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SUMMARY

Highly pathogenic avian influenza (HPAI) has devastating consequences for the poultry industry
of affected countries. Control of HPAI has been impaired by the role of wildlife species that act
as disease reservoirs and as a potential source of infection for domestic populations. The
reproductive ratio (Ry) of HPAI was quantified in nine clusters of outbreaks detected in wild
birds in Europe (2005-2008) for which population data were not available. The median value of
R,y was similar (1-1-3-4) for the nine clusters and it was about tenfold smaller than the value
estimated for poultry in The Netherlands in 2003. Results presented here will be useful to
parameterize models for spread of HPAI in wild birds and to design effective prevention
programmes for the European poultry sector. The method is suitable to estimate R, in the
absence of population data, which is a condition typically observed for many wildlife and certain

domestic species and systems.
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INTRODUCTION

Highly pathogenic avian influenza virus (HPAIV)
strains have devastating consequences for poultry
flocks because of their high transmissibility and high
mortality rates [1]. Epidemics of H7 HPAIV that af-
fected the poultry industries in The Netherlands
(2003) and Italy (2000) were probably the result of the
introduction of H7 low pathogenic avian influenza
(AI) strains from wild birds, as suggested by the sim-
ultaneous circulation of closely related H7 subtypes in
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wild birds and poultry [2-4]. Wild birds have also
played a major role in the rapid spread of H5NI1
HPAIV throughout the world since 2005, which has
resulted in >60 countries being affected and the death
of millions of domestic poultry and >10200 wild
birds in Central Asia, the Middle East, Europe, and
Africa [5, 6]. In an attempt to achieve early detection
of future HPAIV incursions, research efforts in
Europe were aimed at improving the sensitivity of
surveillance measures in wildlife populations, e.g.
towards the identification of environmental risk fac-
tors and new sentinel species [7, 8] or the evaluation
of surveillance systems and sampling efforts [9, 10].
However, those efforts have been impaired by the lack
of knowledge on critical aspects of the epidemiology
of HPAIV transmission in wild birds that are yet to be
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elucidated. For example, there is a need to understand
more completely and in quantifiable terms the
mechanisms of virus spread in the field. Knowledge of
the mechanisms driving transmission of HPAIV is a
prerequisite for the formulation of realistic models
for HPAIV spread in wild birds, and it is critical to
predicting and preventing epidemics and pandemics
of emergent strains of the virus.

The disease reproductive ratio (R,) is a key par-
ameter for understanding disease dynamics. Under
specific conditions, values of Ry=1 indicate that the
disease has reached an equilibrium in the susceptible
population, so that every infectious individual infects,
throughout the duration of the period of infectious-
ness, one single susceptible individual. For that
reason, the disease is likely to persist in the popu-
lation, which may lead to a state of endemicity.
Conversely, values of Ry> 1 suggest that the disease is
actively propagating throughout the susceptible
population. Finally, values of Ry<1 indicate that be-
cause the number of new infections is on average
lower than the number of infectious individuals, the
epidemic is dying off [11]. Therefore, estimates of R,
are critical in disease control and for the para-
meterization of spread and transmission models. Such
models may be used to predict geographical areas and
periods of time in which the disease is most likely to
occur, to estimate the epidemiological and economic
impact of a disease, to simulate alternative control
strategies, and to quantify the resources required for
disease surveillance and control programmes [12].

Techniques commonly used to estimate R, require
knowledge on the size and distribution of the suscep-
tible population, which is typically unknown for
many wildlife species. Here, we applied an algorithm
that does not make use of population data and that
was derived from the expected growth rate of an epi-
demic to quantify the value of R, in wildlife species
affected by H5SN1 HPAIV in Europe from 2005 to
2008. Although this method was previously used to
compute the farm-level Al reproductive of ratio for
domestic birds [13], to the best of our knowledge, this
is the first time that it has been used in wildlife and,
moreover, it is also the first time that estimates of the
value of R, for HPAI in wild birds have been pub-
lished in the peer-reviewed international literature.
Results presented here could help to formulate and
parameterize spread models for the disease in wild
birds and will ultimately contribute to enhance the
effectiveness of national and regional HPAI surveil-
lance and control programmes. The method might be
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easily applied to estimate the value of R, for other
disease epidemics in absence of population data.

METHODS

Data used for the analyses included the location
(latitude, longitude) and the date of identification of
the 591 H5N1 HPALI cases in wild birds reported by
European countries to the World Animal Health
Organization (OIE) from October 2005 to December
2008. Countries reported H5SN1 HPAI cases using
the definition for outbreaks provided by the OIE.
According to the OIE, infectious disease outbreaks
are defined as the occurrence of one or more cases of
a disease or an infection in an epidemiological
unit, where an epidemiological unit is represented by
a group of animals with a specific epidemiological
relationship that share approximately the same like-
lihood of exposure to a pathogen [14]. However, when
this recommendation is applied to wildlife species,
delimitation of epidemiological units becomes, in
most of cases, vague or ambiguous. For that reason,
some countries may have interpreted more than one
case as a single outbreak, whereas others may have
combined both concepts into one single metric. To
overcome this issue, we selected specific areas within
the temporal and geographical extension of the epi-
demic to conduct specific case-studies for which the
value of Ry, was computed. Ecological and epidemio-
logical conditions such as season, year, criterion used
to report the outbreak, sensitivity of the surveillance
system, or species affected, were likely to be different
for each selected area. Thus, the variation in the value
of R, estimated here is a proxy for the expected vari-
ation of the parameter associated with those factors
over the course of the epidemic.

Areas for the case-study were selected and delimited
using an algorithm for the identification of time—space
clustering. The procedure used to identify the clusters
and results of the analysis have been described else-
where [15]. A scan-based time—space cluster analysis
technique was used to limit geographical locations
and period of time in which HSN1 observed outbreaks
are significantly higher than the expected. Candidate
clusters of disease were identified using time-space
cylinders that were placed at each location in which
outbreaks were reported [16]. The base and the height
of the cylinders represented, respectively, the spatial
and temporal dimensions of the data. The statistical
significance of the identified clusters was evaluated
using Monte Carlo simulation. Nine time—-space
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Fig. 1. Median (minimum, maximum) reproductive ratio (M R,.) of H5N1 highly pathogenic avian influenza virus estimated
for nine time-space clusters of cases reported in wild birds in Europe, 2005-2008.

clusters with a temporal duration of >1 day were
identified. Clusters were different in terms of number
of outbreaks, duration, radius, species affected, sea-
son, and year (Fig. 1). For that reason, similar results
in the most likely values of R, were interpreted as
evidence of robustness of the estimates to variations
in factors such as case-definition, sensitivity of the
surveillance system, animal density, or species affected.

Computation of R, was derived from the growth
rate of outbreaks [17] observed within each time—
space cluster. Assuming C, and C, to be, respectively,
the number of cases detected in time ¢ and the number
of cases at the beginning of the epidemic, i.e. when
t=0. The relationship between C, and C, is given by

C,=Cy exp(Ar),

where A is the rate at which new cases occur and 7 is
time. The relationship between Ry and A is given by
the duration of infectiousness (D) [17], so that

A=(Ro—1)/D.

In lay terms, within each cluster the epidemic grows at
an exponential rate in which each case produces R,
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new cases during the duration of the infectious period
D and, subsequently, the animal does not produce
more cases. For that reason (R,—1) new cases are
generated during the duration of D.

Therefore, A may be estimated as

A=In(C,/Co)/1,
and subsequently

Ry=1+D In(C,/Cy)/1,

Considering that it is expected that Cy=1, i.e. one
case, usually referred to as the index case, starts the
epidemic, time may be expressed as r=t, where ¢, is
the time taken for the number of cases to double,
which results in C,=2. Thus, R, may be simply com-
puted as

Ro=1+(D/tz) In 2.

Because the value of 7; can be computed from the
intra-cluster epidemic curve, the only assumption
required here refers to the value of D. Because the true
duration of infectiousness of infected animals within
each cluster (D) was unknown, D was alternatively
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parameterized using most likely, minimum, and
maximum values. A value of D=7 days, which is an
average number assumed by other studies, was
also assumed here as the most likely value of the
parameter [13, 18] and values of D=1 and D=z,
where z is time to the last case reported in the cluster,
were considered the minimum and maximum possible
values of the parameter, respectively. Thus, the values
of D=1 and D=z are equivalent to assuming the ex-
treme case-scenarios in which infected animals remain
infectious for 1 day only and throughout the duration
of the cluster, respectively.

For each cluster ¢, the value of Ry (R,.) was esti-
mated and described using the median value of the
estimates (MR,.). Results were described using the
median value of R, because it is a measure of central
tendency that is more robust, i.e. less sensitive to
extreme values, than the mean. For that reason, MR,
was considered a robust estimator of the true value
of the reproductive ratio (R,) in the region. Note that
R, refers to the parameter to be estimated, i.e. the
‘true’ disease reproductive ratio, whereas MR,. was
the estimator of the parameter Ry, i.e. the result of a
computation that was used to approximate the true,
unknown value of the parameter R,.

Evidence of spatial autocorrelation of MR,
was explored using Moran’s [ test. The within- and
between-cluster variation in the values of R,. were
compared using an ANOVA test. A Grubbs’ test was
run to identify outliers in the series of R,. values
computed. Non-significant differences (P>0-05) in
the results of Moran’s I, ANOVA, and Grubbs’ tests
were interpreted as an indication that the values of
Ry were homogeneous in the clusters.

RESULTS

The value of MR,. ranged from 1-1 to 3-4 with a
median estimate of 1-7 (Fig. 1). The largest value
of Ry. (5-8) was computed at the beginning of the
cluster centred in Germany (Fig. 1, cluster 2).
No significant differences in the value of Ry. were
estimated in the clusters (ANOVA test, P=0-12),
there was no evidence that the value of MR,. was
spatially clustered (Moran’s [ test, P=0-67), and no
outlier was detected in the series of R,. values
(Grubbs’ test, P=0-77). Thus, the median value of
MR,.=1-7 (1-1-3-4) estimated here was considered
a robust estimate of the most likely value of R,
over the course of the HSN1 HPAI epidemic in wild
birds of Europe between 2005 and 2008. It should be
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noted that the value of MRy,.=17 (1-1-3-4) was
quantitatively similar to values of disease trans-
mission estimated for the parameter in the wild bird
population of Lake Constance in Switzerland (R,=
1-6) [19], although the results of that study have not
been published in the peer-reviewed international
literature and for that reason, methods and as-
sumptions of both approaches could not be com-
pared.

The value of MR, was similar for different geo-
graphical locations affected by the epidemic, as sug-
gested by the results of the Moran’s I, ANOVA, and
Grubbs’ tests. This finding could be explained, at
least in part, by the observation that HPAI was
transmitted through contamination of water in about
90% of the cases reported in aquatic species [20].
Therefore, it is possible that the values of MR, were
a consequence of general environmental and demo-
graphic conditions that are common to habitats
populated by aquatic birds. Certainly, point esti-
mates of R,. computed within each cluster were
variable (Fig. 1) and probably influenced by a mul-
tiplicity of ecological, environmental, and epidemio-
logical factors, such as variations in the population
density, presence or absence of specific susceptible
species, and changes in weather conditions. Such
variation is consistent with the results of the
ANOVA test, which suggest that variations in the
value of R,. were greater within the clusters than
between the clusters.

Interestingly, although estimates of the between-
farm reproductive ratio (Ry) have been computed for
HPALI epidemics in Italy in 1999-2000 (R,=1-2—2-7)
[21, 22], Canada in 2004 (Ry=1-4—3-6) [21], The
Netherlands in 2003 (R,=0-9—6-5) [21, 23]; and
Romania (R,=19—-2-7) [13], to the best of our
knowledge, the within-farm transmission rate of
HPALI (p) has been estimated only using data from
the epidemic that affected The Netherlands in 2003
(B=4-50 per infectious chicken per day, 95% CI
2:68-7-57) [24]. Considering that the duration of
infectiousness in poultry populations in The
Netherlands in 2003 was estimated as 4 days [24],
those results are equivalent to an average value of
Ry=18, i.e. about tenfold greater than the value esti-
mated here for wildlife. This difference is biologically
sound because one would expect the value of R, to
be greater in poultry farms than in wild bird popu-
lations as a consequence of the larger densities and
contact rates observed in poultry compared with wild
birds.
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DISCUSSION

It should be noted that the methodological approach
used here is probably unsuitable for the quantification
of R, in poultry farms because of the effect that
limited population size and high density would have
on the transmission rate of the disease. However, the
method may apply under certain conditions in which
population data are not recorded in the national
registry and for which it is possible to assume
that population size is sufficiently large, such as the
population of backyard or rural poultry of certain
regions.

The justification to compute the value of Ry within
each cluster is that cases that are closely located to
each other in time and space are more likely to be
associated to each other than remotely located
cases. Thus, the value of R,. computed here could be
interpreted as an approximation of local transmission
of disease, because long-distance contacts were not
considered. Note that because long-distance trans-
mission was ignored in the computations, the pro-
cedure may have resulted in an underestimation of
the value of Ry.. In turn, some of the cases computed
within the cluster probably occurred as a consequence
of migration of infected animals into the region,
rather than to local disease spread, which would
result in an overestimation of the values of R,.. For
those reasons, it is probable that both biases com-
pensated each other and that the estimates of MR,
presented here approximated the true value of the
parameter R,.

A potential bias of the study is that MRy, was
computed using the number of reported outbreaks,
which, in most cases, corresponds to the number of
dead birds in which H5SN1 HPAI infection was con-
firmed. Thus, the criteria used for the case-definition
here is highly specific (~100 %, if it is assumed that no
country will officially report a false-positive case of
HPALI), but with uncertain, and probably low, sensi-
tivity, because only a proportion of infected birds will
be reported as cases. However, if the proportion of
false-negative cases remains approximately constant
throughout the periods of time investigated for each
cluster, then the values of MR, will remain relatively
unbiased, even if the proportion of false-negative
cases is high. It can be assumed that surveillance
activities may have increased in a given area, after the
detection of the initial cases, which could have re-
sulted in the overestimation of the values of R,..
Conversely, it is also possible that after the initial

https://doi.org/10.1017/50950268810001330 Published online by Cambridge University Press

R, of avian influenza in wild birds 103

reporting of cases, not all the subsequent cases in a
given region were reported, because the epidemio-
logical situation of the region did not change, which
would result in an underestimation of the value of R,,.
Thus, again, it is also possible that both biases com-
pensated for each other, so that point estimates of
M R, remained relatively unbiased.

The approach used here to adjust for the influence
of sources of bias and different epidemiological and
ecological conditions, was to replicate the study in
nine selected geographical areas and periods of time in
which disease cases were clustered. Thus, one would
expect that some biases and factors will result in the
overestimation of R, in some of the regions, and in its
underestimation in others, so that the average value of
the M R,. computed for each cluster will approximate
the true value of the parameter R,. Moreover, the
values of MR,. were similar for all clusters, as in-
dicated by the results of Moran’s I, ANOVA, and
Grubbs’ tests, which was considered evidence of the
robustness of the estimates of MR,.=1-7 (1-1—34)
computed here.

Estimates of R, presented here could be useful to
parameterize models for spread of HPAI in wild birds
and to predict the impact of future epidemics.
Ultimately, these results might help to design effective
prevention and control programmes against HPAIV
for the European poultry sector. The method pres-
ented here, which is an extension of techniques used to
compute infectious disease transmission [17], could
also be extended to estimate the value of R, for in-
fectious disease epidemics in the absence of popu-
lation data, which makes the approach particularly
suitable for computation of the parameter in wildlife
populations.
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