
Eco-Epidemiological Uncertainties of Emerging Plant Diseases: The
Challenge of Predicting Xylella fastidiosa Dynamics in Novel Environments

Flavia Occhibove,1,† Daniel S. Chapman,2 Alexander J. Mastin,3 Stephen S. R. Parnell,3 Barbara Agstner,4

Rosa Mato-Amboage,4 Glyn Jones,4 Michael Dunn,5 Chris R. J. Pollard,5 James S. Robinson,5 Mariella Marzano,5

Althea L. Davies,6 Rehema M. White,6 Andrew Fearne,7 and Steven M. White1

1 U.K. Centre for Ecology & Hydrology, Wallingford OX10 8BB, U.K.
2 Biological and Environmental Sciences, University of Stirling, Stirling FK9 4LA, U.K.
3 School of Science, Engineering and Environment, University of Salford, Manchester M5 4WX, U.K.
4 FERA Science Ltd., Sand Hutton, York YO41 1LZ, U.K.
5 Forest Research, Northern Research Station, Roslin EH25 9SY, U.K.
6 School of Geography and Sustainable Development, University of St. Andrews, St. Andrews KY16 9AL, U.K.
7 Norwich Business School, University of East Anglia, Norwich NR4 7TJ, U.K.
Accepted for publication 18 September 2020.

ABSTRACT

In order to prevent and control the emergence of biosecurity threats such as vector-borne diseases of plants, it is vital to understand drivers of entry,
establishment, and spatiotemporal spread, as well as the form, timing, and effectiveness of disease management strategies. An inherent challenge for policy in
combatting emerging disease is the uncertainty associated with intervention planning in areas not yet affected, based on models and data from current
outbreaks. Following the recent high-profile emergence of the bacterium Xylella fastidiosa in a number of European countries, we review the most pertinent
epidemiological uncertainties concerning the dynamics of this bacterium in novel environments. To reduce the considerable ecological and socio-economic
impacts of these outbreaks, eco-epidemiological research in a broader range of environmental conditions needs to be conducted and used to inform policy to
enhance disease risk assessment, and support successful policy-making decisions. By characterizing infection pathways, we can highlight the uncertainties
that surround our knowledge of this disease, drawing attention to how these are amplified when trying to predict and manage outbreaks in currently unaffected
locations. To help guide future research and decision-making processes, we invited experts in different fields of plant pathology to identify data to prioritize
when developing pest risk assessments. Our analysis revealed that epidemiological uncertainty is mainly driven by the large variety of hosts, vectors, and
bacterial strains, leading to a range of different epidemiological characteristics further magnified by novel environmental conditions. These results offer new
insights on how eco-epidemiological analyses can enhance understanding of plant disease spread and support management recommendations.

Keywords: bacterial pathogens, disease control and pest management, ecology, emerging infectious plant disease, epidemiology, epidemiological
model, pest risk assessment, plant health, Xylella fastidiosa

Rapid environmental changes and human activities have been
linked to disease emergence and reemergence in humans, animals,
and plants, mainly due to the creation of new pathways of contact
among hosts, vectors, and pathogens. In particular, vector-borne
diseases represent a major challenge for epidemiologists as their
complex dynamics often entails multihost multivector transmis-
sion, the exact details of which tend to vary in different
pathosystems (Hollingsworth et al. 2015). To prevent and control
the spread of these diseases, it is crucial to understand drivers of
entry and establishment, spatiotemporal disease progress, and
effectiveness of control strategies (Cunniffe et al. 2015). However,
data on the epidemiology of plant pathogens is often limited, host
and vector population structure can be difficult to characterize, and
human-mediated movements of plants and vectors can exhibit
considerable stochasticity over time and space. Additionally,
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infection rates are strongly controlled by environmental conditions,
and disease is frequently cryptic and/or poorly reported, particularly
in noncrop hosts (such as wild hosts) (Cunniffe et al. 2015). Thus, a
better understanding of these drivers is paramount to reduce the
level of uncertainty in pest risk assessments and disease
management strategies. This is particularly important in addressing
the inherent policy challenge associated with emerging disease,
where policy makers must make projections from data-rich areas to
data poor areas (Yates et al. 2018).

Xylella fastidiosa is a widespread vector-borne pathogen
considered one of the most complex threats to plant health
worldwide (Sicard et al. 2018) (Box 1). First described in California
in 1892 as the cause of the devastating Pierce’s disease (PD) of
grapevines, it is no longer restricted to the Americas (EPPO 2020).
Currently, it threatens natural areas and horticultural, agricultural,
and forestry sectors as the recognized agent of numerous severe and
economically important diseases of crops and landscape plants
(Almeida and Nunney 2015). In 2013, X. fastidiosawas discovered
in Europe in the ancient olive groves of Puglia (Italy) and
subsequently recognized as the causative agent of the olive quick
decline syndrome (OQDS) outbreak (or in Italian CoDiRO-
Complesso del Disseccamento Rapido dell’Olivo), where it is still
killing millions of olive trees (Saponari et al. 2019). After the first
detection in Europe, the bacterium has been isolated in outbreaks in
Corsica (France), the southern region of Côte d’Azur (France), the
Balearic Islands (Spain), the Norte Region (Portugal), and the
autonomous community ofValencia (Spain) (EFSAPLH2019), but
single detection events are also reported from elsewhere (EPPO
2020).

Following these first detections of X. fastidiosa in Europe,
emergency measures were instigated by the European Commission
in order to reduce further spread (Decision EU 2015/789 and
updates). These measures were driven by the fact that although
relatively little is known of the full potential geographical range of
X. fastidiosa in Europe, there is a risk of further establishment and
human pathways might facilitate introduction into new locations
(EFSA PLH 2019). Such decisions must be grounded in scientific
understanding, and therefore policy-makers have been relying upon
scientists to provide the epidemiological knowledge required to
develop effective surveillance and control measures, reliable pest
risk assessments, and appropriate disease management plans and
mitigation strategies (EFSA PLH 2019). Increasing the effective-
ness of plant health regulations is imperative, particularly due to the
current intensification of recognized risk factors for the introduc-
tion and spread of X. fastidiosa (e.g., human-mediated environ-
mental modifications, expansion of bacterium/host/vector range,
high volumes of plant trade) (Pautasso et al. 2015), and yet, many
fundamental epidemiological questions remain unanswered. More-
over, policy based on current epidemiological knowledgemight not
be suitable for current Xylella-free countries, where environmental
and human-related conditions may be significantly different from
the locations of existing outbreaks. Indeed, introduction, establish-
ment and spread of X. fastidiosa in a novel environment is the result
of new combinations of biotic interactions, abiotic conditions, and
human-mediated processes, underlining the substantial value of
epidemiological data from multiple settings (Yates et al. 2018).
Although modeling and evidence-based approaches have been
commonly used to support policy decisions, the predictive and
explanatory abilities of models are highly dependent on the
accuracy of spatiotemporal epidemiological data and directly
measured parameters, which are typically lacking in the case of
emerging diseases (Parnell et al. 2015). This emphasizes the
importance of identifying and targeting current X. fastidiosa eco-
epidemiological knowledge gaps. Similarly, designing and imple-
menting effective predictive, monitoring, and control measures in
different environmental and legislative settings also poses new
challenges for scientists and regulators who are urged to prevent

potential yield loss and restriction of trade of important crops (e.g.,
grapevines in California, Tumber et al. 2014; Citrus spp. in Brazil,
Gonçalves et al. 2014; olives in Italy, Schneider et al. 2020).

In this paper, we illustrate the major eco-epidemiological
uncertainties and knowledge gaps to be filled in order to
characterize the dynamics of X. fastidiosa in novel environments.
We elicit expert knowledge and opinion from a range of scientists,
industry representatives, and regulators with experience of plant
diseases and use the results to rank the uncertainties in terms of their
importance to eco-epidemiology and to plant procurement and
disease management strategies. The aim is to identify the most
important factors affecting X. fastidiosa transmission and emer-
gence risk, which can provide a direction to future research in order
to understand, prevent, and manage X. fastidiosa outbreaks in
current locations and novel environments.

FACTORS INFLUENCING UNCERTAINTIES IN
PREDICTING X. FASTIDIOSA INTRODUCTION,

ESTABLISHMENT, AND SPREAD

In order to understand X. fastidiosa eco-epidemiology, we
display the epidemiological factors in Figure 1A, which symbolizes
not only the basic factors associated with disease causation for
X. fastidiosa—namely, the bacterium_host_vector triad, but also
the other eco-epidemiological elements affecting disease dynamics
with their mutual connections. In X. fastidiosa pathosystems,

BOX 1

SUMMARY OF XYLELLA FASTIDIOSA BIOLOGY
AND ECOLOGY

X. fastidiosa is a gammaproteobacterium (Xanthomonada-

ceae) that colonizes plant xylem vessels. Transmitted

exclusively by xylem sap feeding insects (Hemiptera,

Auchenorryncha), it multiplies in host’s xylem vessels, often

leading to desiccation of the plant (Rapicavoli et al. 2018). The

pathogen has a semipersistent relationship with the vector,

meaning that it colonizes and persists in the foregut but is not

transmitted between insect life stages (Purcell and Finlay

1979). The potential host plant pool comprises more than 500

species, of which it can be a harmless endophyte, or cause

severe disease (EFSA PLH 2019). The variability of host

plants matches the high genetic diversity of this pathogen, of

which different subspecies and strains display a loose host

specificity (Rapicavoli et al. 2018). Symptoms caused by X.

fastidiosa infection are nonspecific, mostly generic indications

of hydric stress, such as drying of leaf margins, scorched

leaves, and wilting, and vary in intensity depending on host

species, pathogen genotype, environmental conditions, and

host_bacterium association (Rapicavoli et al. 2018). However,

after inoculation, infected plants can remain asymptomatic for

a highly variable period of time—from 2 to 3 months in

Pierce’s disease to more than 12 months in other cases, such

as 14 months in olive quick decline—depending on biotic and

abiotic conditions (EFSA PLH 2019). Symptoms seem to be

caused by the production of biofilm by the bacterium and

defense structures by the plant so that water movement in

the vessels is restricted and the plant progressively desic-

cates (Roper et al. 2019). Duration and severity of symptoms,

and time to host death also vary depending on multiple

factors, determining variable ecological end economic im-

pacts in different ecosystems and agro-ecosystems (Almeida

and Nunney 2015).
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transmission is driven by bacterium_host_vector interactionswith a
significant, yet not fully understood, influence of abiotic conditions,
landscape features, and human activities. Therefore, any attempt to
shed light on epidemiological dynamics such as introduction routes,
spread patterns, and disease management efficacy requires a deep
insight into these elements. In the following subsections, we will
discuss the eco-epidemiological factors and present a comprehen-
sive review of the related uncertainties (also summarized in
Supplementary Table S1), with the focus on how these affect
prevention and control of potential outbreaks in novel locations. An
example of the variability of the eco-epidemiological aspects is
graphically illustrated in Figure 1B and C, which constitute a
conceptual model of two hypothetical eco-epidemiological scenar-

ios characterized by different combinations of variables for each
pathosystem level in Figure 1A. Figure 1B represents a fictional
pathosystem where X. fastidiosa is occurring, while Figure 1C
illustrates a novel environment where X. fastidiosa has not been
introduced yet, and presents significant environmental differences
compared with Figure 1B. The figure represents the complexity of
translating eco-epidemiological knowledge from known outbreak
locations to very different environments, where X. fastidiosa does
not occur yet. The sheer amount of eco-epidemiological uncer-
tainties have a remarkable impact on the accuracy of epidemiolog-
ical predictions for disease prevention and control strategies, thus,
this review aims to provide a tool to identify knowledge gaps that
need to be filled in order to offer additional supporting evidence and
context for decision makers.

Bacterium. X. fastidiosa shows high genetic variability, with
three supported subspecies (fastidiosa, multiplex, and pauca) and
twowhich are still debatable (morus and sandyi) (Potnis et al. 2019;
Vanhove et al. 2019). Genetic analyses are progressively uncover-
ing new nonrecombinant and recombinant strains, which differ in
terms of infectivity, growth rate, within-host movement rate, and
symptom severity. Bacterial populations undergo extensive homol-
ogous recombination, allowing adaptation to new hosts and
ecological niches (Vanhove et al. 2019). Human-mediated move-
ments of infected plant material have favored the long-range
dispersal of X. fastidiosa and an increase in new recombination
events (Landa et al. 2019). This means that disease risk in a specific
area might be represented by the introduction of new genotypes
combined with the recombination potential of sympatric genotypes
independently introduced, as recently discovered in European
outbreaks (Potnis et al. 2019). Hence, it is difficult to predict the
genotype likely to invade new locations, as thismaydepend not only
on proximity and connection with affected areas, but also on
introduction routes of potentially infected plants and new re-
combination events.

Some degree of host specialization has been demonstrated, as
individual sequence types seem to be associated with a limited
number of hosts, and this information can be used to predict
susceptible host plants in new areas following an introduction
(Nunney et al. 2019). However, recent experiments on non-
recombinant strains of subsp. multiplex showed a general lack of
infection of nonhomologous hosts (Nunney et al. 2019). Therefore,
in areas where the flora is thought not to have been previously

FIGURE 1
A, Conceptual diagram of factors affecting Xylella fastidiosa epidemi-

ology displayed by pathosystem level with related uncertainties and

nexus to be considered in predicting its establishment and spread in a

novel environment. Considering a theoretic X. fastidiosa pathosystem,

each node corresponds to an epidemiological component involved in

disease dynamics, while arches represent the interactions of the com-

ponents with each other. Gray connections are directed downward

(right), black connections are directed upward (left). B and C, Concep-
tual model of two hypothetical eco-epidemiological scenarios charac-

terized by different combinations of variables for each pathosystem

level in A. B represents a low-diversity susceptible crop system with a

Mediterranean-like climate, a dominant vector species, and a control

strategy based on infected plant removal, where the outbreak is caused

by a single pathogen genotype (e.g., similar to outbreak of olive quick

decline in Puglia, Italy). In contrast, C illustrates a completely novel

environment where a potential X. fastidiosa introduction (different ge-

notypes) has not occurred yet: mix of natural and agricultural land with

unknown host susceptibility, numerous potential vector species, tem-

perate climate, different human-related processes (e.g., plant trade

network), and policy framework.
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exposed toX. fastidiosa, the potential host range remains unclear, as
well as the potential emergence risk and the potential socio-
economic and ecological impacts (genotypic diversity seems to also
affect pathogenicity and transmission rates) (Almeida and Nunney
2015).

Evidence of bacterial genetic variability is represented by
variability in host specificity, spatiotemporal dynamics, and
environmental impact among the current European outbreaks
(Landa et al. 2019). In Puglia (Italy), the pathogen introduction
likely occurred via infected plants from Central America carrying a
single X. fastidiosa genotype (Saponari et al. 2019). The resultant
epidemic largely affected olive trees, although other hosts in the
vicinity of olive groves were also found to be infected (Saponari
et al. 2019). In other cases, such as Corsica (France), multiple
independent introduction events are the most likely scenario, with
different genotypes affecting different hosts and habitats, withmore
subtle expression of symptoms and patchy distribution (Landa et al.
2019). This may have caused the infections to be undetected for
longer than previously thought (Soubeyrand et al. 2018). In areas
where X. fastidiosa does not currently occur, it is therefore
extremely difficult to predict which genotypes of the bacterium
are most likely to invade. Commonly this has been based only on
climatic suitability models (Godefroid et al. 2019) and how these
genotypesmight adapt to the available hosts/habitats. In this regard,
whole-genome studies are providing promising insights into
ecological and epidemiological traits of X. fastidiosa, such as
dispersal pathways or relationships among strains that are of
biological and quarantine relevance, which might be useful in
developing disease management strategies (Landa et al. 2019).

Host plant. The potential host pool of X. fastidiosa is extremely
broad, fromherbaceous plants to trees, including valuable crops and
ornamentals (Delbianco et al. 2019). As its distribution expands,
other susceptible species are progressively being discovered (e.g.,
adaptations to new hosts, plants not yet tested, etc.) (EFSA PLH
2019). In a new environment, identifying the potential host
community, and more importantly the reservoir community, is
challenging. Numerous X. fastidiosa strains do not spread evenly in
the host, especially in asymptomatic hosts, so that these plants
represent a particularly obscure reservoir pool (Purcell and
Saunders 1999). Hence, the identification of specific focal species
for epidemiological investigations, or for targeted disease manage-
ment strategies, can be challenging. As a result, it has been
suggested that several plausible scenarios are considered when
undertaking pest risk assessment and planning detection surveys
(EFSA 2019). These might include all the recognized susceptible
species (EFSA PLH 2019) widely occurring in the area of interest;
all susceptible species where infection can have major economic
impacts; hosts of known major outbreaks; or all host species
preferred by the available vectors (if known). In addition, plant
phylogenetic relatedness analyses might be an alternative approach
to forecast potential hosts in a new location (Parker et al. 2015).

Even in known susceptible taxa, such as grapevines and olives,
where the pathogen causes distinctive outbreaks, there can be
significant variation in symptom expression and transmissibility
between host species/cultivars (Sabella et al. 2019). As a result,
anticipating the course of an epidemic in a novel environment, with
particular biotic and abiotic conditions, is fraught with uncer-
tainties. In particular, host tolerance and resistance to infectionmay
need to be considered. Whereas tolerance can be considered a
reduction in the impacts of infection on the health of a host,
resistance is associated with lower bacterial loads and lower
proportions of colonized vessels (Roper et al. 2019). Further,
pathogen establishment or disease severity depend also on other
factors such as plant age (Roper et al. 2019).

Thus, in an environment where the flora has not previously been
exposed to X. fastidiosa, the pool of potential hosts, their relative
susceptibility to infection and disease, and the symptoms of disease,

are unknown. This variability occurs among different genotypes of
the same species (e.g., olive cultivars) as well as among different
species in the same genus (e.g., Prunus spp.) (Rapicavoli et al.
2018). For example, different olive cultivars show significantly
different bacterial loads and other bacterium-associated responses
that determine different symptoms expression and resistance of
some cultivars (Sabella et al. 2019). In addition, the bacterium can
be irregularly distributed in the host, making detection through
sampling not always reliable (Purcell and Saunders 1999).
Detection based on visual inspection for symptoms of disease is
further complicated by the nonspecific nature of symptoms and a
long and variable asymptomatic period (likely to be influenced by
climatic conditions) (Rapicavoli et al. 2018). Host assemblages
might not only vary in terms of spatial scale (and time scale if
considering crop growth and planting rotation) but also in terms of
host abundance and host density, which is information rarely
available in noncrop settings. As a result, epidemiological
predictions unsupported by empirical testing are unlikely to be
accurate, especially considering the remarkably high number of
potential combinations between hosts (>560) (EFSA PLH 2019)
andX. fastidiosa genotypes (>80, described bymultilocus sequence
typing) (Landa et al. 2019; Potnis et al. 2019; Vanhove et al. 2019).

Nonetheless, predicting the risk posed byX. fastidiosa to specific
areasmay be essential tominimize potential economic losses due to
an outbreak. Depending on the combination host_pathogen
strain_environment, among other factors such as agricultural
practices, there is a great variability in the risk of yield loss
(Rapicavoli et al. 2018). In California, estimated grape-growing
industry losses due to PD are approximately $104 million per year
(Tumber et al. 2014). In Europe, an analysis of the occurring
genotypes, suggested that olive is the most sensitive crop to this
pathogen (subsp. pauca), with very high estimated yield losses,
especially concerning areas where the trees are older than 30 years,
which represent the majority of the areas of olive production in EU
(EFSA PLH 2019), whereas almond and Citrus spp. are considered
to be at lower risk compared with olive (subsp. multiplex and
fastidiosa) (EFSAPLH2019), although outside Europe, in different
environmental conditions, where cultivation practices, host, and
pathogen genotypes are different, these crops are seriously affected
by X. fastidiosa infection (Coletta-Filho et al. 2020).

In Italy, analyses of economic impact of OQDS forecasted losses
between 1.9 to 5.2 billion Euros in theworst-case scenario, in which
production ceases after orchards without replanting resistant
cultivars, while the availability of resistant cultivars significantly
reduced the estimated impact (0.6 to 1.6 billion Euros) (Schneider
et al. 2020). This analysis demonstrates the importance of
strengthen the ongoing research on host and cultivar resistance,
which constitutes a significant element of eco-epidemiological
uncertainty. However, economic predictions are likely to be
inaccurate when epidemiological knowledge is lacking. Estimation
of key disease progression parameters may be crucial to achieve
informed policy and adapt agricultural practices to reduce
economic impact. However, these parameters, which vary for
different hosts (and likely for different pathogen strain and
environmental conditions), are not generally available, with few
exceptions, e.g., olives in Puglia (White et al. 2020). Similar
information, including the timescale of the different phases of the
infection, concerning other pathosystems would greatly reduce the
amount of eco-epidemiological uncertainty around X. fastidiosa.

Insect vector. Worldwide, all insect species feeding on xylem-
sap are potentially able to transmitX. fastidiosa. These belong to the
superfamily Cercopoidea (froghoppers and spittlebugs), the
superfamily Cicadoidea (cicadas), and the subfamily Cicadellidae
Cicadellinae (sharpshooters): with approximately 100 species in
Europe (Cornara et al. 2019). In Europe, the most widespread
potential vectors are native spittlebugs, in particular the meadow
spittlebug Philaenus spumarius (Saponari et al. 2019). Other
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species have been found not to be competent transmitters of the
bacterium or are not considered epidemiologically relevant due to
their biology and ecology (Cavalieri et al. 2019; Morente et al.
2018), althoughmore research is currently underway to evaluate the
potential role of some of these taxa. Interestingly, cicadas and
leafhoppers, which are also found in olive groves in Puglia, do not
seem to be able to transmitX. fastidiosa in this setting (Cornara et al.
2020). Conversely, in North and South America, froghoppers,
cicadas, and sharpshooters (Cercopoidea, Cicadoidea, and Cica-
dellidae Cicadellinae) are considered the key vectors for the
pathogen (Krugner et al. 2019). In particular, the invasive
Homalodisca vitripennis (glassy-winged sharpshooter) is one of
the most important vectors of PD in California, suggesting
differences in terms of vector dynamics and vector control
strategies between American and European pathosystems (Krugner
et al. 2019).

X. fastidiosa is the first case of a pathogen transmitted by
spittlebugs in Europe, with P. spumarius the main vector of the
Italian OQDS outbreak (Bodino et al. 2019). These insects were not
considered plant pests and were only studied for their striking
elytral polymorphisms (Stewart 1996); thus, relatively little was
known of their biology and ecology at the time of first detection of
X. fastidiosa in the continent. Transmission studies with
P. spumarius have only been carried out in the South of Italy after
the OQDS outbreak, whereas more information is available for
H. vitripennis due to its long associationwith the epidemics of PD in
North America. Two more spittlebugs, P. italosignus and Neo-
philaenus campestris, have been demonstrated to be competent
vectors of the strain ST53 associated with OQDS, but in southern
Puglia olive groves, these have a lower abundance, a lower affinity
to olive trees, and lower transmission efficiency compared with
P. spumarius, which remains the major OQDS vector (Cavalieri
et al. 2019).Nevertheless, in other ecosystems, these speciesmay be
more abundant than P. spumarius, as demonstrated by Panzavolta
et al. (2019), in whichP. italosignuswas found to bemore abundant
than P. spumarius in olive groves in Tuscany. This suggests that
other xylem-sap feeder insects might have a transmission role in
different pathosystems and in other environments than olive groves
(which have been studied in less detail). Indeed, P. spumarius has
been found to infect only in Italy and Corsica (France), confirming
that additional xylem-feeding insects may play a role in trans-
mitting the bacterium elsewhere (Cornara et al. 2019).

With the exception of P. spumarius in Puglia, data are scarce
regarding distribution, abundance, phenology, seasonality, host
preference, and dispersal capabilities of potential vectors (but see
Bodino et al. 2019). In Italy, field experiments showed that
P. spumarius nymphs preferred herbaceous plants, while adults
shifted to woody hosts, in particular olive trees or Quercus species,
at the beginning of the summer probably because of the dryness of
the herbaceous cover, before returning to herbaceous plants at the
end of summer (Bodino et al. 2019). However, it is unclear whether
this is an innate pattern, or whether it might not be observed where
the herbaceous plants do not dry out, such as in colder/wetter
climates or in case of different vegetation assemblages. Host
preference mediates host_vector interactions and vector seasonal
dynamics, and knowledge of this can therefore be useful when
designing vector control strategies or when predicting the course of
epidemics in different climatic scenarios (Gruber and Daugherty
2013). Vector behavior in different environmental conditions is
difficult to predict, as demonstrated by the complex behavioral
response triggered by warmer temperatures in the case of Graph-
ocephala atropunctata transmittingX. fastidiosa to grapevines. The
interaction between climate and vector behavior, which affects
disease dynamics such as onset of host infectiousness and onset of
symptoms, is likely to depend on the pathosystem (Daugherty et al.
2017). For instance, in northern Italian olive groves, adult meadow
spittlebugs persist in the olive canopy until October (while in Puglia

these disappear after July) and occur on a wider range of alternative
hosts compared with southern areas (Bodino et al. 2019). Whether
this represents the impact of biotic or abiotic conditions will be an
interesting area of investigation, as less suitable abiotic conditions
for the vector may result in a higher host diversity and longer adult
persistence.

Little is known about vector dispersal, which will influence how
far an infectious vector can spread the pathogen.Meadow spittlebug
dispersal is characterized by short-distance flights, traveling an
average of 30 m in a single flight, and up to 100 m within 24 h
(Cornara et al. 2019). Passive wind-mediated movements and
“hitchhiking” onvehicles have also been reported asmechanisms of
long-distance dispersal for this species, although this has yet to be
quantified (Cornara et al. 2019). InCalifornia,Homalodisca species
(sharpshooters) were found to travel 30 to 150m in 72 h, depending
on the wind speed and the landscape configuration (including host
plants, structural complexity of hosts, host matrix, and topography)
(Krugner et al. 2019). However, these measures are extremely
difficult to translate into an accurate and realistic estimate of
movement distances, which may help to infer disease spread. In
addition, these studies are restricted in terms of species, habitat, and
abiotic conditions, so the extrapolation of these results to different
areas may be problematic. Thus, field studies and experiments are
required in order to accurately estimate vector dispersal capabilities
in different conditions.

Spread of insect-transmitted plant pathogens has been assumed to
be mainly a function of vector abundance, nonetheless vector
phenology is one of the less known aspects of vector–plant pathogen
systems (Sisterson and Stenger 2016), and the areas at risk of
X. fastidiosa introduction are no exception. Further, variability has
been found among the relative importance of vector numbers and
feeding periods with regards to X. fastidiosa transmission, with
lower competence potentially being offset by higher abundance,
polyphagy, mobility, or lack of biological control organisms
(Daugherty and Almeida 2009). Experimental and empirical data
collected in several pathosystems will shed light on the different
components of vector transmission affectingX. fastidiosa infection.
Indeed, the likelihood of transmission is the result of vector
phenology, representing host_vector contact rate, vector dispersal,
distance covered by a potentially infectious individual, vector
competence, and efficiency in acquiring and transmitting the
pathogen, which varies with bacterial genotype_host_vector
species combinations (Gruber and Daugherty 2013).

Abiotic conditions. Temperature is a major determinant of
transmission in vector-borne diseases as both the infectious agent
and the vectors may be temperature-sensitive (Kamiya et al. 2019).
Similarly, abiotic conditions seem to have a major impact on
X. fastidiosa (Feil and Purcell 2001). Climate affects bacterium
survival and growth rate, as well as host_vector distribution and
abundance (Daugherty et al. 2017). Abiotic conditions are tightly
linked to multiple epidemiological factors (Fig. 1), and trans-
mission is driven by the interactions among these, which have rarely
been evaluated when assessing X. fastidiosa risk in novel environ-
ments. Additionally, in the context of climate change, abiotic
conditions can vary in unpredictable ways (Trębicki et al. 2017),
representing a significant source of uncertainty to take into account
when considering epidemiological dynamics in novel locations
for present and future scenarios. Nonetheless, the effect of temper-
ature or other abiotic factors on X. fastidiosa pathosystems are
largely unexplored, especially in climatic conditions and bacte-
rial genotype_host_vector combinations dissimilar from known
outbreaks.

Modeling studies indicated that, in the United States, areas with
milder winter temperatures were at higher risk of emergence of
X. fastidiosa-related diseases because they aremore favorable to the
survival of the bacterium and the vector (Cornara et al. 2019; Feil
and Purcell 2001). Whereas in Europe, species distribution models,
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which currently represent the main available method of estimating
the potential distribution ofX. fastidiosa, found that several climatic
variables are likely to affect the distribution of X. fastidiosa (e.g.,
average summer temperature, seasonality of precipitation), and
predict that all coastal areas of theMediterranean, theAtlantic coast
of France, Portugal, and Spain, and other lowland areas are suitable
for establishment of the bacterium (EFSA PLH 2019; Godefroid
et al. 2019). However, this approach is biased toward actual
occurrences (or areas with similar features) and does not take into
account bacterial genotype variability, bacterial and vector host
preference, bacterial nonequilibrium distribution, or any other
variables driving the potential environmental range expansion of
X. fastidiosa. For example, variation in the effects of temperature
and culture media on bacterial growth and biofilm formation was
identified between different X. fastidiosa genotypes in vitro
experiments (J. A.Navas-Cortés, personal communication). Hence,
the suitable range of expansion of the pathogen remains uncertain
until further empirical data are available. Currently, the evidence
suggest that higher temperatures favor greater vector feeding rates
and vector survival (Cornara et al. 2019), higher X. fastidiosa
growth rate (Feil and Purcell 2001), higher transmission efficiency
and shorter latency period in hosts (Daugherty et al. 2017), and
greater infectivity in plants (Lieth et al. 2011).

In areas with lower temperatures, such as oceanic/continental
climates, there is little or no empirical knowledge about how (and if)
the bacteriummay spread, although there are records as far north as
southeastern Canada. There,X. fastidiosa subsp.multiplex has been
observed to cause leaf scorch in shade trees and shrubs (e.g.,Ulmus,
Acer, and Quercus). In those cases, colder temperatures have been
hypothesized to reduce the rates of spread and symptom develop-
ment (Gould and Lashomb 2005). Cold curing experiments (in
which low temperatures have resulted in recovery from infection)
have demonstrated that below a temperature threshold the within-
host growth rate of the bacterium may become negative, or at least
does not systemically spread. However, this threshold is dependent
upon multiple factors such as pathogen genotype, host species/
cultivar, experimental conditions, and length of exposure to
suboptimal temperatures (Lieth et al. 2011; Rathé et al. 2012). As
a result, extrapolating any given temperature threshold to other
pathosystems is likely to be fraught with uncertainty.

Epidemiological data in Mediterranean and subtropical climates
are more readily available, as the outbreaks of PD in Californian
grapevine, citrus variegated chlorosis inBrazilian citrus, andOQDS
in Puglian olive boosted research in these areas. Climatic conditions
in these areas are characterized by high summer and winter
temperatures and high seasonality in precipitation (resulting in
periods of hydric stress in plants). Yet, the effect of temperature or
dryness on transmission has not been systematically analyzed and
available empirical or modeling studies exhibit a variety of
outcomes. Daugherty et al. (2017) experimentally demonstrated
that at higher temperatures sharpshooter vectors preferred to feed on
healthy hosts because of the exacerbated symptom expression,
reducing X. fastidiosa spread. Nevertheless, there are pathosystems
where vectors are attracted to infected hosts, and earlier symptom
onset might therefore favor greater disease incidence (Eigenbrode
et al. 2017). Better understanding of the interplay among climate
and other epidemiological factors and a more systematic approach
to test the effect of abiotic conditions on transmission dynamics are
needed to comprehend and predict specific responses in a given
pathosystem.

Landscape heterogeneity. Landscape heterogeneity (in terms
of landscape scale, configuration, and type of vegetation assem-
blages) has been observed to influence spread for a variety of plant
pathogens (Papaı̈x et al. 2015). In the case of X. fastidiosa, these
factors will therefore affect the epidemiological framework used to
predict transmission dynamics. For example, different epidemio-
logical behaviors may depend on diversity, density, and spatial

arrangement of host plants in the landscape (Caraco et al. 2001).
Landscape composition affects X. fastidiosa inoculum pressure as
well as spatiotemporal spread dynamics by influencing vector
behavior (Santoiemma et al. 2019). In novel environments, the
interactions between landscape heterogeneity and the bacter-
ium_host_vector triad (Fig. 1) are likely to influence epidemiolog-
ical processes, as occurs in other pathosystems (Papaı̈x et al. 2015).
Assuming different degrees of plant susceptibility, it can be
hypothesized that the response of X. fastidiosa to a highly diverse
landscape (such as the natural environment as opposed to a
monoculture) might be to limit adaptation to any given host, so that
selection pressure is in favor of a more diverse and less pathogenic
bacterial population (Sicard et al. 2018). Furthermore, the vector,
which is generally polyphagous, would feed on a wider variety of
host plants, thereby decreasing the probability of encountering the
most susceptible host and thus spreading the most pathogenic
genotype (Ostfeld and Keesing 2012). Conversely, in crop systems,
with a high dominance of phylogenetically related hosts,
X. fastidiosa might quickly adapt to easily spread between hosts
(or the bacterial strain introducedmay be already highly specialized
for that host) and express higher virulence (Sicard et al. 2018). The
phenomenon that less or noncompetent host-species dilute trans-
mission potential, providing alternative routes for the pathogen/
vector, has often been observed, especially in vector-borne diseases
(Ostfeld and Keesing 2012). However, due to the variability of
X. fastidiosa pathosystems, the generality of the dilution effect
cannot be assumed in absence of further experimental data on
transmission dynamics in a wider range of hosts/landscapes.
Indeed, in some areas, a high diversity of susceptible but
symptomless plants were found to be a source of constant
X. fastidiosa inoculum (a “hidden reservoir” of infection)
(Soubeyrand et al. 2018).

In terms of landscape scale, epidemiological dynamics might be
considered over a large area (e.g., national scale pest risk
assessments) or with a focus on specific areas with high density
of host species, such as highly susceptible or high valuable crops
(e.g., preparedness measures specific to the horticultural sector). In
both cases, it would be complex to predict and characterize
X. fastidiosa transmission potential of host plants in a location
where data are not available. Even for the second approach, itwill be
challenging to estimate the susceptibility of a crop in a new location,
as the susceptibility of a single crop has been found to vary in
different locations due to climatic conditions, cultivation practices,
spatial configuration, surrounding matrix, and host_bacterium
association (Lopes et al. 2010). The spatial configuration of the
plants, distance between plants, and shape of the patch, directly and
indirectly affects X. fastidiosa vector dispersal capabilities
(Krugner et al. 2019). In central Italy, the land use type surrounding
olive groves has been found to affect P. spumarius abundance and
dispersal patterns (with vineyards negatively correlated to spittle-
bug abundance in olive groves), affecting the risk of X. fastidiosa
transmission (Santoiemma et al. 2019). In Puglia, olive grove
distribution and tree density were found to influence X. fastidiosa
dynamics at a landscape level (White et al. 2017). However, no
correlation was found between land-use and X. fastidiosa occur-
rence in Corsica, most likely because of the capability of
proliferation on a great variety of plants widely distributed in
several land-cover classes (Martinetti and Soubeyrand 2019).
However, generally the information regarding host species
distribution/abundance at landscape scale, host spatial configura-
tion, and distribution of vegetation assemblages are not available.

Human influences on dispersal, infection, and management.
Since biosecurity threats have been strongly linked to the expansion
of human activities such as trade and tourism, understanding
human-mediated processes in the various stages of disease trans-
mission, surveillance, monitoring, and control of plant pathogens
to predict and prevent disease spread is essential to reduce
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epidemiological uncertainties (Marzano et al. 2017). Human
actions affect the type and numbers of plant pathogens and pests
being dispersed, as well as the potential dispersal distances, which
therefore influence the risk of spread (human-mediated trans-
mission). However, they also influence the ability to counteract
disease through movement restrictions, surveillance, and control
efforts. These “human management actions” require behavioral
change, which can be achieved using a variety of approaches,
including policy, economics, and engagement (Marzano et al.
2017). Human activities also influence host distribution and
landscape configuration, which can subsequently influence vec-
tor introduction and spread (Fig. 1) (Potter and Urquhart 2017).
Hence, the consideration of human mediated processes in eco-
epidemiological research includes how humans influence trans-
mission directly or indirectly via the movement and placement of
host plants (such as procurement practices), but also includes
human knowledge of potential plant diseases and responses
to the pathogen through regulatory and management systems
established to constrain spread following discovery of the pathogen
(Laxminarayan et al. 2014). Public acceptability of control
measures put into place following discovery of X. fastidiosa will
also be key to successful management, as was demonstrated during
the OQDS outbreak in Puglia, where lack of early scientific
communication and stakeholder engagement exacerbated pathogen
transmission (Colella et al. 2019).

The plant trade network has been identified as a key pathway for
the introduction of plant pests and pathogens into nonendemic
countries, and has also been shown to strongly influence trans-
mission patterns following entry (Pautasso et al. 2015). Neverthe-
less, the structures of national and international plant trade networks
and the flows within these are still insufficiently documented.
Detailed data (e.g., host species level) on plant trade are scarce for a
variety of reasons (e.g., the sheer volume of data, unwillingness of
trading companies to disclose information, difficulties collecting
human behavioral data, existence of illegal behaviors that generate
markets) (Marzano et al. 2017). Yet, research on Phytophthora
demonstrated a significant increase in transmission potential when
commercial movement of plants was considered (Harwood et al.
2009). This is highly likely to occur in the case of X. fastidiosa, the
main outbreaks of which arose in human-modified pathosystems
andwhere themain hosts are heavily traded as crops or ornamentals,
for which trading routes and detailed distribution are poorly
understood (Almeida and Nunney 2015). Although estimating the
movements of crops and ornamental plants would require much
more investigation effort into human activities, it would also be
beneficial to better characterize long-distance dispersal routes,
introduction pathways, and the landscape distribution of susceptible
hosts.

Stakeholders’ actions are dependent on various factors that are
particularly difficult to predict and investigate such as values and
motivations, risk perceptions, ability, and willingness to act and
exist within a landscape of regulatory and economic considerations
and education and awareness programs (Marzano et al. 2017). For
example, scientists have advocated for greater trade restrictions
(Hantula et al. 2014) and EU legislation has restricted the trade of
X. fastidiosa hosts from known affected areas. However, global
trade rules, largely determined by the World Trade Organiza-
tion (WTO), strongly favor free trade, as its main concern is
safeguarding economies rather than plant health. As a result, any
trade restrictions must be justified by evidence-based pest risk
assessments (WTO Sanitary and Phytosanitary Agreement) or
penalties are imposed. Due to the considerable epidemiological
uncertainties early in a new epidemic (as may happen in the case of
new diseases caused by X. fastidiosa), risks may not be accurately
characterized, and there may be delays in the implementation of
effective trade restrictions (Marzano et al. 2017). For situationswith
high epidemiological uncertainties, different pest risk assessments

may lead to different conclusions. This might affect the selection of
preventive measures, which can cause disruption of trade,
generating international disputes and stakeholders’ discontent, as
occurred when the EU banned citrus imports from South Africa due
to the risk of spread of citrus black spot disease (Laurenza and
Montanari 2014). Stakeholder responses to disease management
strategies therefore pose another source of uncertainty, and yet have
a great influence on the progression of a potential outbreak
(Marzano et al. 2017; Saponari et al. 2019).

In X. fastidiosa pathosystems, a key complexity for the
implementation of disease management is represented by host
distribution in heavily human modified environments, such as
isolated and discontinuous host distribution in private gardens, or
orchards with a high host density. Analogous conditions have been
recognized in citrus Huanglongbing outbreaks (Gottwald 2010). In
these cases, stakeholder compliance may represent a limiting factor
to successful disease control, and therefore human response highly
affects the intensity and distribution of risk. Human behavior is
difficult to characterize and predict, and thus represents a great
source of epidemiological uncertainty. For example, roguing
(i.e., plant removal), which is a common approach to disease
management, may be difficult to apply to in the case ofX. fastidiosa
due to the sensitive nature of removing asymptomatically infected
host plants from private land, as the implications may be political
and economic, as well as ecological (Marzano et al. 2017).
Nonetheless, in other pathosystems, such as Huanglongbing and
plant mosaic disease, collaboration between growers applying
roguing and vector control seemed to be essential in controlling the
infection at landscape scale while preventing yield loss (Craig et al.
2018; Rakshit et al. 2019). Successful disease management
strategies necessarily include a high degree of stakeholder
engagement, in particular, recent research on Huanglongbing in
Florida, showed that informing stakeholders about the effectiveness
of control methods was of much greater importance than increasing
disease risk perceptions (Milne et al. 2020).

Thus, including information on human-related factors in eco-
epidemiological research will give further insights on potential
pathogen entry pathways and on the human pathways to target for
surveillance and control purposes, as well as on how to preserve
livelihoods and food security (Milne et al. 2020; Parnell et al.
2015). Such insights are critical to ensure cost-effective disease
management strategies and stakeholder awareness and compli-
ance. In addition, stakeholder engagement provides key support to
scientific research, such as disease reporting, the lack of which
pose a major constraint to any surveillance protocol (White et al.
2018).

PRIORITIZATION OF ECO-EPIDEMIOLOGICAL
UNCERTAINTIES: SURVEY

The uncertainties highlighted in the sections above are also listed
and summarized in Supplementary Table S1, where we also point
out the potential sources of data that could help to fill the knowledge
gaps. To help prioritize these uncertainties, we asked an in-
terdisciplinary group of experts in different fields of plant
pathology, ecology and plant health to rank each uncertainty in
terms of their perceived importance for the development of accurate
pest risk assessments, and to identify which were most challenging.
The survey was conducted following the Code of Ethics of the
Social and Economic Research Group (SERG) at Forest Research,
Roslin, U.K. It included 28 academics from universities (9) and
research institutes (17), mainly based in the United Kingdom (15),
but also in Italy (6), France (2), Spain (1), The Netherlands (1), and
the United States (1), with two respondents preferring not to
disclose their affiliation and country. Their disciplinary context
ranged from epidemiological and ecological modeling to crop
genetics, plant pathology, plant disease epidemiology, entomology,
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social science, and microbiology. In particular, according to the
description they provided of their field of research, eight were
modelers involved in X. fastidiosa projects, seven specialized in
different aspects of molecular phytopathology and microbiology,
five were entomologists with expertise in the insect vectors of
X. fastidiosa, five were plant epidemiologists, two were ecologists,
and one was a social scientist who specializes in stakeholder
engagement in the field of plant health. These experts were
presented with the list of data types in Supplementary Table S1 and
were asked to rank the data types in terms of both “urgency” and
“difficulty” to prioritize them for each pathosystem level and to
propose an overall ranking for themost urgent and themost difficult
data to collect. The experts’ answers were then analyzed by
averaging their ranking value assigned and arranging the data
according to the new ranking values.

There was no evidence of an effect of the academic discipline of
the expert on the ranking proposed, as assessed by the Kruskal-
Wallis H test. Considering each pathosystem level separately,
the priorities identified were (in order from most to least
important): bacterial genotype_host specialization, host distribu-
tion, temperature-dependent infection rates, vector distribution,
climatic suitability for the bacterium, effect of susceptible host
diversity on transmission rates, and impact of plant trade network
(Supplementary Table S1 provides full ranking). However, the
results from the overall ranking showed that, across all levels, the
most urgent knowledge gaps to be filled were: host distribution
(identification of susceptible host(s) at different taxonomic levels
across different spatial scales); vector dispersal (distance traveled
by vector species locally and nonlocally); temperature-dependent
infection rates in different host_bacterium genotype combinations;
vector abundance (local density of vectors in different habitats,
which represent host_vector contact rate); bacterial genotype_host
specialization; and vector distribution (presence of vector species at
different spatial scales). Interestingly, these results are in alignment
with epidemiological studies investigating the impact of different
epidemiological components on X. fastidiosa transmission dynam-
ics. For example, Kyrkou et al. (2018), using a mechanistic
modeling approach, performed a sensitivity analysis of all
parameters to find the ones most affecting PD transmission in
Southern California. They found that host_vector contact rate, host
and vector density, and asymptomatic lag (also considered
temperature-dependent) most affected transmission.

The epidemiological aspects for which comprehensive un-
derstanding was considered most difficult to achieve, were
identified as follows: duration of transmission lag for different
combinations of host_bacterial genotypes; duration of asymptom-
atic lag for different combinations of host_bacterial genotypes;
seasonality in symptom onset in different abiotic conditions for
different combinations of host_bacterial genotypes; recombination
potential of different bacterial strains (significance of recombina-
tion in the (co)evolutionary, host-adaptation, and epidemiological
context); effect of temperature on infection rates in different
host_bacterial genotype combinations; and vector dispersal dis-
tance (natural and human-mediated routes). It is notable that these
are mostly related to the host_pathogen interaction, demonstrating
relative lack of information in this field.Although research on this is
currently undergoing, the combination of bacterial genetic
variability in conjunction with the great number of host species in
different climatic conditions leads to a very large number of
potential combinations, making it very challenging to estimate
these crucial epidemiological features in most cases. The effect of
temperature on infection rates and the distance of vector dispersal
occurred in both top-five lists, emphasizing the importance of
exploring X. fastidiosa transmission dynamics in climatic condi-
tions other than the current outbreak locations, and on identifying
the processes underlying the natural and human-mediated move-
ment of vector species in these different environments. Although

vector movement is often not explicitly understood due to the lack
of data, several modeling studies have shown that vector dispersal
patterns can have very significant effects on X. fastidiosa spread
(Strona et al. 2020; White et al. 2017).

Considering the average rank at pathosystem level, data relative
to the vectors were considered the most urgent, although there was
high variability in responses among experts and data types
(Supplementary Fig. S1 and Supplementary Table S1). This
variability occurred also for host data (second most urgent
pathosystem level). Yet, the range of ranks assigned to these two
data types included mostly higher values than other pathosystem
levels, with the exception of pathogen_host interactions (which
displayed the lowest ranking variability) and pathogen in third and
fourth place, respectively (Supplementary Table S1 and Supple-
mentary Fig. S1). Interestingly, the experts agreed that abiotic
conditions and landscape heterogeneity were the least important
data to collect in new environments to improve pest risk
assessments (Supplementary Fig. S1). Nonetheless, the data types
ranking higher in the most urgent pathosystem levels were highly
connected to and dependent upon climate and landscape variability
(e.g., temperature-dependent infection rate, host distribution, and
vector dispersal). By contrast, the levels consideredmost difficult to
explore were pathogen_host interactions, pathogen, and host,
reflecting the high level of uncertainty discussed in the previous
sections. Surprisingly, vectors and abiotic factors were judged the
most straightforward to investigate (Supplementary Table S1).
Pathogen, host, pathogen_host interactions, and vector levels
showed great divergence between urgency and difficulty rank,
appearing to be remarkably more urgent (Supplementary Fig. S1b),
whereas abiotic conditions and landscape were recognized to be
largelymore challenging than urgent to investigate (Supplementary
Fig. S1b).

FINAL CONSIDERATIONS

Diseases caused by X. fastidiosa are of great concern in both
endemic and unaffected areas, especially considering the major
economic impact this pathogen had and still has in endemic and
emerging contexts (Schneider et al. 2020; Tumber et al. 2014).
Prevention and control of these diseases requires a good un-
derstanding of how X. fastidiosa spreads in different environments
and regions. However, the variety of bacterial strains, potential
vectors, and potential hostsmakes this difficult to characterize in all
settings. These complexities are further accentuated when we
consider how epidemiological characteristics are impacted by
different ecological, social, and economic considerations.Given the
sheer scale of potential data needs and the difficulties inherent in
obtaining these, careful consideration needs to be given to which
data are most desirable if we are to develop clear and robust
evidence-based control strategies, especially in areas currently
though to be free from the pathogen. We consider this issue by first
highlighting a number of different factors of significance to the eco-
epidemiology of X. fastidiosa, and demonstrate the interconnec-
tions between these with particular focus on how this knowledge
can be applied in novel environments (Fig. 1). Although the eco-
epidemiological complexity and harmful impact on valuable crops
make X. fastidiosa an emblematic case, these kinds of issues are
common formany other emerging and reemerging phytopathogens.
Confronting epidemiological uncertainties through focused data
collectionwill allow us to improve our ability to accurately estimate
disease risk and implement effective prevention and control
strategies while also improving engagement with stakeholders.

Considering the eco-epidemiological uncertainties highlighted
here, it may not be possible to design management strategies for
areas at risk which are as accurate as the guidelines recommended
by agencies such as EFSA (European Food Safety Authority),
EPPO (European andMediterranean Plant Protection Organization),
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or NAPPO (North American Plant Protection Organization), which
advise the identification of local host populations, epidemiological
units, and take into account relevant epidemiological factors. In
novel environments, where no information on local host suscepti-
bility is available, plant species known to be potentially susceptible
to multiple bacterial subspecies might be prioritized (EFSA 2019).
In data-poor environments, abiotic conditions in the area of interest
might be considered to set the main study objectives; in areas with
oceanic/continental climates, the focus may be on prevention or
early detection of new incursions, with a focus on preincursion and
human pathways (EFSA PLH 2019); and in environmental
conditions similar to those in areas of existing outbreaks, the main
concern might be to use epidemiological understanding from
existing outbreaks to design effective mitigation strategies (EFSA
PLH 2019).Models can also be used to perform sensitivity analyses
to identify key uncertainties affecting success of management
strategies, such as the effect of short-range vector dispersal
distances on the size of cull radius around individual infected
plants, or the effect of long-distance vector dispersal on buffer zone
size (White et al. 2017). As well as spatial considerations, the
temporal dynamics of spread and disease are of importance—with
uncertainty surrounding the length of the latent and asymptomatic
phases affecting the ability to accurately simulate spread, evaluate
the effectiveness of biosecurity measures such as surveillance and
quarantine, and interpret results of diagnostic tests (EFSA PLH
2019).

The evidence base to predict X. fastidiosa potential suitable
distribution and spread is currently mainly based on modeling
approaches that do not explicitly account for the effect of abiotic
conditions on epidemiological dynamics, or are biased toward areas
where the pathogen already occurs. Thus, the collection of evidence-
based data in a wider set of eco-epidemiological conditions, across
different spatial and temporal scales, will be the key to overcome
uncertainties that exists to assessX. fastidiosa emergence risk in novel
environments, and favor the development of models offering more
robust predictions. The outcome of our expert elicitation suggests that
there are specific eco-epidemiological areas to prioritize. Information
on the fundamental bacterium_host_vector triad (and their interac-
tions) was recognized as both the most urgent and the most difficult
form of data to obtain. This is likely due to the variability of the three
elements, and so to the enormous number of potential combinations
between bacterial strains, host species, and vector species. Unfortu-
nately, no data are available regarding awareness or risk perception of
public and stakeholders, which may be potentially key vectors for the
pathogen, although examples from other plant pests revealed low to
modest levels of awareness even among key stakeholders in the
horticultural and forestry sector (Marzano et al. 2015, 2016).

Some of the aspects highlighted in the expert elicitation show
high levels of agreement, with experts from different academic
backgrounds jointly recognizing that a more detailed characteriza-
tion of pathogen, susceptible host, and vector dynamics was
paramount to support accurate pest risk assessments and improve
biosecurity policy and practice. In particular, data on vector
dispersal patterns, recognized as a top priority as well as one of the
most difficult information to gather, will be extremely relevant
to the implementation of novel control strategies focused on
reducing long distance movements (Strona et al. 2020). Similarly,
temperature-dependent infection rate scored highly among themost
desirable and most challenging data, confirming that investigating
X. fastidiosa dynamics in a wider range of climatic conditions is
crucial, although the effect of abiotic conditions on transmission
might remain one of the greatest sources of uncertainty.Moreover, it
seems clear that the increasing numbers of X. fastidiosa whole-
genome studies (Landa et al. 2019) have the potential to reveal
knowledge on bacterial genetic variability and paths of dispersal,
which are crucial in assessing the potential risks of introduction and
establishment in a new location.

In conclusion, the eco-epidemiological uncertainties high-
lighted here constrain our capacity to effectively assess disease
risk and develop and implement successful policy and manage-
ment strategies, especially given the severity of the threat that
X. fastidiosa represents. Concerted efforts must be made to fill the
knowledge gaps surrounding the ecological and evolutionary
drivers of X. fastidiosa-associated disease emergence, especially
in relation to the priorities highlighted by our expert elicitation.
Ideally, these should be complemented by exploration of the
effects of human-mediated transmission and of human actions in
relation to policy, management, and awareness in order to prevent
the disease from spreading morewidely, support decision making,
and enhance biosecurity.
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Tomov, R., and Vettraino, A. M. 2016. Assessing awareness of tree pests

and pathogens amongst tree professionals: A pan-European perspective.
For. Policy Econ. 70:164-171.

Milne, A. E., Gottwald, T., Parnell, S. R., Alonso Chavez, V., and
van den Bosch, F. 2020. What makes or breaks a campaign to stop an
invading plant pathogen? PLOS Comput. Biol. 16:e1007570.

Morente, M., Cornara, D., Plaza, M., Durán, J. M., Capiscol, C., Trillo, R.,
Ruiz, M., Ruz, C., Sanjuan, S., Pereira, J. A., Moreno, A., and Fereres, A.
2018. Distribution and relative abundance of insect vectors of Xylella fas-
tidiosa in olive groves of the Iberian peninsula. Insects 9:175.

Nunney, L., Azad, H., and Stouthamer, R. 2019. An experimental test of the
host-plant range of nonrecombinant strains of North American Xylella
fastidiosa subsp. multiplex. Phytopathology 109:294-300.

Ostfeld, R. S., and Keesing, F. 2012. Effects of host diversity on infectious
disease. Annu. Rev. Ecol. Evol. Syst. 43:157-182.

Panzavolta, T., Bracalini, M., Croci, F., Ghelardini, L., Luti, S., Campigli, S.,
Goti, E., Marchi, R., Tiberi, R., and Marchi, G. 2019. Philaenus italosignus
a potential vector of Xylella fastidiosa: Occurrence of the spittlebug on
olive trees in Tuscany (Italy). Bull. Insectol. 72:317-320.

Papaı̈x, J., Burdon, J. J., Zhan, J., and Thrall, P. H. 2015. Crop pathogen
emergence and evolution in agro-ecological landscapes. Evol. Appl. 8:
385-402.

Parker, I. M., Saunders, M., Bontrager, M., Weitz, A. P., Hendricks, R.,
Magarey, R., Suiter, K., and Gilbert, G. S. 2015. Phylogenetic structure and
host abundance drive disease pressure in communities. Nature 520:542-544.

Parnell, S., Gottwald, T. R., Cunniffe, N. J., Alonso Chavez, V., and
van den Bosch, F. 2015. Early detection surveillance for an emerging plant
pathogen: A rule of thumb to predict prevalence at first discovery. Proc. R.
Soc. B 282:20151478.

Pautasso, M., Petter, F., Rortais, A., and Roy, A. S. 2015. Emerging risks to
plant health: A European perspective. CAB Rev. 10.

Potnis, N., Kandel, P. P., Merfa, M. V., Retchless, A. C., Parker, J. K., Stenger,
D. C., Almeida, R. P. P., Bergsma-Vlami, M., Westenberg, M., Cobine,
P. A., and De La Fuente, L. 2019. Patterns of inter- and intrasubspecific
homologous recombination inform eco-evolutionary dynamics of Xylella
fastidiosa. ISME J. 13:2319-2333.

Potter, C., and Urquhart, J. 2017. Tree disease and pest epidemics in the
Anthropocene: A review of the drivers, impacts and policy responses in the
UK. For. Policy Econ. 79:61-68.

Purcell, A. H., and Finlay, A. 1979. Evidence for noncirculative transmission
of Pierce’s disease bacterium by sharpshooter leafhoppers. Phytopathology
69:393-395.

Purcell, A. H., and Saunders, S. R. 1999. Fate of Pierce’s disease strains of
Xylella fastidiosa in common riparian plants in California. Plant Dis. 83:
825-830.

Rakshit, N., Al Basir, F., Banerjee, A., and Ray, S. 2019. Dynamics of plant
mosaic disease propagation and the usefulness of roguing as an alternative
biological control. Ecol. Complex. 38:15-23.

Rapicavoli, J., Ingel, B., Blanco-Ulate, B., Cantu, D., and Roper, C. 2018.
Xylella fastidiosa: An examination of a re-emerging plant pathogen. Mol.
Plant Pathol. 19:786-800.
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