
likely to be infected.

To be successfully transmitted at least once, the virus
should infect individuals that live long enough to be infected
and to infect at least one other cat. In order to avoid disap-
pearing with the death of its host, the virus should therefore
infect individuals with a total life expectancy of at least 1082
days, i.e. 322 (youngest age of infection in our population)
plus 760 (because there is at most one infection every 760
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days). This is strikingly close to our (under)estimate of 1085
days for infected individuals and well below the estimate
obtained for infected males (1250 days). Since our method
underestimates the actual life expectancy of all cats, these
data suggest that infected cats are actually the most likely to
live long enough to contract the virus and then transmit it
back into the population.

Discussion

The aim of this study was to characterise the epidemiologi-
cal pattern of Feline Immunodeficiency Virus (FIV). The
two major features of its epidemiology, namely a long
asymptomatic ‘latency’ period and a low-efficiency
behavioural transmission, suggest a pattern where only a
few individuals with at-risk behaviour would be responsible
for most of the infections. We monitored the epidemiology
and social and spatial structure of an urban population of
domestic cats in order to better characterise FIV transmis-
sion pattern.

FIV prevalence was around 12.3—14% in the study popula-
tion. The apparent decrease of the prevalence with time in the
first samples is not significant and was due to an initially
undetected difficulty in recapturing infected individuals (see
Courchamp et al. 2000). This difficulty was corrected in the
third year and the subsequent prevalence estimate was very
precise (see Courchamp et al. 2000). Although we could not
include them in the present study, because of protocol
changes for some parameters, three additional samples
(14.29%, 13.51%, and 15.79%) confirm the steadiness of FIV
in our population. Stability of prevalence is to be expected in
diseases with long infectious periods (as opposed to violent
cyclic epidemics, such as measles). As predicted, this preva-
lence is not very high, given the facts that this virus is trans-
mitted by contact, has a seropositivity period of several years
during which cats are infectious, and has been present for
several years in a very dense population (up to 3650 cats
km™). This is mainly because of a low transmission rate (see
below). This result was also predicted by a mathematical
model of FIV dynamics (Courchamp et al. 1995).

Our data also support the prediction that FIV transmission
is mainly due to a particular social category of cats: the
socially dominant males. Indeed, we showed that there is a
correlation between the likelihood of being infected and three
different measures of social ranking (see also Yamaguchi et
al. 1996). First, infected individuals are larger than other indi-
viduals, and it has been shown that body size is a major factor
in determining the social rank of cats (Liberg 1981, 1983;
Yamane et al. 1996; Yamane 1998). Second, analysis of the
spatial structure of the population indicates that infected indi-
viduals had the largest home ranges, which is a typical feature
of dominant individuals in domestic cats (Liberg 1981).
Third, infected cats displayed more behaviours typical of
dominant individuals, such as more home range ‘patrolling’
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and marking, less resting (Natoli 1985; Kerby and
Macdonald 1988) and more mountings of females by males
(Yamane ef al. 1996). Dominant cats are characterised by a
better fighting ability (Kerby and Macdonald 1988; Yamane
et al. 1996) and greater aggressiveness (Pontier et al. 1995,
1998), and are more likely to be involved in fights and there-
fore to acquire and transmit FIV. Since precise age was
known for only a few individuals, we could not test our data
for an effect of age. However, such an effect has already been
highlighted by several authors (for a review, see Courchamp
and Pontier 1994). Since dominant cats are often mature adult
cats (young cats rarely fight seriously), such an effect of age
is consistent with a higher probability of infection of socially
dominant individuals.

IfFIV transmission relies on relatively few at-risk individ-
uals, these individuals should have more transmission oppor-
tunities and/or survive long enough to transmit the virus back,
once infected. It seems that both compensation mechanisms
actually occur in this system. Indeed, first we have seen that
the dominant social status of infected cats is likely to result in
a higher transmission rate, because of their more aggressive
behaviour and better ability to fight. Second, we showed that
infected individuals are those that stayed the longest in our
population, and we suggest that this is because FIV mostly
infects individuals who are likely to live longer in the popula-
tion since they are dominants. Thus, the few at-risk individu-
als have, on average, both a higher probability of transmitting
the virus and a longer life to do so.

Finally, as predicted, differences in the social structure of
the population seem to be reflected by the prevalence of FIV.
We found a higher FIV prevalence (19.6%) in a rural popula-
tion (Courchamp et al. 1998), compared with 12—14% in this
urban population (23.8 v. 13.3% for males only), although the
result was not statistically significant. Urban domestic cat
populations are characterised by a high density (1000-2000
cats km), a promiscuous mating system (Say et al. 1999 for
this population), and generally less frequent aggressive
behaviour (Natoli and De Vito 1991). In contrast, the lower
density (<200 cats km™) and the polygynous mating system
(Pontier et al. 1995; Pontier and Natoli 1996; Say et al. 1999)
in the rural population led to more frequent fights.
Furthermore, in contrast to most other studies (reviewed in
Courchamp and Pontier 1994; see also Courchamp et al.
1998), we found that females were no less infected than males
in this population. When compared with the results found in a
rural population (Courchamp et al. 1998), the lower FIV
prevalence in the present study is entirely due to the
marginally lower prevalence of males (13.3% v. 23.8% in the
urban and in the rural population, respectively), the preva-
lence in females being similar in the two populations (10.0%
v. 9.6%, respectively). These results support the current
hypothesis that males infect males during fights, and females
during mating (through the bite at the neck during the mount:
Courchamp and Pontier 1994; Courchamp et al. 1998).
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According to this hypothesis, sex differences in FIV preva-
lence should be more pronounced in polygynous populations,
where access to females is achieved through intense competi-
tion among males. In contrast, all males have access to
females in promiscuous populations (Kerby and Macdonald
1988; Natoli and De Vito 1991). The higher number of mates
for females may counterbalance a lower FIV prevalence in
males in the promiscuous population (Say et al. 1999),
leading to similar prevalence in females in both types of pop-
ulation. Accordingly, these results would suggest that males
have a more important role in spreading FIV within the popu-
lation than do females. These results highlight the need to
further investigate the role of mating systems in the spread of
FIV. In particular, we need to elucidate the relationship
between the number of sexual partners per female and FIV
prevalence, as well as the respective role of males and
females in the spread of FIV. The research for the main route
of FIV transmission to females, which may be investigated
experimentally, is of major importance in this context. It is
noteworthy here that only one population of each type
(promiscuous and polygynous) was compared in our study
and that more replicates would be needed to unequivocally
distinguish within-population variation from between-popu-
lation variation.

Even though a complete analysis of the potential of this
virus as a control agent would lead us beyond the scope of this
study, the information provided by this work can be useful in
generating a few preliminary reflections on this matter. For
example, the impact of this virus is very unlikely to be brutal
or high, mostly because of its low transmission rate and long
seropositivity period. If these appear to be poor characteris-
tics of a control agent, it should be recalled that virulent
pathogens may trigger three kinds of problems: they may
more easily select for a subpopulation of naturally resistant
individuals, they may induce a rapid crash of the population
and die out because of a shortage of hosts (allowing a demo-
graphic explosion of the surviving population), and they may
be detrimental to the equilibrium of the trophic web, as shown
by mesopredator releases set off by a too-rapid extinction of
the top predator (Courchamp et al. 1999). A lower but longer-
term impact may be more efficient in many cases (Dobson
1988). It is, however, worth noting that the impact of FIV,
although probably higher on islands than on continental pop-
ulations (see below), still remains quite low and may be
below the optimum for population control. However, this
virus has several advantages over others considered so far for
biological control. One advantage is that FIV is a lethal virus,
for which there is no natural immunity and no recovery.
Another is that it is behaviourally transmitted, meaning that
infections should occur as long as there are individuals to
form a population. A third is that FIV persists for a long time
before killing its host, allowing multiple transmissions of the
viral strain during the life of the host. Moreover, the impact of
this retrovirus should be higher on islands where cats may
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live 2-3 times longer on average (Derenne 1976; Konecny
1983; Hayde 1992), allowing more transmissions than in
mainland populations (Courchamp et al. 1995). The important
result of the present study (that the life expectancy of most cats
will be shorter than the seropositive period of FIV) may not
hold on islands, where the much longer life of cats may drasti-
cally change the epidemiology of this virus. FIV is also con-
sidered to be a very specific virus, lowering the infection risk
of non-target species (Bendinelli ez al. 1995; Cleaveland et al.
1999). A further advantage of FIV as a control agent is that it
predominantly infects individuals with high reproductive
rates and survival probabilities (i.e. dominant individuals).
Finally, in the light of the new concept of virus-vectored
immunocontraception (Tyndale-Biscoe 1994; McCallum
1996) and of its potential interest for controlling feral cats on
islands, it is noteworthy that the enormous number of studies
recently conducted on the genetics, molecular biology and
immunology of FIV could be of considerable help for the
required genetic engineering (e.g. Bendinelli et al. 1995;
Hartmann 1998). FIV could be considered for insertion of
genes coding for proteins of the reproductive cells of cats, as
well as for increased virulence or infectiousness. In this
regard, it is interesting that FIV infects predominantly domi-
nant males, that is, those who are likely to monopolise
matings. If these could be rendered sterile, or infected so that
they infect most females (and render them sterile), then the
agent might be successful. The combination of advantages
and disadvantages of FIV as a biocontrol agent could make ita
good candidate for virus-vectored immunocontraception.

In conclusion, we have shown that FIV prevalence and
transmission rates are low, and are mostly restricted to a sub-
population defined by a few individuals with at-risk
behaviour, and which live long enough in the population to
spread the infection further. The low quantitative impact of
FIV seems to be the major drawback of this virus, and this
alone may prevent its use for biological control based on
increased mortality: very non-pathogenic agents generally
make poor control agents. Its advantages are its good speci-
ficity, its behavioural transmission mode, its at-risk class
(reproducers) and a good potential for genetic engineering.

Acknowledgments

The authors thank the many field helpers who contributed to
the success of this study, especially S. Beretoni, S. Bernoud,
A. Bladier, C. Delhumeau, D. Grandclément, R. Guillermet,
P. Laviec, E. Le Gall, S. Mesnager, C. Mion, C. Montoloy, Y.
Ropert-Coudert, and P. Saladin. We also thank E. Fromont,
M. Artois and E. Cain for blood samples and FIV testing, and
S. Roze for the construction of the database. We are grateful
to H. Lutz, who taught the Western Blot technique to F.
Cliquet and provided us with the necessary antigen, and to E.
Natoli, P. Brotherton, J. O’Riain and E. Fromont for useful
comments on the manuscript. We thank M. Raisin-Dadre and
the staff of the Croix-Rousse Hospital for their understanding



610

and help in allowing us to chase cats in their hospital, and,
mostly, to release them once eventually captured. Financial
support was provided by the French Ministry for Research
and Higher Education and by a Marie Curie fellowship from
the European Community. This paper is part of the CNRS
programme ‘Biodiversit¢ et Ecologie des Interactions
Durables’.

References

Atkinson, 1. A. E. (1989). Introduced animals and extinctions. In
‘Conservation for the Twenty-first Century’. (Eds D. Western and
M. C. Pearl.) pp. 54-75. (Oxford University Press: Oxford.)

Bendinelli, M., Pistello, M., Lombardi, S., Poli, A., Garzelli, C.,
Matteucci, D., Ceccherini-Nelli, L., Maldaldi, G., and Tozzini, F.
(1995). Feline immunodeficiency virus: an interesting model for
AIDS studies and an important cat pathogen. Clinical Microbiology
Review 8, 87-112.

Bester, M. N., and Skinner, J. D. (1991). The Marion Island cat pro-
gramme. South African Antarctic Research 21, 117.

Boitani, L. (2000). Carnivore introductions and invasions: their success
and management. In ‘Carnivore Conservation’. (Eds S. Funk, J.
Gittleman, D. W. Macdonald and R. Wayne). (Cambridge University
Press: Cambridge.)

Cleaveland, S., Thirgood, S., and Laurenson, K. (1999). Pathogens as
allies in island conservation? Trends in Ecology and Evolution 14,
83-84.

Courchamp, F. (1996). Epidemiological study of Feline Immuno-
deficiency Virus in populations of domestic cats (Felis catus).
Ph.D. Thesis, University of Lyons I, France.

Courchamp, F., and Pontier, D. (1994). Feline Immunodeficiency Virus:
an epidemiological review. Comptes-Rendus de I’Académie des
Sciences, Life Sciences 317, 1123—1134.

Courchamp, F., and Sugihara, G. (1999). Biological control of alien
predator populations to protect native island prey species from
extinction. Ecological Applications 9, 112—123.

Courchamp, F., Pontier, D., Langlais, M., and Artois, M. (1995).
Population dynamics of Feline Immunodeficiency Virus within cat
populations. Journal of Theoretical Biology 175, 553-560.

Courchamp, F., Yoccoz, N. G, Artois, M., and Pontier D. (1998). At-
risk individuals in Feline Immunodeficiency Virus epidemiology:
evidence from a multivariate approach in a natural population of
domestic cats (Felis catus). Epidemiology and Infection 121,
227-236.

Courchamp, F., Langlais, M., and Sugihara, G. (1999). Cats protecting
birds: modelling the mesopredator release effect. Journal of Animal
Ecology 68,282-292.

Courchamp, F., Say, L., and Pontier, D. (2000). Detection, identification
and correction of a bias in an epidemiological study. Journal of
Wildlife Diseases 36, 71-78.

Derenne, P. (1976). Notes sur la biologie du chat haret de Kerguelen.
Mammalia 40, 531-595.

Dickman, C. R. (1996). Overview of the impact of feral cats on
Australian native fauna. Australian Nature Conservation Agency,
Canberra, and the Institute of Wildlife Research, University of
Sydney, Sydney.

Dobson, A. P. (1988). Restoring island ecosystems: the potential of par-
asites to control introduced mammals. Conservation Biology 2,
31-39.

Elder, J. H., and Phillips, T. R. (1994). Molecular properties of Feline
Immunodeficiency Virus (FIV). Infectious Agents and Diseases 2,
361-374.

Hartmann, K. (1998). Feline immunodeficiency virus infection: an
overview. Veterinary Journal 155, 123-137.

F. Courchamp et al.

Hayde, K. A. (1992). Ecology of the feral cat Felis catus on Great Dog
Island. Ph.D. Thesis, University of Tasmania, Australia.

Hone, J. (1994). ‘Analysis of Vertebrate Pest Control.” (Cambridge
University Press: Cambridge.)

Kenward, R. (1990). ‘RANGE IV. Software for Analyzing Animal
Location Data.’ (Institute of Terrestrial Ecology: Wareham, UK.)
Kerby, G., and Macdonald, D. W. (1988). Cat society and the conse-
quences of colony size. In ‘“The Domestic Cat, the Biology of its
Behaviour’. (Eds D. C. Turner and P. Bateson.) pp. 67-82.

(Cambridge University Press: Cambridge.)

King, W. B. (1985). Island birds: will the future repeat the past? In
‘Conservation of Island Birds’. (Ed. P. J. Moors.) pp. 3—15. ICBP
Technical Publication No. 3.

Konecny, M. J. (1983). Behavioural ecology of feral house cats in the
Galapagos Islands, Ecuador. Ph.D. Thesis, University of Florida,
Gainesville.

Lever, C. (1994). ‘Naturalized Animals: the Ecology of Successfully
Introduced Species.” (Poyser Natural History: London.)

Liberg, O. (1981). Predation and social behaviour in a population of
domestic cats. An evolutionary perspective. Ph.D. Thesis, University
of Lund, Sweden.

Liberg, O. (1983). Courtship behaviour and sexual selection in the
domestic cat. Applied Animal Ethology 10, 117-132.

Lin, D.-S. (1992). Feline immune system. Comparative Immunology
Microbioliology and Infectious Diseases 15, 1-11.

McCallum, H. (1996). Immunocontraception for wildlife population-
control. Trends in Ecology and Evolution 11,491-493.

Miyazawa, T., Tomonaga, K., Kawaguchi, Y., and Mikami, T. (1994).
The genome of feline immunodeficiency virus. Archives of Virology
134,221-234.

Natoli, E. (1985). Spacing pattern in a colony of urban stray cats (Felis
catus L.) in the historic centre of Rome. Applied Animal Behaviour
Science 14,289-304.

Natoli, E., and De Vito, E. (1991). Agonistic behaviour, dominance rank
and copulatory success in a large multi-male feral cat, Felis catus L.,
colony in central Rome. Animal Behaviour 42,227-241.

Pedersen, N. C. (1993). The Feline Immunodeficiency Virus. In ‘The
Retroviridae’. (Ed. J. A. Levy.) pp. 181-228. (Plenum Press: New
York.)

Pedersen, N. C., and Barlough, J. E. (1991). Clinical overview of Feline
Immunodeficiency Virus. Journal of the American Veterinary
Medical Association 199, 1298—-1305.

Pontier, D., and Natoli, E. (1996). Male reproductive success in the
domestic cat (Felis catus L.): a case history. Behavioural Processes
37,85-88.

Pontier, D., Rioux, N., and Heizmann, A. (1995). Evidence of selection
on the orange allele in the domestic cat Felis catus: the role of social
structure. Oikos 73, 299-308.

Pontier, D., Fromont, E., Courchamp, F., Artois, M., and Yoccoz, N. G.
(1998). Retroviruses and sexual size dimorphism in domestic cats
(Felis catus L.). Proceedings of the Royal Society of London B 265,
167-173.

Say, L., Pontier, D., and Natoli, E. (1999). High variation in multiple
paternity of domestic cats (Felis catus L.) in relation to environmen-
tal conditions. Proceedings of the Royal Society of London B 266,
2071-2074.

Tyndale-Biscoe, C. H. (1994). Virus-vectored immunocontraception of
feral mammals. Reproduction, Fertility and Development 6,
281-287.

van Rensburg, P. J. J., Skinner, J. D., and van Aarde, R. J. (1987). Effect
of feline panleucopenia on the population characteristics of feral cats
on Marion Island. Journal of Applied Ecology 24, 63—73.

Willett, B. J., Flynn, J. N., and Hosie, M. J. (1997). FIV infection of the
domestic cat: an animal model for AIDS. Immunology Today 18,
182-189.



Qualitative and quantitative FIV transmission

Yamaguchi, N., MacDonald, D. W., Passanisi, W. C., Harbour, D. A.,
and Hopper, C. D. (1996). Parasite prevalence in free-ranging farm
cats, Felis silvestris catus. Epidemiology and Infection 116,
217-223.

Yamamoto, J. K., Hansen, H., Ho, E. W., Morishita, T. Y., Okuda, T.,
Sawa, T. R., Nakamura, R. M., and Pedersen, N. C. (1989).
Epidemiologic and clinical aspect of Feline Immunodeficiency Virus
infection in cats from the continental United States and Canada and
possible modes of transmission. Journal of the American Veterinary
Medical Association 194,213-220.

611

Yamane, A. (1998). Male reproductive tactics and reproductive success
of the group-living feral cat (Felis catus). Behavioural Processes 43,
239-249.

Yamane, A., Doi, T., and Ono, Y. (1996). Mating behaviour, courtship
rank and mating success of male feral cat (Felis catus). Journal of
Ethology 14,35-44.

Manuscript received 15 June 1999; accepted 6 June 2000

http://www.publish.csiro.au/journals/wr



