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Abstract

Since the first finding of Phytophthora ramorum in the U.K. (on Viburnum tinus, 2002), the
pathogen has been reported throughout the country on a variety of susceptible species both in
the horticultural sector and in woodlands and historic gardens. The nursery network may have
properties which affect the epidemic threshold for spread of the pathogen. Here, as part of
ongoing modeling studies, we provide an analysis of the database of positive P. ramorum
records in England and Wales (2003 to 2005), both in terms of affected plant genus and
country of origin. The majority of positive findings are reported on Rhododendron (68
percent), with a substantial minority on Viburnum, Camellia, and Pieris. Another 15 genera
make up the remaining 3 percent of positive records. These findings highlight the wide range
of plant species at risk from the pathogen, and suggest that Rhododendron could act as a
super-connected susceptible genus. This property would be characteristic of a scale-free
network. As for the country of origin, the majority of findings originate from the U.K., but a
non-negligible number (~ 30 percent) of positive records originate from several other
countries. Models of network movements of plants susceptible to P. ramorum therefore need
to take into account that this is a largely open system, with both links in and out of a single
country. The number of P. ramorum susceptible plant species and the number of countries
involved in their trade have certainly facilitated spread and pose a formidable challenge to the
current effort to eradicate or contain the pathogen.
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‘Phytophthora’ is Greek for plant destroyer, whilst ‘ramorum’ is Latin for branched,
referring to the pathogenicity of P. ramorum to twigs and branches of Rhododendron
and other shrub species (Werres and others 2001). As such, P. ramorum would be
relevant to studies in network epidemiology if only because of its name. However,
this pathogen has been reported from plant nurseries in several countries (for
example, Werres and others 2001; Appiah and others 2004; Parke and others 2004;
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Stokstad 2004; Herrero and others 2006; Tubajika and others 2006) and these
nurseries form a complex directed trade network by exchanging plant material.

Networks are becoming increasingly relevant to epidemiology (for example May
2006). This is because networks such as that in global aviation can efficiently spread
human diseases across the world (for example Hufnagel and others 2004). This
happens for a number of reasons (for example Guimera and others 2005): (i) the
global aviation network is a giant component, which means that it is possible to fly
from any airport in the world, even if not directly, to any other airport; (ii) in many
cases, this is possible with a relatively low number of flights, due to the presence of
international hubs, or super-connected airports; (iii) moreover, there is a high
heterogeneity in the areas covered by the network, and in the strength of the links.

Networks are relevant not only to epidemiology (for example, Newman 2003). In
fact, there has been an upsurge of studies applying the tools of network theory to a
number of disciplines, from food web ecology to sociology and computer science (for
example, Amaral and others 2000). If we attempt to bring some order to this
burgeoning material according to the degree to which the analyzed networks are
natural, social or technological, it is clear that epidemics have each of these
characteristics: disease spread is a natural phenomenon, it is facilitated by technology
(although technology also helps in preventing disease spread), and, since people are
involved, epidemics are also a social issue.

Networks are sets of elements connected by links. In the context of the networks
underlying the spread of P. ramorum, nodes can be the nurseries trading susceptible
species, and links can be shipments of these plants between nurseries. Nodes can be
connected in various ways, and this leads to a typology of networks (for example,
Dybiec and others 2005, Keeling and Eames 2005). Local networks are modeled as
more or less regular lattices. Their feature is neighboring connectivity. If we retain
this neighboring connectivity but add the rewiring of some local links into shortcuts,
or long-distance connections, we obtain small-world networks. If nodes are
connected to other nodes randomly, in other words with a certain probability p, then
the network is random. Scale-free networks are characterized by the presence of
hubs, or super-connected individuals.

It turns out that, other things being equal, the structure of networks can have a
profound effect on epidemic development. Simple models of disease spread in
networks with constant number of nodes and links and with epidemic starting from a
single infection show that the disease steady-state is first reached in scale-free
networks, then in random ones, and only later in small-world and local networks
(Shirley and Rushton 2005). For nurseries trading plants susceptible to P. ramorum
or other pathogens, a SIS (Susceptible-Infected-Susceptible) model may be more
realistic than the more conventional SIR (Susceptible-Infected-Removed) model (for
example, Gilligan and others 1997, Jeger and others 2007). Even if lessons are learnt
from past errors and best management practices are adopted, nurseries where the
pathogen has been detected are still at risk of becoming infected after the pathogen
has been eradicated if they continue to handle plant species susceptible to

P. ramorum.

Measures aiming at containing the spread of P. ramorum in nurseries are being taken
in the U.K., and there is evidence that this containment policy is effective. Figure 1
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shows the temporal development of the number of positive records to P. ramorum in
nurseries and garden centers of England and Wales (2003 to 2005; data kindly
provided by the Department for Environment, Food, and Rural Affairs, U.K.; the
database has on the whole 2,788 positive records to P. ramorum out of 81,036 tested
records). As a site can have more than one positive record (because P. ramorum may
have been found on different species and on different dates), this graph is not the
same as that for positive nursery and retail centre sites shown by David Slawson (this
Proceedings), although in both cases there is a downward trend with time.

Relevant to a network perspective is information on whether or not these positive
records are thought to have originated in the U.K. This information is needed to fill
the knowledge gap about the long-distance and inter-country spread of P. ramorum
infection (Appiah and others 2004). The origin of the pathogen on the plants can
never be stated with certainty - however, where it is suspected that the country that
dispatched the plants also dispatched them with an infection of P. ramorum, this is
notified by the Department for Environment, Food and Rural Affairs (U.K.) to the
European Commission, the sending country, the EU member states and EPPO.
Although there is variation from month to month, Figure 2 shows that a substantial
proportion of positive findings are thought to originate from abroad. For example,
106 out of 244 positive findings in 2003 (43 percent) in nurseries were on plants of
non-U.K. origin. The proportion is similar in 2005 (38 out of 100 findings), in spite
of a reduction in the overall number of findings, which suggests that the policy for
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Figure 1—Downward trend of the records positive to P. ramorum in nurseries and
garden centres (2003-2005) of England and Wales (data source: DEFRA, U.K.).
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Figure 2—The proportion of P. ramorum positive records originating from the U.K.
or from other countries (same period and source as fig. 1, but for nurseries only).

dealing with internal disease transmission is working more effectively than the policy
for dealing with imports from outside of the U.K. All in all, this is evidence for a
small-world scenario in the spread of P. ramorum, with local connectivity but also
long-distance connections.

Moving from a temporal to a spatial perspective, the distribution of positive findings
in woodlands and historic gardens (Fig. 2 in Jeger and others 2007) appears to match
the climate suitability of Britain to P. ramorum (Appendix 3 in Forestry Commission
2004). Also at a large-scale, disease expression is the result of the interactions
amongst host(s), pathogen and environment (Holdenrieder and others 2004, Rizzo
and others 2005, Scholthof and others 2007). Since P. ramorum hosts (as well as
their associations) are fairly widespread, and since the pathogen has been detected in
nurseries and garden centres throughout Britain, climate may be the limiting factor
restricting disease expression in woodlands and gardens mainly in the West.
However, this assumes that the pathogen was first spread by the nursery trade and
then moved into woodlands and historic gardens. If instead the pathogen first became
established in historic gardens and/or woodlands and then jumped into the nursery
trade, the network of plant nurseries has the potential to spread the pathogen also to
regions where there are currently no or few outbreaks in woodlands and/or historic
gardens. In this perspective the downward trend of P. ramorum positive findings in
nurseries is to be welcomed. Less encouraging is the increase in the number of
positive records in woodlands and historic gardens (Judith Turner, this proceedings).

A network perspective can be applied to the database of P. ramorum positive
findings also at the level of the different susceptible genera (genera and not species,
because for many positive findings only the generic information is available), similar
to analyses of mycorrhiza (Southworth and others 2005) and plant-frugivore
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Figure 3—Web of genera susceptible to P. ramorum. Two genera are connected if
P. ramorum was detected on individual plants of these genera at the same location
(2003-2005, England and Wales, nursery, garden centers and natural environment,
data provided by DEFRA, U.K.). The connection strengths reflect the number of
locations connecting the two genera (Rhododendron-Viburnum: 55 common locations,
Rhododendron-Camellia: 17, Rhododendron-Pieris: 16, Viburnum-Camellia: 10, all
other combinations: less than 10 common locations).

networks (Lazaro and others 2005). In this case, two genera are connected if
individuals of the genera are found to be infected by the pathogen at the same
location (Fig. 3). The resulting network is not homogeneous: some genera are more
connected than others. This could be a consequence of Rhododendron ponticum
being the main host in Britain (68 percent of the positive findings of P. ramorum are
on Rhododendron). This finding supports the current policy focus on high risk
species. By targeting locations where super-connected genera occur (in other words
Rhododendron and Viburnum), it is possible to cover most if not the whole of the

P. ramorum host range.

Also in terms of the number of P. ramorum positive records for the different genera,
there is evidence for a high heterogeneity of the pathosystem. The frequency
distribution of the number of affected genera in terms of the number of positive

P. ramorum records per affected genus is not log-normal (fig. 4). What one would
expect would be a normal distribution, in other words a few genera with a small
amount of positive records, a few genera with a large amount of positive records, and
most genera with an intermediate number of records. But what we observe is not a
normal distribution, as most genera have a few positive records, and only a few
genera have many positive records. In fact, this distribution is relatively well fitted by
a linear regression in log-log space. This is evidence for the presence of a scale-free
property in the database of P. ramorum positive findings in England and Wales.
Scale-free means that the decrease in the order of magnitude of affected genera with
increase in order of magnitude of number of positive records per genus is roughly
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Figure 4—Linear regression of the distribution of the number of affected genera in
logarithmic classes of the number of positive P. ramorum records (2003-2005,
England and Wales, nurseries, garden centres and natural environment, data
provided by DEFRA, UK).

similar over the whole range of variation in affected genera and positive records. For
a friendly introduction to scale-free networks see for example, Southworth and others
(2005). Further work should aim to establish whether the nursery network underlying
the spread of P. ramorum indeed has a scale-free degree distribution. The degree
distribution is the frequency distribution of the number of links of the nurseries
involved in the trade of plants susceptible to the pathogen. Unfortunately, this
level of information about the structure of the U.K. horticultural trade is not
currently available.

The findings that the network involved in the spread of P. ramorum in England and
Wales is likely to have small-world and scale-free properties is worrying, because
such networks have lower epidemic thresholds than local and random networks.
However, scale-free networks may improve the chances of preventing further
increase in the extent of the regions affected. Provided that long-distance connections
and key players in the nursery trade can be identified, by targeting them instead of
pursuing complete or random control of nurseries and shipments, it is possible to
achieve a more efficient and less costly reduction of the connectivity of the system,
as shown by studies of the vulnerability of the North American power grid to random
vs. targeted removal of power stations (Albert and others 2004).
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