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1  |  INTRODUC TION

The bacterium Xylella fastidiosa (Xf) (Wells et al., 1987) is an insect-
borne plant pathogen native to the Americas, which invaded Europe, 
the Middle East and Asia (Bragard et al.,  2019). The pathogen is 

responsible for socio-economically important plant diseases such 
as Pierce's disease of grapevine (PD), olive quick decline syndrome 
(OQDS), bacterial leaf scorch of shade trees (BLS), phony peach dis-
ease (PPD), citrus variegated chlorosis (CVC) and almond leaf scorch 
(ALS) (Bragard et al., 2019). Xf develops in plant xylem, obstructing 
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Abstract
Xylella fastidiosa (Xf) is a vector-borne plant bacterium native to the Americas, which 
causes severe diseases to agricultural crops, ornamental plants and forest trees. The 
bacterium is becoming a source of worldwide health plant concern and disease out-
breaks associated with Xf have occurred outside of its native range (in Europe, Asia 
and the Middle East). Several studies have estimated risks associated with Xf out-
breaks in invaded regions under current climate conditions, but future climate change 
has been seldom addressed. In the present study, we calibrated correlative models 
of bioclimatic species distribution to forecast the potential range and severity of 
two economically important Xf-related diseases (Pierce's disease and the bacterial 
leaf scorch of shade trees) by the period 2040–2060. Models predict that conditions 
could become highly favourable for Pierce's disease in economically important wine-
producing regions of the world, highlighting the need to design control strategies. 
Similarly, models suggest that risk of bacterial leaf scorch of shade trees might in-
crease in temperate regions where it is still apparently absent. However, we note that 
substantial uncertainty in predictions arises from high levels of correlation among 
climatic variables in the calibration data set. The inherent lack of knowledge concern-
ing whether the distribution of Xf-related diseases is at climatic equilibrium or not in 
Europe may also influence our predictions. The models provide valuable information 
to identify regions where increased surveillance efforts should be made and where 
control strategies are required.
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vessels and leading to water transport disruption, ultimately re-
sulting in the death of plants when infection is severe. Not only in 
its native range (Tumber et al.,  2014) but also in invaded regions 
(Saponari et al., 2019; Schneider et al., 2020), the economic impact 
of Xf-related plant diseases is huge, making the pathogen one of the 
biggest threats for worldwide agriculture.

The bacterium comprises six described subspecies, namely subsp. 
fastidiosa, subsp. multiplex, subsp. pauca, subsp. taschke, subsp. sandyi 
and subsp. morus, which differ in geographical origin, current spatial 
distribution and host-plant ranges (Nunney et al., 2013). In Europe, 
the first economically relevant Xf-related outbreak occurred in 2013 
in the olive groves of Apulia in Italy, causing an unprecedented 
socio-economic disaster (Saponari et al.,  2019). Afterwards, other 
outbreaks have occurred in France, Israel, Spain and Portugal on a 
diverse range of agricultural and ornamental plants (European Food 
Safety Authority Plant Health [EFSA PLH] Panel, Vos, et al., 2019b). 
Three Xf subspecies have been found to occur in Europe (fastidiosa, 
multiplex, pauca) sparking a considerable interest in assessing their 
potential geographical distribution (Bosso et al.,  2016; EFSA PLH 
Panel, Bragard, et al., 2019a; Romero Fernández, 2020; Godefroid 
et al., 2019; Schneider et al., 2020) as well as in understanding driv-
ers shaping the range of the main vectors of Xf in Europe (Godefroid 
et al., 2021; Godefroid & Durán, 2022). Studies attempting to pre-
dict the impact of global change on the future potential range and 
severity of Xf are, however, rare and consider neither full geograph-
ical information available for the pathogen nor putative differences 
among the different Xf subspecies (Bosso et al.,  2016; Schneider 
et al., 2020).

Given its huge potential impact, a better understanding of the 
future geographical distribution and impact of Xf is needed to set 
up early-warning systems, improve surveillance, plan research pro-
grammes and design control strategies. Bioclimatic species distribu-
tion models (SDMs) are powerful tools to investigate the response 
of species to climate and predict the range of invasive species or 
distribution shifts induced by climate change (Peterson et al., 2011). 
SDMs are approaches that establish a statistical relationship be-
tween occurrence of a species and environmental covariates 
(Peterson et al., 2011). In the present survey, we aimed to predict 
the future climate suitability for PD and BLS at a worldwide scale.

2  |  MATERIAL S AND METHODS

2.1  |  Distribution data

We used the Xf occurrence records provided by Godefroid 
et al. (2019). In addition, we collected new records available in re-
cently published literature. Records were individually checked for 
accuracy, and unreliable records (e.g., too imprecise geographical 
situation) were discarded from the occurrence database. For BLS, 
we fitted models using presence records associated with subsp. 
multiplex, regardless of the identity of the host plants (i.e., 884 oc-
currences). Four records relative to subsp. multiplex were discarded 

from the database because they might be associated with microcli-
mate conditions, namely, three records in the surroundings of the 
Ontario Lake, Canada (Goodwin & Zhang,  1997) and one record 
in Gates Lake, British Columbia, Canada, situated in a mountain 
valley. These points appear as outliers in the climatic space, and 
we hypothesize that large-scale macroclimatic rasters might be 
unable to reflect those microclimatic conditions. For example, the 
Ontario Lake is well known to provide microclimatic conditions in 
its vicinity (such large bodies of waters induce a warming of win-
ter temperature and a reduction of frost days in winter; Dobson 
et al., 2020). To avoid overestimation of winter temperature resist-
ance, we preferred to discard these sites. For PD, we accounted 
for all records related to the subsp. fastidiosa, regardless of the 
identity of the host plants, and additionally generated “artificial” 
presences in south-eastern United States (Texas, Florida, Alabama, 
Georgia, Mississippi, South Carolina, etc.), which are considered 
to represent the traditional range of PD and where severity is the 
highest (Hopkins & Purcell,  2002). Three hundred artificial pres-
ence records were randomly generated at latitudes ranging from 
25° to 33.5° (altitude <200 m a.s.l) and 100 records were randomly 
generated between 33.5° and 35° (altitude <300 m a.s.l.) using the 
R package ‘biomod2’ (Thuiller et al., 2020). Accounting for these 
additional presences in model calibration aims to mimic the de-
creasing south-to-north severity of PD in eastern United States 
(Hopkins & Purcell,  2002). While some occurrences of subsp. 
fastidiosa were associated with plants other than grapevine, we 
advocate that using all records is a conservative approach that 
minimizes underestimation of risk. The final data set of PD records 
comprised 746 occurrences. The presence records available for 
these diseases are mapped in Appendix S1. Before fitting models, 
we removed duplicated records by allowing only one occurrence 
per pixel of the bioclimatic raster.

2.2  |  Selection of climatic descriptors

Temperature strongly affects multiplication and survival of Xf in 
plants (Feil & Purcell,  2001). According to in vitro experiments, 
temperatures ranging from 17 to 25°C are considered to repre-
sent the optimal range for Xf multiplication (Feil & Purcell, 2001). 
Survival of Xf in plants is also known to be strongly affected by 
winter temperatures as infected grapevines tend to recover when 
exposed to cold temperatures (Purcell,  1980). The direct impact 
of rainfall and air moisture on a xylem-inhabiting bacterium is, 
however, unclear and, moisture-related climatic covariates might 
impact the distribution of vectors (Godefroid et al.,  2021), host 
susceptibility to disease or complex interactions between host 
plants and the bacterium. Given the challenge of disentangling 
how the different components of Xf epidemiology are impacted 
by moisture-related covariates, we modelled the distribution of 
Xf-related diseases using two temperature descriptors extracted 
from the CHELSA (climatologies at high resolution for the earth's 
land surface areas) database (Karger et al., 2017) at a resolution of 
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5 arc-minutes, which reflect historical average climatic trends for 
the period 1979–2013 (referred to as “current climate conditions” 
in the rest of the manuscript). These covariates are the mean tem-
perature of the coldest quarter of the year (bio11) and the mean 
temperature of the warmest 8-month period of the year. These 
variables aim to reflect bacterial winter survival and multiplicative 
growth from spring to autumn, respectively. While this approach 
is conservative, we recognize that we might overestimate risk in 
regions where moisture conditions are not suitable for multiplica-
tion of the bacterium in xylem vessels and/or vectors or establish-
ment of competent vectors. However, we attempted to minimize 
risk underestimation because Xf is a harmful plant pathogen. We 
are aware that levels of risk overestimation that are too high can 
also be detrimental (e.g., implementation of unnecessary costly 
and environment-unfriendly control methods, loss of confidence in 
modelling outputs, etc.). However, we suggest that the modelling 
outputs provided here could primarily serve at identifying regions 
that should be surveyed, application of effective control methods 
being a further step of management of this pathogen.

To predict potential future risk of Xf-related diseases, we used 
climate change simulations provided by the fifth Intergovernmental 
Panel on Climate Change (IPCC). We used predictions from three 
global circulation models (GCMs) available, that is, the Canadian 
Earth System Model version 2 (CanESM2; Arora et al.,  2011), the 
Model for Interdisciplinary Research on Climate version 5 MIROC5 
(Watanabe et al., 2011) and the HadGEM2-CC (Martin et al., 2011) 
to account for uncertainty associated with difference among 
GCMs. Two representative concentration pathways (RCPs), RCP4.5 
and RCP8.5, which predict moderate and important future green-
house gas emissions, respectively, were accounted for (Van Vuuren 
et al., 2011).

2.3  |  Modelling approach

We used a generalized linear model (GLM—binomial family) ap-
proach to model the distribution of both Xf-related diseases (Guisan 
et al., 2002). We allowed only linear species-covariate relationships 
and no interactions between descriptors were accounted for in the 
models. We avoided complex machine-learning approaches, which 
might model complex and hard to interpret species–environment 
relationships (Merow et al.,  2013). While we recognize that quad-
ratic features are probably more appropriate for most species 
(Austin,  2007), there is a serious risk that the native range of Xf 
would not be informative enough to capture the upper end of a 
unimodal response curve of the bacterium to temperatures. Indeed, 
the bacterium Xf occurs in the warmest regions of its native range 
(e.g., both subspp. fastidiosa and multiplex occur in Florida, Arizona, 
California, United States) as well as in warm tropical regions of South 
America (e.g., subsp. pauca occurs in equatorial Brazil), which makes 
accurate capture of upper thermal limits of Xf challenging. For this 
reason, we adopted a conservative approach and only allowed linear 
features in models (Merow et al., 2013), even though we recognize 

this parameter selection might lead to overestimation of risk in the 
warmest geographical areas of the earth.

We discriminated presences from two pseudoabsence data sets: 
(1) one data set encompassing 10,000 pseudoabsences generated in 
North America at latitudes ranging from 25° to 50° for PD and lati-
tudes ranging from 25° to 65° for BLS (referred to as models BCK_NA 
hereafter), and (2) one data set encompassing 20,000 pseudoab-
sences equally distributed in Europe and North America (models 
BCK_NAEU). For PD, pseudoabsences were generated in Europe at 
latitudes ranging from 35° to 50° (approximately the latitude range 
of grapevine cultivation in Europe) and at longitudes ranging from 
−10° to 40°. For BLS, pseudoabsences were generated in Europe 
at latitudes ranging from 35° to 72° and at longitudes ranging from 
−10° to 40° (Appendix S2). The pseudoabsences were randomly gen-
erated in these areas excluding pixels associated with an occurrence 
record of Xf. These pseudoabsences were generated using the R 
package ‘biomod2’ (Thuiller et al., 2020). Overall, according to this 
selection of pseudoabsences, the models BCK_NA do not make any 
assumption on climatic equilibrium of Xf-related plant diseases in 
Europe while the models BCK_NAEU assume that the spatial pattern 
of Xf-related plant diseases outbreaks in Europe partly reflect the 
climate preferences of the pathogen (because pseudoabsences are 
generated in Europe).

We used a cross-validation procedure to evaluate accuracy of 
models (Fielding & Bell,  1997). Presences and pseudoabsences 
were randomly split into a calibration data set (80% of data) and 
an evaluation data set (the remaining 20% of data). The predictive 
accuracy of models was assessed by calculating the area under the 
curve of the receiving operator curve (AUC; Fielding & Bell, 1997) 
and the true skill statistics (TSS; Allouche et al.,  2006). This ap-
proach was repeated 10 times to account for the uncertainty arising 
from the cross-validation procedure. We produced maps depict-
ing four classes of severity of the disease in infected plants using 
the following thresholds: extremely low, climatic suitability <0.25; 
low to moderate, climatic suitability ≥0.25 and <0.5; moderate to 
high, climatic suitability ≥0.5 and <0.75; severe, climatic suitability 
≥0.75. To depict differences between calibration and projected cli-
matic spaces, we calculated the multivariate environmental similar-
ity surfaces (MESS) as described by Elith et al.  (2010). The MESS 
calculation represents how similar a point in the projected area is 
to the set of calibration points, with respect to the set of predic-
tor variables. The MESS index was calculated using the R package 
‘dismo’ (Hijmans et al., 2017). The MESS maps aim to identify which 
geographical areas are climatically highly different from the cal-
ibration data (MESS index <0). We used the R package ‘biomod2’ 
to calibrate and evaluate the models (Thuiller et al.,  2020). To as-
sess the reliability of predictions, we also extracted the predicted 
climatic suitability at areas with current severe Xf-related outbreaks. 
For PD, we considered subsp. fastidiosa-related outbreaks in Balearic 
Islands (Majorca), Israel (Hua valley) and Taiwan. For BLS, we con-
sidered subsp. multiplex-related outbreaks in Portugal (Vila Nova 
de Gaia), Spain (Castell de Guadalest and Majorca), France (Ajaccio, 
Corsica and Nice, Provence-Alpes Côte d'Azur) and Italy (Grossetto, 
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Tuscany). To assess the climate change-induced shift in climatic suit-
ability for PD in important wine-growing regions of the world, we 
built a nonexhaustive list of major wine-producing countries (France, 
Italy, Spain, Portugal, United States, China, Australia, South Africa, 
Argentina, Chile). Based on expert knowledge and literature, we 
made a list of the main wine-producing regions of these countries. 
We then extracted climate suitability estimation under current and 
future climate conditions for all of them.

3  |  RESULTS

3.1  |  Pierce's disease of grapevine

We found high differences among both sets of models regarding the 
relative importance of analysed variables. In the models BCK_NA, 
winter temperatures yielded the highest relative contribution (mean 
variable importance = 0.37, standard error = 0.06) while tempera-
tures of the warmest 8-month period had a lower importance (mean 
variable importance  =  0.31, standard error  =  0.06). The modelled 
relationship curves between the probability of presence of PD and 
both covariates are available in Appendix S3a. In the models BCK_
NAEU, winter temperatures had negligible importance (variable 
importance always inferior to 0.02). For the model BCK_NAEU, the 
modelled relationship curves between the probability of presence of 
PD and both covariates are available in Appendix S3b. We advocate 
that the models BCK_NAEU yield little reliable modelled response 
curves. Indeed, the high values of predicted climatic suitability at 
extremely low values of bio11 (Appendix  S3b) are incongruent 
with available knowledge of biology of the bacterium and the well-
documented cold curing phenomena (recovery of an infected plant 
when winter temperatures are low; Purcell, 1980). We believe that 
presenting a model where winter temperatures have no importance 
in the case of Xf is unrealistic according to the current knowledge of 
Xf physiology. For this reason, we discarded models BCK_NAEU for 
PD, and adopted a conservative approach by only presenting out-
puts and evaluation metrics relative to the model BCK_NA in the rest 
of the manuscript.

The models BCK_NA yielded good evaluation metrics (mean 
AUC  =  0.84, standard error  =  0.01; mean TSS  =  0.65, standard 
error = 0.03). All recorded outbreaks induced by the subsp. fastid-
iosa in Europe and Asia (i.e., in Balearic islands, Israel and Taiwan) 
occurred in regions with high predicted climatic suitability ranging 
from 713.7 to 850.8, suggesting good predictive power of the model. 
The MESS maps suggest that tropical areas of South America, south-
east Asia and Africa as well as extremely cold regions of the northern 
hemisphere in North America and Eurasia are climatically different 
from the calibration data set under current and future climate condi-
tions (MESS values <0; Appendix S4a–c).

For Europe, the models predict that only a few parts of the 
Mediterranean area are moderately to highly suitable for PD under 
current climatic conditions (lowlands of Mediterranean islands, 
southern Spain and southern Italy [e.g., Apulia region], coastal 

regions of the Iberian and Italian Peninsula, south-eastern France, 
Greece and Turkey [Appendix  S4d,e]). In other important wine-
producing regions of the world, relatively moderate to high cli-
matic suitability is predicted in southern California, coastal regions 
of South Africa and of south-western Australia (Appendices S4d,e 
and S5). Conversely, important wine-growing regions of Chile and 
Argentina are predicted as moderately to little suitable (Appendices 
S4d,e and S5). Most of the important wine-producing regions of 
China are predicted as little suitable (Appendix S5).

Under the two RCP scenarios considered here, models pre-
dict that the climatic suitability for PD will increase in most of 
Europe by the period 2040–2060 (Figure  1; Appendices  S4f–h 
and S5). Noticeably, disease severity is predicted to become mod-
erate to high in important wine-growing regions including France 
(e.g., Bordeaux, Corsica and Occitania), Italy (e.g., Latium, Apulia, 
Sardegna, Umbria, Sicily, Tuscany, Marche, Campania, Calabria), 
Portugal (e.g., Douro, Dão, Barraida, Alentejo), Spain (e.g., Castilla 
la Mancha, Priorat, Huelva, Jerez, Galicia, Balearic islands, Jumilla), 
South Africa, Australia (e.g., New South Wales, western and south-
ern Australia), Chile and Argentina (e.g., Catamarca, Salta, Rio Negro) 
(Figure 1; Appendices S4f–h and S5). Under scenario RCP4.5, models 
predict a 10.9% and a 6.99% increase in the extent of areas classified 
as severe risk in northern and southern hemispheres, respectively. 
Under scenario RCP8.5, models predict a 13.09% and an 8.93% in-
crease in the extent of areas classified as severe risk in the northern 
and southern hemispheres, respectively.

3.2  |  Bacterial leaf scorch of shade trees

Both sets of models yielded good predictive accuracy metrics (BCK_
NA: mean AUC  =  0.85, standard error  =  0.01; mean TSS  =  0.68, 
standard error  =  0.03; BCK_NAEU: mean AUC  =  0.87, standard 
error = 0.01; mean TSS = 0.71, standard error = 0.03). In the mod-
els BCK_NA, winter temperatures had the highest relative contri-
bution (mean variable importance  =  0.98, standard error  =  0.02) 
while temperatures of the warmest 8-month period had a negligible 
relative contribution (mean variable importance = 0.001, standard 
error = 0.002; Appendix S3c). In the models BCK_NAEU, both co-
variates had similar relative contribution (mean variable importance 
of bio11 = 0.33, standard error = 0.04; mean variable importance 
of the warmest 8-month period  =  0.39, standard error  =  0.04; 
Appendix S3d).

According to MESS maps, most of the world, except some trop-
ical areas of South America, south-east Asia and Africa and ex-
tremely cold regions of the northern hemisphere in North America 
and Eurasia, are climatically different from the calibration data 
set under current and future climate conditions (MESS values <0; 
Appendices S5 and S6a–c).

For Europe, both sets of models predict many parts of the 
Mediterranean area as currently highly suitable for BLS under 
current climatic conditions including most of the lowlands of the 
Mediterranean basin (Appendices  S5 and S6e). However, the sets 
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of models differ from each other in the predicted climatic suitabil-
ity in northern Europe (i.e., Benelux, UK, northern France). Indeed, 
the model BCK_NA predicts high climatic suitability in these regions 

(Appendix  S5d,e) unlike the model BCK_NAEU (Appendix  S6d,e). 
Across the rest of the world, predicted climatic suitability is rela-
tively high in tropical and temperate regions, excluding cold regions 

F I G U R E  1  Climate suitability maps for Pierce's disease of grapevine provided by generalized linear models under future climate 
conditions (period 2040–2060). We mapped the average predicted climate suitability among three global climate models (MIROC5, 
CanESM2, HadGEM2-CC) simulating a scenario of moderate future greenhouse gas emissions (RCP4.5).
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of southern South America, northern North America, Eurasia 
(Russia, Scandinavia), and areas of high altitude (Appendices S5d,e 
and S6d,e). Regardless of the RCP scenario, models predict that the 
climatic suitability for BLS will increase in most temperate regions 
of the world and could threaten them, while the coldest regions of 
Eurasia, North and South America, and areas of high altitude will 
remain unsuitable (Figures  2 and 3; Appendices  S5f–h and S6f–h). 
Under the scenario RCP4.5, models BCK_NA predict a 7.54% and 
a 2.86% increase in the extent of areas classified at severe risk in 
the northern and southern hemispheres, respectively. Under the 
scenario RCP8.5, these values are 9.37% and 3.82%, respectively. 
Under the scenario RCP4.5, models BCK_NAEU predict a 7.54% and 
a 2.86% increase in the extent of areas classified at severe risk in 
northern and southern hemispheres, respectively; under the sce-
nario RCP8.5, these values are 11.88% and 4.83%, respectively. All 
recorded outbreaks induced by the Xf subsp. multiplex in Europe (in 
France, Portugal, Spain, Italy) occurred in regions with predicted cli-
matic suitability ranging from 0.71 to 0.85.

4  |  DISCUSSION

Xf outbreaks are currently restricted to a few regions of the world. 
This spatial pattern is shaped by climate tolerances of both the bac-
terium (Purcell, 1980) and competent vectors (Godefroid et al., 2021) 
as well as the history of plant trade (Almeida & Nunney,  2015; 
Moralejo et al., 2019; Nunney et al., 2013; Soubeyrand et al., 2018). 
Unsurprisingly, bioclimatic models suggest that temperatures dur-
ing winter and vegetative growth of plants are important climatic 
factors shaping the distribution of Xf outbreaks. Therefore, mod-
els predict moderate to high climate suitability for both BLS and PD 
conditions in most of tropical and temperate regions of the world 
that are characterized by mild winter temperatures and relatively 
high temperature from spring to autumn (Appendix S3). Under cur-
rent temperature conditions, the models predict high climate suit-
ability in regions where subsp. fastidiosa-related outbreaks have 
recently occurred beyond its native range (e.g., in Taiwan, Balearic 
Islands, Israel). Similarly, areas of subsp. multiplex-related outbreaks 
were predicted by the models as highly climatically suitable for BLS, 
including Balearic Islands, lowlands in Corsica Island, coastal regions 
of south-eastern France, coastal Portugal, coastal parts of Tuscany. 
This suggests the models have an overall good predictive accuracy.

Some of the most important wine-producing regions worldwide, 
where severe PD outbreaks have not yet occurred, are predicted as 
moderately or little suitable for PD under current climate conditions; 
for example, wine-producing regions of France (Bordeaux, Occitania, 
Champagne, Alsace, Burgundy), lowlands in northern Italy, central 
and north Spain (Appendices S4 and S5). This finding might explain 
why no outbreak of PD has ever occurred in most of the European 
wine-producing areas, despite the presence of competent vectors 
(Godefroid et al.,  2021) and massive importation of putatively Xf-
infected grapevines from the United States after the phylloxera cri-
sis in the 19th century. Strikingly, the present study suggests that 

climate suitability for PD will become high in some of the above-
mentioned wine-producing regions (Figure  1; Appendices  S4f–h 
and S5). Indeed, models predict that global change might induce a 
major increase of climatic suitability in most of wine-producing re-
gions of the world. Our predictions suggest that the severity of PD 
might switch from low/moderate to high in some of the most eco-
nomically important wine-growing regions of France (e.g., Bordeaux, 
Corsica and Occitania), Italy (e.g., Latium, Apulia, Sardegna, Umbria, 
Sicily, Tuscany, Marche, Campania, Calabria), Portugal (e.g., Douro, 
Dão, Barraida, Alentejo) and Spain (e.g., Castilla la Mancha, Priorat, 
Huelva, Jerez, Galicia, Balearic islands, Jumilla), as well as in most 
wine-producing areas of South Africa, Australia (e.g., in New South 
Wales, western and southern Australia), Chile and Argentina (e.g., 
Catamarca, Salta, Mendoza, Rio Negro) (Figure 1; Appendices S4f–h 
and S5). This highlights the need for the design of research pro-
grammes and control strategies to anticipate the impact of potential 
outbreaks. In China, one of the top producers of wine, severity of PD 
should remain low in most economically important grape-producing 
regions despite the ongoing increase of temperature (Appendix S5). 
Global change is also expected to induce a major increase of climate 
suitability for BLS in most temperate regions of the world that are 
not at high risk so far. Indeed, most temperate regions of western 
Europe, eastern Asia and the Americas, except very cold regions 
situated at extreme latitudes, might become at high risk for BLS 
outbreaks (Figures 2 and 3; Appendices S5 and S6). We believe that 
risk maps obtained here for PD are probably interesting proxies to 
estimate potential range/impact of the Xf subsp. pauca—mainly dis-
tributed in South America and responsible for the harmful OQDS 
and CVC. In the present study, we did not show modelling outputs 
specific for this subspecies although it is responsible for harmful out-
breaks beyond its native range, for example, in Apulia, Italy (Saponari 
et al., 2019). The main reason for not considering subsp. pauca in the 
paper was the risk of incomplete sampling of subsp. pauca in its na-
tive range, South America, compared to North America, which could 
lead to problematic outputs.

Overall, climatic differences between the calibration data sets 
and most of the temperate regions where the models were pro-
jected are minor, which gives credibility to climate suitability esti-
mations (positive MESS index). We acknowledge that uncertainty 
exists in some tropical areas of Africa, South America and south-east 
Asia, where temperatures are high all year (negative MESS index). 
Also, we recognize that omitting moisture-related covariates in our 
modelling effort might lead to overestimation of risk in some areas 
where moisture is not suitable for multiplication of the bacterium. 
Nevertheless, in our opinion, the largest source of uncertainty is 
the choice of the extent of the background area where pseudoab-
sences used for model fitting were generated (Lobo et al.,  2010). 
Indeed, models calibrated only with pseudoabsences generated 
in the Americas (models BCK_NA) tend to convey a minor (or neg-
ligible) importance to temperature conditions occurring during 
plant vegetative growth (spring to autumn) for BLS (Appendix S3c). 
Conversely, models calibrated using pseudoabsences generated in 
both the Americas and Europe (models BCK_NAEU) tend to convey 
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F I G U R E  2  Climate suitability maps for bacterial leaf scorch of shade trees provided by generalized linear models under future climate 
conditions (period 2040–2060). We mapped the average predicted climate suitability among three global climate models (MIROC5, 
CanESM2, HadGEM2-CC) simulating a scenario of moderate future greenhouse gas emissions (RCP4.5). Models were fitted with 
pseudoabsences generated in North America (model BCK_NA).
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F I G U R E  3  Climate suitability maps for bacterial leaf scorch of shade trees provided by generalized linear models under future climate 
conditions (period 2040–2060). We mapped the average predicted climate suitability among three global climate models (MIROC5, 
CanESM2, HadGEM2-CC) simulating a scenario of moderate future greenhouse gas emissions (RCP4.5). Models were fitted with 
pseudoabsences generated in North America and Europe (model BCK_NAEU).
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higher relative importance to temperature occurring from spring to 
autumn for BLS (Appendix S3d). Therefore, models calibrated with 
absences generated only in the Americas (models BCK_NA) identify 
many northern regions of Europe as highly suitable for BLS (e.g., 
UK, Benelux, Scandinavia) unlike the BCK_NAEU models. This dif-
ference highlights how the outputs of models are dependent on the 
assumption of climatic equilibrium of Xf-related diseases in Europe. 
This is particularly true regarding the impact of temperatures during 
the warmest period of the year on Xf-related symptom expression. 
Apparently, no Xf-related disease outbreaks have ever occurred in 
these northern regions, and this pattern is presumably not due to the 
absence of vectors (Cruaud et al., 2018; Godefroid et al., 2021) or 
suitable hosts (e.g., oaks are widely distributed in northern Europe). 
Also, we could reasonably assume that Xf has been introduced into 
these regions as has probably occurred in many other parts of Europe 
(Moralejo et al.,  2020; Soubeyrand et al.,  2018), although this hy-
pothesis is speculative. In such a context, this study highlights that 
climatic features other than winter temperatures, particularly the 
temperature during the vegetative growth of plants, might play a 
major role in shaping the spatial pattern of Xf-related outbreaks. This 
hypothesis is congruent with the finding that a temperature thresh-
old is needed for multiplication of the bacterium in grapevines (Feil 
& Purcell, 2001). However, disentangling the role of both covariates 
(i.e., the winter and spring–autumn temperatures) is challenging with 
correlative approaches for a species if we do not know whether the 
invaded range is at equilibrium or not. Moreover, both covariates 
are highly correlated in the Americas, which precludes an easy dis-
crimination of their respective roles in shaping the spatial distribu-
tion of the bacterium. Thus, although the present study highlights 
this source of uncertainty, further mechanistic models need to be 
performed to fill this gap in knowledge and reduce uncertainty in 
predictions.

The correlative models presented here provide a straightfor-
ward estimation of future shift in distribution of two Xf-related dis-
eases. However, we want to draw attention to several weaknesses 
associated to correlative bioclimatic SDMs. One important pitfall 
comes from the fact that SDMs only depict the realized niche of 
species and do not account for geographical barriers, biotic inter-
actions and dispersal limits (plant trade in the specific case of Xf), 
which contribute to shape the range of species (Jiménez-Valverde 
et al., 2008). Our models only focus on the presence of the bacte-
rium in plants and do not account for the distribution of vectors, 
which also play a role in shaping the spatial pattern of Xf distri-
bution (Godefroid et al.,  2021). The maps presented here should 
ideally be included in more complex epidemiological models con-
sidering the local community of competent vectors and their trans-
mission abilities. We also cannot reject the possibility of further 
genetic adaptation to new climate conditions. This potential ad-
aptation cannot be anticipated in the correlative SDMs presented 
here. Finally, interactions between the different subspecies of Xf 
and their different host ranges may also be important drivers shap-
ing the spatial occurrence of Xf-related outbreaks. Therefore, we 

suggest that such plant/pathogen interactions should be addressed 
in further modelling efforts.

This study provides important information for the design of fu-
ture monitoring plans for two economically important Xf-related 
plant diseases: PD and BLS. Assessing the possible consequences 
of climate change upon potential distribution of pests and plant 
diseases is a key aspect of preventive crop protection (Reaser 
et al., 2020; Ricciardi et al., 2017). A special effort in detection and 
management, as well as possible amendment of policies for plant 
product exchange may need to be implemented in territories at 
risk. Surveillance based on plants and insects (Cruaud et al., 2018) 
should include not only areas where outbreaks occur, but also ter-
ritories where climate suitability is favourable and where Xf-related 
outbreaks have apparently not yet occurred. In addition, special at-
tention should be paid to regions that will shortly change to suit-
able conditions. Thus, the development of an efficient international 
cooperation with shared epidemiosurveillance systems and data is 
essential for the circulation of information among organizations in 
charge of management (Giovani et al., 2020).
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