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Abstract: Philaenus spumarius (Linnaeus 1758, hereafter Ps) is considered one of the main insect vectors
responsible for the spread of an alien biota, Xylella fastidiosa (Wells 1987, hereafter Xf ), in the Salento
area, Apulia region (Southern Italy). Effective management of this biological invader depends on the
continuous surveillance and monitoring of its insect vector. As such, this research elicits the invasion
drivers (i.e., landscape and vegetation indicators) that influence the abundance and the dynamics
of this vector and, consequently, the spatial spread of this bacterium in this Italian region. For this
purpose, a spatial pattern clustering methodological approach is considered. The results reveal that
spatial variation and territorial differentiation may differ from zone to zone in the same invaded
area, for which effective management and monitoring planning should be addressed. Further, six
agro-ecosystems zones have been identified with respect to five indicators: (i) vegetation index,
(ii) intensity of cultivation, (iii) cultural diversity, (iv) density of agricultural landscape elements, and
(v) altitude. This paper has public implications and contributes to an understanding of how zoning
of an infected area, by an alien biota, into homogenous zones may impact its effective management
costs. This approach could also be applied in other countries affected or potentially affected by the
phenomenon of Xf invasion.

Keywords: alien biota; biological invasion costs; invasion drivers; landscape heterogeneity; manage-
ment; methodological spatial analysis; vegetation pattern; Philaenus spumarius; Xylella fastidiosa

1. Introduction

Xylella fastidiosa (Wells 1987, hereafter Xf ) is a Gram-negative xylem-limited aerobic
plant bacterium that belongs to the Xanthomonadaceae family [1]. Xf is a genetically
diverse species and is subdivided into six subspecies, each one specific to a particular
host range and native zone and strongly influenced by climate. The four most frequently
reported subspecies are the following: (i) Xf subsp. fastidiosa, which causes Pierce’s disease
(PD) in grapevine, (ii) Xf subsp. sandyii, which causes oleander leaf scorch, (iii) Xf subsp.
multiplex, which is associated with scorch diseases of a large range of trees, and (iv) Xf
subsp. pauca, which is mostly found in South America on Citrus spp. and Coffea spp.,
and recently on olives in Italy [2,3], and on Polygala myrtifolia in France [4]. Xf is highly
polyphagous and affects 683 host plants without causing any apparent disease symptoms
in many cases [2,5,6].

Land 2022, 11, 1105. https://doi.org/10.3390/land11071105 https://www.mdpi.com/journal/land

https://doi.org/10.3390/land11071105
https://doi.org/10.3390/land11071105
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0001-5153-6882
https://orcid.org/0000-0002-5185-0908
https://doi.org/10.3390/land11071105
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land11071105?type=check_update&version=1


Land 2022, 11, 1105 2 of 19

The plant bacterium Xf, originally raised in America, has been lately revealed in several
European and near-eastern countries where infections have spread [7] and have induced
socio-economic [8,9] and ecological damages [10]. The main hosts of Xf are economically
valuable crops (grapevine, potato, tomato, pear, prune, citrus, olive, avocado, blueberry,
etc.), together with several herbaceous hosts, hardwood species, and ornamentals. Xf
is transmitted via insect feeding (such Phlinaeus spumarius Linnaeus 1758, hereafter Ps,
main abundant Xf vector and Philaenus italosignus Drosopoulos and Remane 2000 and
Neophilaenus campestris Fallén 1985, secondary Xf vector species in Italy, on a much smaller
scale) or by mechanical inoculation [11]. It is adapted to reside in arthropods, mainly
xylem-feeding insects such as sharpshooter and leafhopper species, which act as vectors
and transmit the bacterium from infected to healthy plants, where it grows dramatically [12]
and causes serious damage [8–10]. The bacterial cells colonize, reproduce, and establish a
biofilm on the cuticle of the insect foregut, from which infectious cells are then inoculated
into a host through stylet probing. Adult insects have the capacity to transmit Xf for up
to 122 days throughout their life. However, there is no discernible latent period for its
transmission [13], therefore allowing its spread far from the original infection site [14].
Initially, plant symptoms are stimulated by high temperatures (25 to 28 ◦C) but restricted
by low temperatures (below−8 ◦C), beginning at the terminal leaves and then proliferating
to cover the whole host within a few years [4,13]. The symptoms subsequently progress
to cause total dieback of shoots and then death, reducing the productivity of field crops
and trees and causing various devastating plant diseases, such as Pierce’s disease (PD) of
grapes, citrus variegated chlorosis, phony peach disease, almond leaf scorch, olive quick
decline syndrome, and leaf scorch diseases (on mulberry, maple, oak, and elm), as stated
by Sun et al. [15] and the European Food Safety Authority (EFSA) [2].

When Xf becomes established in a particular region, symptom monitoring can be
generally combined with vector population quantification and molecular pathogen de-
tection to implement efficient management strategies. As such, there is a need for the
design of cost-efficient and environmentally friendly pest management strategies, such as
detection surveys and phytosanitary preventive measures, that must depend on the proper
territorial differentiation in terms of landscape and vegetation indicators and variation of
the prospective distribution and abundance of Xf vectors species. In fact, the surveillance of
Xf vectors has become a priority at the regional level, so much so that it has prompted the
administration to disclose mandatory or strongly recommended management measures for
all areas affected by the expansion of the disease. The Action Plan to contrast the spread of
Xf in Apulia (approved by Regional Council Resolution No. 343 of 14 March 2022) includes
a series of phytosanitary measures useful against the juvenile and adult forms of the vector.
For example, the management interventions included in the plan consist of surface tillage,
pruning and sucker removal, and phytosanitary treatments.

To the best of our knowledge, no previous Italian studies have investigated differenti-
ation between landscape and vegetation heterogeneity through combined five indicators:
(i) vegetation index, (ii) intensity of cultivation, (iii) cultural diversity, (iv) density of agri-
cultural landscape elements, and (v) altitudes, as potential spatial-segmentation indicators
in the biological invasion process. As such, this study has public implications and supports
regional authorities in appropriate and efficient monitoring and surveillance strategies of
Xf and its vectors in the study area. For this purpose, a spatial pattern analysis has been
used by means of zoning/clustering. In this perspective, remote sensing constitutes an
effective methodological tool for clustering, focusing on the relationship between plant
diseases and environments [16], describing the complexity of landscape boundaries and
diversity indices [17], and yielding better accurate results [18] in plant stress responses [19].
As such, the other added value of the present paper is to enrich the scientific literature on
Xf management through the effective use of limited available resources. Thus, this study
aims to cluster the Salento area, Apulia region, southern Italy (Figure 1), already extremely
affected by Xf, into homogenous zones, which would allow the selection of priority zones
for more detailed zone-specific Xf and vectors monitoring and surveillance. Furthermore,
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the zoning of the areas in this study can contribute to highlighting the territorial differences
that affect management strategies to face Xf spread. This can be crucial in setting up
different emergency management models from a public and private perspective.

Figure 1. Location of the study area, Apulia Region, extremely damaged by Xylella fastidiosa.

In what follows, we describe how the spatial analysis (i.e., landscape and vegetation
zoning) has been implemented in this study.

2. Materials and Methods
2.1. Agro-Ecological Overview of the Study Area

The southern area of Apulia region (Puglia in Italian), south-eastern Italy (Figure 1c),
constitutes the study area of this research. Apulia is marked by a Mediterranean climate,
characterized by dry summers with a risk of drought and rainy winters with mild tempera-
tures. Climate in Apulia is ideal for the ecology and biology of Xf vectors. Natural areas
such as Mediterranean maquis (phyllirea, myrtle, mastic, juniper, cistus, rhamnus, caper,
and blackberry bush) and thermophilic forests (holm oak, downy oak, Aleppo pine, straw-
berry tree, troy oak, Virgilian oak) are a distinctive feature of the landscape mosaic. The
agricultural pattern is mainly under durum wheat (29%), followed by table and oil olives
(27%), temporary forage crops (17%), and permanent grassland, pastures, and meadows
(15%). Vineyards (83,000 ha) and Olive orchards (382,600 ha, 60 million plants, three million
millenarian plants with impressive, crooked, and colossal trunks shapes, Schemes 1 and 2)
characterize the Apulian landscape, mainly between provinces of Bari and Brindisi [10].
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Scheme 1. Olive colossal trunks shape in Monopoli, Masseria Curatori. Source: Michel Elias Frem,
2022.

Scheme 2. Olive landscape in Monopoli, Masseria Curatori. Source: Michel Elias Frem, 2022.

2.2. Conceptual Framework: Zoning and Mapping

Multi-criteria analysis was considered in this study. This methodological approach
allows the schematization and simplification of complex problems using a succession of
consequential phases. The aim of such methodological scheme is to set the analysis from a
logical point of view (framework, criteria, and indicators) and to translate the settings of
the analysis system into operational choices (calculation methods, aggregation, weighting,
normalization, classification). As such, the methodological approach [20,21] used here is
expressed in a cascade process as follows: (i) study of the procedural logic framework,
(ii) identification of the most appropriate criteria for breaking down and simplifying the
object of the analysis, (iii) identification of the indicators that explain better the pattern
under analysis, (iv) calculation of indicators (this phase includes the choice of data sources,
the choice of analysis format and geographic scale of investigation and the choice of spatial
analysis tools for converting data into indicators), (v) analyses of data (the final stage leads
to zoning).

Once the indicators (Appendix A) for each of the polygons were obtained, the classifi-
cation was carried out through the K-mean clustering method. To verify the effectiveness
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of clustering, we used the Elbow method, a heuristic method to determine the number of
clusters in a dataset. Concerning maps, we used Sentinel 2 satellite data from the European
Copernicus (ESA) project. Sentinel 2 data are multispectral data with a maximum resolu-
tion of 10 m, temporal update every 5 days, completely free of charge, obtainable through
dedicated platforms, and total coverage of the earth’s surface. We Multispectral maps of
portions equal to 100 squares kilometres of the earth’s surface were assessed through the
QGIS SCP (Semi-Automatic Classification) plugin.

2.3. Indicators Gathering and Calculation for Zoning

The zoning of the study area towards effective monitoring and surveillance of Xf
vectors was elaborated through five indicators (vegetation index/NDVI, crop intensity,
crop diversity, agricultural landscape, and altitude) as summarized in Appendix A. The
selection of these variables was justified by: (i) representativeness of the health status of
olive trees, (ii) capability to differentiate areas, and (iii) moderate discrimination ability.

Concerning vegetation index, we used Sentinel 2 satellite data from the European
Copernicus (ESA) project. Sentinel 2 data are multispectral images with a maximum
resolution of 10 m, temporal update every 5 days, completely free of charge, obtainable
through dedicated platforms, and total coverage of the earth’s surface. Multispectral maps
representing 100-square kilometers wide portions of the earth’s surface were assessed and
acquired through the “Semi-Automatic Classification Plugin” (SCP) in QGIS environment.
The plugin application provides tools to download, preprocess, and postprocess satellite
images. As a distinctive indicator of the presence of vegetation and the health status of
olives orchards that have been affected by Xf at different times, we obtained satellite images
in order to calculate NDVI. Images for the Salento area (codes T33TXE, T33TXF, T33TYE,
T33TYF) were Sentinel-2 MSI: MultiSpectral Instrument, Level-2A downloaded from Scihub
and preprocessed using SCP plugin in QGIS 3.22 environment. We chose summer images
(17 August 2021) with the aim of minimizing the interference from spontaneous vegetation
or associated vegetation with olive groves as well as the cloud cover. Furthermore, this
favors a clearer calculation of the NDVI value. The latter is known to assess the presence
of photosynthetic activity, as it relates to the spectrum of red, in which there is absorption
by chlorophyll and that of the near-infrared in which the leaves reflect light to avoid
overheating. Index values are typically between −1 and +1. The presence of vegetation
assumes values greater than 0.2. During particularly dry periods, the plants reduce their
photosynthetic activity, thus decreasing the value of the index. The maps corresponding to
the spectral bands of the near-infrared (B08) and of the visible red (B04) were used for the
calculation of the NDVI on each cell with a resolution of 10 m. The polygons of the olive
groves derived from the selection of the class 223 Corine Land Cover 2011 IV Liv. were
subsequently overlayed with the concerned raster. We then assigned each polygon to the
average NDVI value of the underlying cells.

To elicit agricultural intensity indicators [22–25], we considered data (quantity of
average fertilizer per hectare, quantity of plant protection products used per hectare, hours
of machine work per hectare, irrigation volumes per hectare) of the Agricultural Accounting
Information Network, updated annually by the Council for Agricultural Research and
Analysis of Agricultural Economics (CREA), which provide useful information on the
location of the householdings under investigation and, the indication of the levels of
each of the inputs included in the analysis for each crop. As such, we initially refined
and georeferenced the farm microdata based on the geographical coordinates of the farm
centres registered in the FADN database. The result of this phase is a point geographical
database in which each georeferenced farm, surveyed by the FADN, is accompanied by
information on the inputs mentioned above. Subsequently, agricultural input data were
aggregated for the farms with olive groves and then normalized on values between 0 and 1.
For this purpose, we used the polygons of the class 223 Corine Land Cover 2011 IV Liv. for
which the value attributed to the olive groves polygons correspond to the average of the
cultivation intensity.
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Since Xf vectors are known to be highly polyphagous [2,5,6], crop diversity was
considered another indicator for zoning. In fact, it represents the diversity of the agricul-
tural landscape and provides a quantitative and measurable value of the presence of an
agro-ecomosaic that is identifiable with a sustained diversity of the crops present in the
study area. The richness of the agro-ecomosaic can be calculated starting from a diversity
index. As such, we measured this indicator through the Shannon diversity index [22–26].
Furthermore, it exhibits moderate discriminating ability and dependence on sample size.
The higher its value, the greater the degree of diversity recorded in the unit of analysis.
Moreover, the Shannon index presupposes the selection of the crop typology classes to
be included in the diversity analysis and the knowledge of the incidence of the surface of
each class with respect to the total of the reference unit. Concretely, we initially classified
the study area into 7 macro classes of land use (with a resolution of 10 m) through a 2018
processing of Sentinel 2 images. Then, we aggregated the obtained macro classes into
cells of 1 square kilometre and we expressed them as a percentage of the total area of the
1 square kilometre cell. Subsequently, the Shannon index was calculated, and the linear
normalization with values between 0 and 1 was carried out. We attributed to the olive
groves the average of the Shannon value of the cells underlying the polygons of the class
223 Corine Land Cover 2011 IV Liv. However, we excluded these classification areas that
were identifiable as “Built-up”.

The ecology and biology of Xf vectors require a relative density of agricultural land-
scape elements (dry stone walls, hedges, rows of trees). This zoning indicator reflects
an indication of the complexity of the agricultural landscape, captures any differences in
the characterization of the agroecosystem, and represents the capacity of the agricultural
territory to provide shelter, food, and movement for Xf vectors [2–6]. As such, we initially
extracted the linear agricultural landscape elements (dry stone walls, hedges, and rows of
trees) from the Regional Technical Cartography of the Apulia region. Then, we calculated
this indicator through the “line density” technique that returns a value in meters on the
chosen surface unit, corresponding to 1 square kilometre. The values obtained are subse-
quently normalized to values between 0 and 1. The value attributed to each olive grove
finally corresponds to the average of the normalized density index obtained with the zonal
statistics applied using the polygons of class 223 Corine Land Cover 2011 IV Liv. as the
spatial reference unit. Since Xf growth rates are sensitive to temperature, a suitable thermal
regime is likely to be an important zoning indicator. According to Feil and Purcell [27], Xf
has limited activity below 12–17 ◦C and does not survive above 37 ◦C, but its growth is
rapid between 25 to 30 ◦C with an optimum temperature of 28◦C for the epidemiology. In
this context, altitude, closely related to temperature, was considered a better indicator of
the zoning to which Xf and related vectors would be exposed. Zoning from altitude was
assessed from the Digital Terrain Model of the Apulia region. This zoning indicator consti-
tutes an objective physical aspect of the territory, often used in land suitability or zoning
studies as a proxy for the topographical complexity of the areas studied. The database is
therefore represented by a raster cartographic layer which represents the elevation of the
territory with a resolution of 20 m.

2.4. Indicators Zoning Implications for Management Costs

Each indicator described above can influence the costs of management of Xf vector in
terms of continuous monitoring and surveillance. As such, the NDVI is directly propor-
tional to the increase in these costs. In fact, the presence of vital vegetation/photosynthetic
activity presupposes the need for increased monitoring activities. Conversely, low NDVI
levels correspond to a low presence of vegetation and, therefore, a relatively lower monitor-
ing activity. Similarly, the cultivation intensity of olive groves corresponds to high costs
due to narrower planting distances and a higher number of plants per hectare. In the same
way, the presence of an ecomosaic vegetation [28–31] increases the likelihood of harboring
Xf vector species and, consequently, increases monitoring management costs on account of
the Xf vector(s) is/are polyphagous [2,5,6]. On the contrary, a monoculture patho-system
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may positively influence cost reduction. Moreover, the greater the presence of landscape
elements, the higher the management costs of monitoring and surveillance of Xf vector(s)
that find(s) alternative habitats in the study area. In some respects, the higher the altitude,
the higher the cost of monitoring due to the associated spatial complexity.

For each zoning indicator, five different levels of costs were used, corresponding to
lowest, low, absence, high or highest cost, with assigned symbols of “− − (−2), − (−1),
= (0), + (+1) and + + (+2)”, respectively. Therefore, to determine the overall cost in each
class, the sum “symbol” of each of the five zoning indicators was summed up. Considering
that the score for each of the five indicators may vary from −9 to +10, it was established
by a panel of experts that the impact level of costs impact should be considered lowest for
values ranging from −9 to −6, low from −5 to −2, Medium from −1 to +2, high from +3 to
+6 and, highest from +7 to +10.

3. Results
3.1. Olive Groves Indicators for Zoning

The calculation of the single indicators, subsequently used in the clustering phase,
was carried out through the application of zonal statistics. The reference territorial figures
for the calculation of the average value of the raster cartography obtained so far correspond
to the olive groves of the Corine Land Cover 2011 IV Liv. for southern Apulia. The maps
(Figures 2–6) resulting from the calculation of the concerned indicators for each of the
polygons falling within the study area are presented below. Concerning the crop intensity
(Figure 3), on the one hand, the area with the highest average use of agricultural inputs is the
upper side of the Salento area (i.e., “Arco Jonico Tarantino” and “Murgia dei Trulli”—Figure 1c).
On the other hand, the southern Salento presents low to lowest mean values due to very
limited crop management. Regarding the vegetation diversity (Figure 4), the distribution of
the cells is almost normal across the study area, with slight asymmetry in favor of the higher
values. Similarly, the upper Salento area, characterized by an accentuated alternation of
diversified crop types, presents the greatest crop diversity. On the contrary, this zoning
indicator drops considerably as we move southwards. In terms of the density of agricultural
elements (Figure 5), it is also possible to notice a high concentration of the elements of the
agricultural landscape in a large area that includes the upper Salento area. In the same way,
southern Salento (i.e., “Capo di Leuca” in “Salento delle Serre”) and the coastal strips that go
up along the Adriatic and Ionian coasts present a high concentration of the elements of the
agricultural landscape. On the contrary, the area of the Brindisi plain (i.e., “La Campagna
Brindisina”) and the South-Eastern territory show a lower complexity with respect to this
zoning indicator.
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Figure 2. Average NDVI value of the olive groves of the study area.

Figure 3. Average value of the crop intensity in the olive groves of the study area.
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Figure 4. Average value of the crop diversity in the olive groves of the study area.

Figure 5. Average value of the density of agricultural elements of the study area.



Land 2022, 11, 1105 10 of 19

Figure 6. Average value of the altitude of the study area.

3.2. Zoning

The grouping of the olive groves of Southern Apulia was carried out using the K-mean
method. The parameters included in the analysis are represented by the five indicators
calculated in the previous phase and by the two coordinates (X and Y) of the centroids
of the olive groves. The choice to include geographical attributes derives from the will
to aggregate similar olive groves belonging to homogeneous and easily circumscribable
geographical contexts. A preliminary analysis carried out to identify the most effective
number of clusters with the “Elbow” method revealed that the previously hypothesized
number of six clusters is plausible in reducing the variance within the groups. As can be
seen in Figure 7, the number chosen is, in fact, in the lower part of the curve (just after
the “elbow” of the hyperbola), denoting the ability of the proposed model to generate
homogeneous groups. Thus, Figure 8 shows the clustering, which represents the starting
point for a more accurate subdivision of the areas under study. Classes I and IV appear
to intersect each other, suggesting the presence of numerical differences in the indicators
that prevail over the geographical character. On the contrary, class II is divided into two
portions that have a parallel territorial development and are interspersed with the block
constituted by class number III. This is probably due to the homogeneity of the aspects
characterizing the agricultural landscape, such as prevailing over the geographical distance
of the two portions formed. Furthermore, statistical tests performed (Supplementary File S1)
show that zoning with clustering guarantees an excellent differentiation over classes in
general and a very good differentiation property looking at each class comparison: over
75 compared cases (15 pairs of classes per five indicators), only three cases report no
significant differences.
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Figure 7. Evaluation of the optimal number of classes according to the Elbow method.

Figure 8. Zoning of the study area based on the K-mean method.
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Furthermore, while the first, located in the central-southern Salento area (Figure 8),
has particularly low average NDVI values, the sixth, further north, in the territory between
the provinces of Brindisi and Taranto, has as its characterizing factor above all the low crop
diversity (Table 1). The second class, located both in the “Piana degli Olivi Monumentali”
and in the “Arco Ionico Tarantino” (Figure 1c), is characterized by high values of NDVI,
crop intensity, and crop diversity. The third class, corresponding to the “Valle d’Itria” and
the “Murgia dei Trulli” (Figure 1c), obtains medium-high performances for all parameters
except for the elements of the agricultural landscape, which result in an exceptionally high
average density value.

Table 1. Average values of the indicators for each class identified.

Class NDVI Crop
Intensity

Crop
Diversity

Density of
Agricultural

Landscape Elements
Altitude

I 0.286 0.371 0.574 0.259 63.391
II 0.341 0.917 0.664 0.308 147.110
III 0.344 0.583 0.664 0.897 322.897
IV 0.300 0.267 0.594 0.074 45.242
V 0.295 0.333 0.560 0.692 90.775
VI 0.325 0.286 0.537 0.262 85.650

On the other hand, the value of the crop intensity is more moderate, which remains
on average values. The fourth class, in the province of Brindisi, is characterized by low
average values with respect to the elements of the agricultural landscape. The “Piana
Brindisina” (Figure 1c) is also distinguished by its low territorial elevation. The fifth class,
between “Capo di Leuca” (Figure 1c) and the two coasts, with some fringes that creep inland,
is characterized mainly by a high concentration of agricultural landscape elements and by
the values of the other medium-low parameters.

Concerning the NDVI indicator, its value is always higher than 0.28, which coincides
with the first class. The classes with the highest NDVI value are the second and third
classes, which reach an average value of 0.34. As for the intensity of cultivation, the greatest
value is 0.91, reached by the second class. The lowest NDVI values are expressed in the
fourth and sixth classes with 0.26 and 0.28, respectively. With respect to crop intensity, the
highest value is recorded by the second class, followed by the third one. The average value
of normalized crop diversity is about 0.6. The average of the indicator for the second and
third classes is slightly higher (0.66) while it drops to 0.53 for the sixth and 0.566 for the
fifth. The normalized index of the density of linear elements of the agricultural landscape
has a much wider and clearer variability between the different classes. For this indicator,
the highest value is recorded in the third class with 0.89, while the lowest is in the fourth
class with a value of 0.07. The average altitude of the areas considered is 125 m above sea
level. The class with the highest elevation is the third with 322 m, while the fourth is the
lowest with around 45 m.

3.3. Overall Impact of Zoning to Xf Vectors Management Costs

When we summed the qualitative zoning indicators symbols, like – or + (Table 2) for
each cluster, class IV (−7) incurs the lowest costs for monitoring activities, mainly due
to low intensity of cultivation and low landscape elements density and elevation under
the average. Consequently, this class engenders easily managed costs for monitoring and
surveillance of Xf vectors in the study area. On the one hand, class VI (−1) yields medium
costs, but Classes I (−3) and V (−2) yield the low costs of combined indicators owing to
the low averages value of NDVI, the intensity of cultivation, and crop diversity as well as
the altitude. On the contrary, Classes II (+7) and III (+9) present the highest cost level due
to the highest average values of the concerned zoning indicators.
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Table 2. Qualitative impact of the zoning indicators on the management costs of Xylella fastidiosa
vectors in the study area.

Class NDVI Crop
Intensity

Crop
Diversity

Density of
Agricultural

Landscape Elements
Altitude

I − = − = −
II + + + + + + = +
III + + + + + + + + +
IV − − − = − − − −
V − − − + =
VI + − − = =

− −: Lowest impact; −: Low impact; =: Medium impact; +: High impact; + +: Highest impact.

4. Discussion

Clustering, as a multi-spatial methodological approach [32,33], elicit the effect of
vegetation traits and landscape structure on animal diversity and allows for a better under-
standing of an ongoing alien-biota invasion like Xf, as well as for its effective monitoring
and surveillance management costs. Based on this visual evidence [34–36], our assessment
of the combination of six indicators provides a useful tool for local authorities by clustering
the study area into six zones. Across these zones, our analysis identifies a total of close to
29 thousand polygons (Table 3) that are attributable to olive groves in the study area with a
total area and total average of 235,940 and 8.14 Ha, respectively. On the one hand, class II
presents the lowest number of polygons, while the first one has the highest number with
21% of the total number of polygons. In the same way, class VI presents the largest average
size of olive groves (12.57 Ha).

Table 3. Structural characteristics of the identified classes in the olive groves.

Class Number of Polygons Total Area (Ha) Average (Ha)

I 6049.00 48,253.47 7.98
II 2675.00 16,503.12 6.17
III 5757.00 33,833.38 5.88
IV 5581.00 39,791.25 7.13
V 4509.00 42,205.80 9.36
VI 4403.00 55,352.73 12.57

Total 28,974 235,940 8.14

Furthermore, the discriminating capacity of the proposed model is, in fact, reflected in
the identification of classes that differ in one or more characteristics considered through
the inclusion of the various indicators. In fact, analysed individually, the average values
of the indicators show behaviours capable of adequately distinguishing the six classes.
The distinction of the two classes presumably occurs only because of the inclusion of the
geographic parameters of longitude and latitude that differentiate their location within
the area considered. As such, the findings investigated here provide a clear map of the
different classes that differ effectively on account of cultivation, landscape aspects, and
agricultural agroecosystem features. As such, our results are consistent with Santoeimma
et al. [37], who stressed that zones at higher altitudes in cooler ambient olive groves might
favor the abundance and persistence of Ps and consequently influence its surveillance and
monitoring costs. Regarding the crop diversity indicator, our findings are also in line with
White et al. [38], who reported that landscape mosaics act as spread driver of Xf vector
on account of a pattern of non-olive habitat (i.e., presence of Nerium oleander, coastal
rosemary, stone fruits, Polygala myrtifolia, etc.) that also may increase in risk damages for
the landscape.

Proposed zoning may help better understand and quantify the interaction among
the actors of extant, actual, or future events. The available studies on invasive species’
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intrinsic dispersive zonal attitude in the territory [39] will help verify the expected control
results. The proposal here counteracts the analysis from Strona [40], revealing a not-so-
homogenous plant network. We presume an influx at each passage from zone to zone and
consequent sufferance for pests with a pronounced dispersive attitude. Mitigation of pests
strongly driven by semiochemical, or VOCs [41–43] will suggest the attempt to lure and
concentrate them in the zone with scarce or absent resources or to interfere [44], modifying
the interaction with the host or food plants. The interference will result in lower fitness and
premature death, eventually.

Dispersion and the role of pests can depend on functional ecological corridors, either
natural or artificial. Today examples are the dispersion of Asian Psyllids [45], Aleurocanthus
spiniferus infesting grape [46], or Kermesidae infesting to death urban oaks [47]. Zoning use
and efficacy will change because of the pest’s polyphagy, oligophagy, or monophagy [48].

Different impacts and damage also originate from insect-carried or vectored plants’
endophytes or pathogens [49] like bacteria [50] or nematodes [51] with symbiotic or oppor-
tunistic attitudes to behave as insect-borne plant pathogens.

Luckily enough, functional human-managed host plants’ ecological corridors also
facilitate the acclimation and spread of useful alien pest antagonists [52] that are a possible
option for biocontrol action [53,54]. Unfortunately, the long time to react in case of alien
organism entrance [55–57] causes relevant damage to target plants.

Further, the zoning explored here is linked to management costs measures, mainly
those related to the surveillance and monitoring of Xf vectors in the study area and
derive private and public considerations from our findings (Table 2). The composition
configuration and variability of an ecosystem such olive landscape must be considered for
effective management of plant diseases [34,58]. In fact, the costs to be incurred by farmers
in implementing the control measures are all attributable to farm-specific costs such as crop
operations, fuel, energy, and plant protection products.

As such, understanding the variety of sites, in terms of habitat suitability [59], and
landscape features, structure, and vegetation compartments must influence the population
of Ps and, consequently, be considerable for Xf vectors monitoring and surveillance [60,61].
Apulian farmers can undergo considerable increases that can negatively affect the farm
gross margin. FADN’s surveys of olive farms from 2016 to 2020 led to estimate these costs
at an average of EUR 287/ha per year (representing about 22% of the total saleable product).
Likewise, farm production is affected not only by the direct effect of Xf on infected plants
but also by the influence of numerous characteristics attributable to the landscape and
vegetation choices.

Depending on the structural, phytosanitary, topographical, cultivation, and landscape
conditions of the olive farms, there will be a different impact on specific costs and produc-
tivity, with a consequent effect on the gross farm margin, which for olive cultivation for oil
olives in Apulia is estimated to be an annual average of EUR 949/ha over the last five years.
Hence, our results match with other researchers who have also explored the importance
of spatial variability of the plant disease infection and incidence and its implications on
control strategies and cost-effective management [35,36,62–64].

5. Conclusions

In this study, we have elaborated a cluster approach based on previous research [20,21],
in which the cost-effective management options are likely to be contingent upon the
knowledge of vegetation traits and landscape diversity [65–69]. Zoning and modelling
the spread of an infected area by an alien biota such as Xf are generally used to guide the
management of its biological invasion [38,70]. Meanwhile, due to the wide host range (crop
diversity and landscape elements) of the bacterium and its insect vectors, key strategies
based on an integrated management approach must be adopted to attenuate the spread
of Xf and/or control Xf outbreaks, such as continuous monitoring and inspection [71],
certification, screen-house production, and clean (Xf -free) propagation material, aiming to
the economic feasibility of this technical approach.
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Further similar research in many regions around the globe would contribute to the vi-
tal management strategies to reduce vector populations and minimize thus Xf transmission
and disease incidence. A better understanding of the interactions and quantifying the im-
pact of the actors over the territory will help estimate the effects of invasive, advantageous,
or harmful species. The cost at each zone passage is interesting to evaluate and to use as a
control mean, mainly versus pests with a robust dispersive attitude. Semiochemicals or
VOCs [41–43] use is also a low impact and sustainable asset of interesting management
actions to modify host/food plant to pest interaction. Using ecological corridors as func-
tional zones to control is also an exciting option. Within this context, the identification of
landscape and vegetation patterns could further enable the generation of low-cost Xf vector
surveys, in particular within countries with a high risk for Xf exposure to invasion [7].
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Appendix A

Table A1. Indicators used to cluster overall Xylella fastidiosa vectors spread in the study area.

Indicator and Description Source of Data and Mode of Calculation

Vegetation index:
Presence of vegetation

Satellite images produced by sensors that acquire in the red (R: 0.7 µm) and near infrared (NIR:
0.9 µm).

Vegetation index is calculated with the following formula:
NDVI = NIR−R

NIR+R

Crop intensity:
Level of agricultural use inputs

(water, mechanization,
fertilizers, and pesticides)

Georeferenced microdata by Farm Accountancy Data Network (FADN) aggregated at farm
level and interpolated on a landscape scale according to Inverse Distance Weighting technique.

Interpolated value u at a given point (x) is:
Where:

u(x) =

{
∑N

i=1 ωi(x)ui

∑N
i=1 ωi(x)

ui,
If d(x,xi) 6= 0 for all i

If d(x,xi) = 0 for some i
Where:

ωi =
1

d(x,xi)
p

Is a weighting function in which: x denotes an interpolated (arbitrary) point, xi is an
interpolating (known) point, d is a given distance from the known point xi to the unknown
point x, N is the total number of known points used in interpolation and p is a positive real

number, called the power parameter related to the aggregated and normalized value of
agricultural inputs.

https://www.mdpi.com/article/10.3390/land11071105/s1
https://www.mdpi.com/article/10.3390/land11071105/s1
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Table A1. Cont.

Indicator and Description Source of Data and Mode of Calculation

Crop diversity:
Agricultural landscape structure

Shannon index calculated using crop typology classes incidence in each cell according to the
following formula:

H′ = −C
s
∑

j=1
pj ln pj

where:
C: constant equal to 1;

Pj: percentage incidence of the surface of class J with respect to the total;
s: number of classes of crop types

J: J-th crop typology class

Density of agricultural
landscape elements: Complexity
of the agricultural landscape dry

(stone walls, hedges, rows of
tree)

Normalized relative value of the length of the elements of the agricultural landscape extracted
from Regional Technical Map of Apulia and referred to the landscape reference unit

Altitude:
Elevation from sea level Digital Terrain Model of the Apulia region in meters above sea level on a raster file 20 × 20 m.
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