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ABSTRACT

Agriculture acts as a predominant factor that affects the state and functionality of ecosystems worldwide.
Nevertheless, in case of emergency actions for counteracting the expansion of plant diseases, large-scale and
harmful agricultural practices can be legally allowed without considering their environmental impact. Here, we
assess the risks to the conservation of protected habitats and species arising from the implementation of an
emergency action plan for counteracting the expansion of the bacterium Xylella fastidiosa in Puglia, Italy. Based
on official cartographic information provided by regional authority, we considered the distribution of habitats
and animal species protected by European Directives and orchid species protected by the CITES Convention, and
quantified their overlap with the land-cover categories subject to phytosanitary actions at different scales. We
used ANOVA to test variations in species susceptibility to proposed agricultural practices. We highlight that the
prescribed actions threaten more than 20 % of the regional cover of EU-protected habitats, with expected risk
nearing local extinctions for some wetland and grassland habitat types. Both the prescribed mechanical practices
and the chemical treatments variously affect the majority of selected animal species. Risks are significantly high
to species associated with open habitats and agroecosystems, characterized by a weaker movement ability, or
requiring the grass layer for breeding or foraging. Among orchid species, the prescribed actions are particularly
threatening to endemic taxa. The risks arising from the implementation of the phytosanitary action plan un-
derline the need to reconsider the currently adopted regulations through a multidisciplinary approach, aimed at

integrating biodiversity and ecosystem stability at various scales.

1. Introduction

Human activities affect the state and functionality of ecosystems
worldwide (Knights et al., 2015; Mahmoud and Gan, 2018; Wang et al.,
2016). Among anthropogenic pressures, agriculture is a predominant
factor that globally affects biodiversity and ecosystem stability, e.g., by
causing dramatic loss and degradation of habitats, species populations
and ecosystem functions (Donald et al., 2001; Chaplin-Kramer et al.,
2015; Oakley and Bicknell, 2022; Tudi et al., 2021). In many countries,
risk assessment procedures are required for projects and plans that imply
significant impact on ecosystems (Morgan, 2012; Wood, 2003). In
particular, methods have been proposed to assess the expected impacts
of agricultural practices on environmental components, including the
assessment of ecosystem modifications associated with landscape
change, soil disturbance and chemical pollution (Sabiha et al., 2016;
Van der Werf and Petit, 2002). For countries of the European Union,
further regulations are adopted to prevent the risks to species and
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habitats of community interest, according to the Directives ‘Habitats’
92/43/EC and ‘Birds’ 2009/147/EC. Regulations for the assessment of
environmental impacts typically disclose the difficulty of mitigating the
gap between human growth and nature conservation (Mattison and
Norris, 2005). Yet, regulatory gaps between agricultural and environ-
mental policies can be aggravated under a state of emergency or in case
of outstanding public interests, when plans and projects can be allowed
without considering their environmental impact (Mockel, 2017).

This is the case of the action plan issued by the regional authority for
counteracting the expansion of the bacterium Xylella fastidiosa in Puglia,
southern Italy (http://www.emergenzaxylella.it/). This bacterium is
included among the list of quarantine plant pathogens for which the
European Union imposes severe rules for impeding their further spread
in other areas of the country and outside the country. In Puglia region,
X. fastidiosa subsp. pauca has been identified among the causal agents of
a serious plant disease, the Olive Quick Decline Syndrome (Cariddi et al.,
2014), and is primarily transmitted by the ubiquitous insect Philaenus
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spumarius (Saponari et al., 2014). The spreading patterns of X. fastidiosa
were recently shown to be favoured in landscapes with higher levels of
anthropization and along roads (Bajocco et al., 2023), suggesting that
local control strategies may be less effective in case of long-distance
dispersal of the pathogen (Strona et al., 2020). Despite awareness of a
lack of conditions allowing the eradication of the pathogen in the region
(European Food Safety Authority, 2015) and a lack of verified methods
to control the spread of the infection, a declaration of emergency had
solicited the need for urgent actions to control the bacterial infection
(Martelli et al., 2016).

Hence, the action plan for counteracting the expansion of
X. fastidiosa in Puglia has been regularly enacted since 2015, in dero-
gation of any other current regulations on environment protection. With
the aim of reducing the vector population, the plan requires soil tillage
and chemical treatments on a wide range of surfaces across the regional
territory. The effectiveness of the proposed actions to manage the vector
insect has been assessed by simulating different possible scenarios and
factors affecting the bacterial infection (Fierro et al., 2019), albeit
without providing any field validation. Unless dealing with an emer-
gency procedure, such a large-scale plan necessarily implies contrasts
with legal and environmental constraints regarding the protection of
landscape and biodiversity. In compliance with precautionary principles
adopted by current regional, national and international regulation, this
action plan should have been subjected to a rigorous authorization
procedure, i.e. following an accurate environmental risk assessment. In
the enforcement of the European Directives, further insights should be
required to detect the risks to species and habitats, considering that the
implementation area of the action plan includes 92 sites in the Natura
2000 conservation network. In this framework, neither scientific studies
nor technical documents have considered the side effects of the action
plan on biodiversity and ecosystems.

With this study, we aim to assess the risks to regional biodiversity
associated with the implementation of a set of agricultural treatments
required to control the expansion of Xylella fastidiosa in Puglia.
Following the indications of the European Union in terms of risk
assessment upon the elements of the Natura 2000 network (Art. 6 of
Habitats Directive), we specifically focus on the impacts upon protected
habitats and animal species listed by the European Directives, as well as
on plant species of the Orchidaceae family protected by the CITES
Convention. Though legally protected habitats and species only repre-
sent a small portion of regional biodiversity, we test them as represen-
tative of an important variety of ecological requirements occurring in
the study area.

2. Methods
2.1. Surfaces subjected to the action plan

The action plan enacted for counteracting the expansion of Xylella
fastidiosa in Puglia (http://www.emergenzaxylella.it/) is based on the
three main principles of: i) uprooting infected trees; ii) prohibiting the
translocation of host plants; iii) controlling the vector populations. With
the specific aim of reducing the populations of the vector, the plan calls
for a set of seasonal agronomical treatments to control P. spumarius.
According to the most recent version of the action plan, issued for the
period 2023-2024, the set of actions for the control of the vector in-
cludes two different approaches: A1) actions for the control of insect
juvenile stages; A2) actions for the control of insect adult stage.

Al actions require the implementation of mechanical processing
through soil tillage (ploughing, harrowing, milling or shredding) during
spring, with the aim of removing herbaceous plants that host the
development of juvenile stages of the insect. Physical methods (flame
weeding or vapour) or chemical herbicides are allowed for treating areas
where mechanical processing are difficult, such as slopes, ditches and
road verges. Treatments are due before the insects reach their fourth
instar, from March (from 0 to 200 m a.s.l.) to May (above 500 m a.s.1.).
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Soil tillage is mandatory for private owners and public administrations
within the territory of 43 municipalities (3928.37 kmz) in the provinces
of Brindisi, Taranto and Bari (Fig. 1). Al actions are mandatory for all
surfaces except for national and regional Protected Areas (PAs), wood-
lands, scrublands, and annual crops. No limitations are mentioned for
Natura 2000 sites and for habitat categories listed in the Habitats
Directive.

A2 actions require a minimum of two yearly chemical treatments on
olive groves (with acetamiprid, spinetoram, deltamethrin, flupyr-
adifurone), almond orchards (deltamethrin), and plant nurseries (del-
tamethrin), during the flying season of P. spumarius (spring-autumn).
Treatments are due within 19 municipalities in the provinces of Brindisi,
Taranto and Bari (2350.95 km?) (Fig. 1). A2 practices are not due on dry
olive plants and in public green spaces, woodland and scrublands. They
are allowed in PAs, Natura 2000 sites and protected habitat categories.

Both actions for the control of juvenile (A1) and adult stages (A2) of
the vector are strongly recommended across the entire regional territory
(Fig. 1; 19,333.20 kmz). Further local authorities (e.g., the municipal-
ities of Altamura, Corato, Santeramo in Colle, Terlizzi) adopted
restrictive regulations requiring the implementation of A1 and A2 ac-
tions as mandatory even outside the territories indicated by the regional
law. However, for this study, we only distinguished areas of mandatory
and recommended treatments according to the regional action plan.

2.2. Assessing the risks to protected habitats and species

Based on the official vector layers provided by Puglia regional au-
thority (Corine Land Cover, 2006; refined 2011; https://pugliacon.
regione.puglia.it/), we quantified the land-cover categories subject to
the implementation of the action plan, and the distribution of protected
habitats and species in the region. Following the action plan indications,
we extracted polygons that were considered subject to Al (Fig. 2a) or A2
treatments (Fig. 2b), either mandatory or recommended. To quantify the
areas affected by A2 chemical treatments, we included a 50 m buffer
around polygons representing olive groves and fruit orchards. The
selected buffer enables to consider the surface portion where the effects
of aerial pesticide treatments are most impactful (Wittich and Siebers,
2002; Gil and Sinfort, 2005).

Among the 47 terrestrial and freshwater habitat categories listed in
Annex I of the Habitats Directive occurring in the region (Fig. 2c; official
vector layers of the Regional Decree 2442, year 2018; https://pugliacon.
regione.puglia.it/), we excluded 34 categories that were not deemed to
be directly affected by the action plan (Supplementary Table S1). The
excluded habitats belong to land-cover categories where treatments are
not allowed (i.e. forest and shrub vegetation) or not possible (i.e. per-
manent water bodies, rock environments, sand dunes) according to the
action plan. Therefore, we quantified the proportions of the remaining
13 habitat categories subject to Al action. For EU-protected animal
species, we estimated species distribution for 59 terrestrial and
amphibious species listed in the Annex II and IV of the Habitats Direc-
tive, and 39 species listed in the Annex I of the Birds Directive. Within
the 10 x 10 km species occurrence cells provided by official regional
cartography (Regional Decree 2442, year 2018; https://pugliacon.
regione.puglia.it/), we extracted land-cover polygons that are consid-
ered suitable according to species ecological requirements
(Supplementary Table S2). Then, for the resulting maps of species
habitat suitability, we assessed the proportions subject to Al action.

For the assessment of A2 impacts on EU-listed species, we selected a
set of 11 insect species and 43 vertebrates narrowly feeding on arthro-
pods during breeding season (among amphibians, reptiles, birds and
bats), as deemed to be targeted by insecticide treatments. For each layer
of species suitable habitats that was extracted at the regional scale, we
quantified the overlap with the surfaces subject to A2 treatments.

We also considered the regional distribution of 53 taxa of the family
Orchidaceae, since they are protected by Appendix II of the CITES
Convention, and narrowly depending on plant-insect interaction for
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Fig. 1. On the left, location of the study area in Puglia, southern Italy. On the right, map of study area showing the territories subject to the actions Al (against
juvenile stages) and A2 (against adult stage) of P. spumarius according to the regional action plan for counteracting the expansion of X. fastidiosa.

a) A1 actions

c) EU Habitats

e
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Fig. 2. Cartographic layers considered for the study: surfaces subject to prescribed actions Al against juvenile stages (a), and actions A2 against adult stage (b) of
P. spumarius, marked as mandatory (red) or recommended (yellow); c) distribution of EU-protected habitats; d) occurrence records of Orchidaceae species; e) dis-
tributions of EU-protected species habitats based on regional species occurrences (100 km? cells). Arrows indicate the potential impacts of A1 and A2 actions

considered in the study.

their reproduction (Tsiftsis and Djordjevic, 2020; Vereecken et al.,
2010). Georeferenced occurrence points with updated nomenclatural
information were obtained from Lussu et al. (2024), excluding dupli-
cates and records with low spatial resolution (<4° decimals of co-
ordinates) (Fig. 2c). As the aim was to assess the risks on orchids’
populations at present time, we excluded records collected before 2000.
We quantified all the occurrence points that overlap with the surfaces
affected by A1l and A2 actions.

For each set of species distribution dataset and phytosanitary action,
we separately quantified the percentage of threatened surfaces or re-
cords included in the area subjected to mandatory actions, and in the
overall subjected territory (mandatory + recommended actions). This
approach allows predicting the minimum and maximum expected im-
pacts within the range of possible cases, i.e. if the treatments are only

implemented in the territory where they are mandatory (minimum risk),
or in the whole territory (maximum risk). To assess the impacts of
treatments at different scales, we separately quantified threatened sur-
faces and records in proportion to their regional distribution (regional
risk), and in proportion to their local distribution in the part of the re-
gion where mandatory actions are required (local risk).

We carried out all cartographic elaborations and vector calculations
using QGIS 3.22.2 (QGIS Development Team, 2021).

2.3. Statistical analyses

For the selected set of animal species, we run linear models to test for
differences in species susceptibility to A1 or A2 effects within a set of
specific ecological attributes (Supplementary Table S2). For Al effects,
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the response variables (minimum and maximum percentages of risk
surface) were separately modelled as a function of species movement
ability (categorised as poor or high ability based on average seasonal
movements <1 km, or >1 km), breeding requirements (breeding in the
grass/ground layer, or not), foraging habits (requiring grass layer for
foraging, or not), and species regional distribution width (surface of
regional species’ habitat, in hectares). For A2 action, that was not
deemed to directly affect habitat structure, the risk percentages were
modelled as a function of species movement ability (poor or high) and
species regional distribution width (hectares). For all considered
models, we assumed a linear relationship, with equal variance, inde-
pendent observations and normal distribution, as supported by un-
structured and independent residuals.

We tested the ecological attributes for significance with an ANOVA
approach, considering significant effects those with p < 0.05 confidence
intervals. Linear models and downstream ANOVA were run using Im and
anova functions, respectively, within R.4.3.1 programming language (R
Core Team, 2023).

3. Results

According to the requirements of the action plan, the Al actions
affect a surface ranging between 166,360.28 ha (mandatory actions) and
697,686.39 ha (mandatory and recommended actions), i.e. 8.60 and
36.08 % of the region, respectively. The prescribed agricultural pro-
cessing led to potential loss or degradation of 3570.37 ha of EU-
protected habitats, representing 4.16% of regional habitat cover.
These risks may affect up to 17,359.32 ha (20.22 % of regional habitat
distribution) if actions are implemented in the whole area where they
are recommended. Threatened surface concern 19.96 % of habitat dis-
tribution in the territory subjected to mandatory actions
(Supplementary Table S1). Risks associated with Al processing are
particularly high for intermittent Mediterranean streams (Habitat code
3290), dehesas (code 6310) and saltmarsh annual communities (code
1310) (Fig. 3a). Within the territory subjected to mandatory actions,
threatened surface exceeds 50 % for nine of the considered thirteen
habitats, with a risk nearing local extinctions for Mediterranean humid
grasslands (code 6420), saltmarsh annual communities (code 1310) and
sub-Mediterranean dry grasslands (code 62A0) (Fig. 3a).

Al actions imply risks, to a variable extent, on 69.86 % of the
selected animal and plant species, with average risks of 11.85 % for
species of the Habitats Directive, 4.93 % for species of the Birds Direc-
tive, and 44.40 % for orchid species. For EU-protected animal species,
the actions imply effects on 15.19 % (mandatory actions) to 61.44 % (all
actions) of their overall suitable habitats (Supplementary Table S3). Al
risk is especially high for breeding and foraging habitats of grassland
species, such as the butterfly Euphydryas provincialis and the bird Lanius
minor, as well as for generalist reptiles and bat species frequently asso-
ciated with agroecosystems, such as Podarcis siculus, Hierophis viridi-
flavus and Hypsugo savii (Fig. 3b). At the scale of the territory of
mandatory actions, higher impacts are expected on the habitat of
grassland bird and invertebrate species (Burhinus oedicnemus, Saga pedo,
Melanargia arge), ecotone reptiles (Lacerta bilineata, Elaphe quatuorli-
neata), and synanthropic bats (Pipistrellus kuhli) (Fig. 3b). Both consid-
ering overall treatments and mandatory treatments only, the risk of
being subject to Al was significantly higher for animal species with
weaker movement ability, foraging in the ground/grass layer, or
showing a wider regional distribution. Considering overall treatments,
the risk was also significantly higher for species breeding on the ground
(Table 1).

With regard to orchid species, 47.58 % of regional occurrences fall
within surfaces subjected to Al actions (Supplementary Table S4), while
39.58 % of records are prevented from impacts as included in national or
regional PAs. Maximum risk is particularly high for Anacamptis collina,
and four taxa whose global distribution is limited to Southern Italy, i.e.
the endemic subspecies of the groups Ophrys scolopax, O. oxyrrhynchos,
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Habitat 1310
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other EU habitats

a

Euphydryas aurinia
Lanius minor
Hypsugo savii
Hierophis viridiflavus
Podarcis siculus
Elaphe quatuorlineata
Burhinus oedicnemus
Pipistrellus kuhli
Cyrtopodion kotschyi
Lacerta bilineata
Melanargia arge
Miniopterus schreibersi
Zamenis situla

Saga pedo

other EU species

Anacamptis collina
Ophrys scolopax
Ophrys oxyrrhynchos
Ophrys tarentina
Serapias orientalis
Serapias bergonii
Anacamptis coriophora
Serapias vomeracea
Platanthera chlorantha
Ophrys holosericea
Neotinea tridentata
Ophrys bertolonii
other Orchidaceae
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Fig. 3. Risk percentages of Al treatments on: (a) EU-protected habitats, (b) EU-
protected animal species, (c) Orchidaceae species. Risk percentages are ranging
from a minimum (mandatory actions only) to a maximum (all prescribed ac-
tions) in proportion to habitat/species regional distribution. Points represent
risk percentage in proportion to their local distribution in the part of the region
where mandatory actions are required (local risk).

O. tarentina and Serapias orientalis (Fig. 3c).

A2 treatments are mandatory for 61,888.88 ha (considering olive
groves only) to 77,367.36 ha (considering olive and fruit orchards),
representing 3.20-4.00 % of the regional territory, respectively. When
including the area subjected to recommended treatments, predicted
impacts rise up to a surface ranging between 20.45 (olive) and 23.03 %
(olive and fruit orchards) of the regional territory. On average, the
implementation of A2 action is threatening to 2.77 % of the suitable
range of animal species targeted by insecticides (Supplementary
Table S3), and to 2.47 % of orchid records (Supplementary Table S3).
Expected maximum impact is particularly high on the amphibian Sala-
mandrina terdigitata, the reptile Zamenis situla and different bat species
(Myotis emarginatus, M. blythi, Rhinolophus ferrumequinum, R. euryale)
(Fig. 4a). The risk of being subject to mandatory treatments was
significantly higher for species showing a wider distribution, while it
does not vary significantly along with species movement ability
(Table 1). Among orchids, higher impacts are on Himantoglossum rob-
ertianum, Serapias bergonii and different Ophrys species (Fig. 4b). With a
focus on the territory of mandatory treatments, expected impacts of
insecticides are higher on well-distributed insectivorous vertebrates,
either open-habitat specialist (M. blythi) or synanthropic species (Pipis-
trellus kuhli; Podarcis siculus) (Fig. 4a). Local risks of A2 actions are even
higher for orchid species, especially on Ophrys sphegodes, O. candica and
S. bergonii (Fig. 4b).
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Table 1

Summary results of ANOVA of mandatory (Min) and overall (Max) risks asso-
ciated with the implementation of A1 and A2 actions, as a function of species
regional distribution, movement ability, breeding requirements and foraging
habits. Mean risk percentage values are reported for categories or categorised
intervals (above/below the median of data distribution) for each variable. Sig-
nificant effects are marked with asterisks (*** = p < 0.000; ** =p < 0.01; * =p
< 0.05).

Variable Value Al Max Al Min A2 Max A2 Min
risk risk risk risk
Regional F 28.43%** 49.71%%* 0.321 5.845*
distribution
> median mean 14.27 3.05 1.80 0.46
< median mean 3.66 0.29 3.06 0.36
Movement F 10.28** 7.704%* 0.015 0.072
ability
>1 km mean 6.46 1.14 2.37 0.43
<1 km mean 15.19 2.99 2.53 0.37
Breeding F 8.007** 3.867 - -
strategy
Grass breeding mean  13.16 2.39 - -
Other strategies mean 6.00 1.16 - -
Foraging F 22.16%** 18.82%** - -
strategy
Grass foraging mean  13.20 2.63 - -
Other strategies mean 1.83 0.05 - -
Salamandrina terdigitata a
Myotis emarginatus
Myotis blythi
Zamenis situla
Rhinolophus ferrumequinum
Rhinolophus euryale
Podarcis siculus
Cyrtopodion kotschyi
Pipistrellus kuhli
Coronella austriaca
Other EU species : : |
0.0 12.5 25.0 37.5 50.0

Barlia robertiana b
Serapias bergonii .
Ophrys incubacea P
Ophrys oxyrrhynchos *
Ophrys sphegodes
e
Anacamptis laxiflora I
Ophrys holosericea I
Other orchidaceae . * : : ‘
0.0 12.5 250 37.5 50.0
A2 risk %

Ophrys tarentina

*

Fig. 4. Risk percentages of A2 treatments on target: (a) EU-protected animal
species and (b) Orchidaceae species. Risk percentages are ranging from a
minimum (mandatory actions only) to a maximum (all prescribed actions) in
proportion to species regional distribution. Points represent risk percentage in
proportion to species local distribution in the part of the region where
mandatory actions are required (local risk).
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4. Discussion

The implementation of the action plan issued to counteract the plant
infection by X. fastidiosa in Puglia leads to several risks relevant to
biodiversity at a large scale, with significant implications for the con-
servation of protected habitats and species. As a direct effect of the
proposed actions, soil processing and grass removal can affect a large
portion of EU-protected habitat categories in Puglia region. Risk exceed
half of the regional distribution of some temporary wetland and dry
grassland habitats, even leading some habitats to the brink of local
extinction within the territories subject to mandatory action. Temporary
wetlands act as important ecological refugia and corridors in arid
landscapes, even in their dry phase (Ward et al., 2001; Steward et al.,
2012; Boulton et al., 2017). Semi-natural grasslands represent an
invaluable habitat resource for a great number of plant and animal
species (Goriup and Batten, 1990; Partel et al., 2005; Ancillotto et al.,
2023), making this vegetation type the most species-rich habitat in
Europe (Dengler et al., 2020). Besides our evidence concerning a rela-
tively small set of protected organisms, herbaceous vegetation holds
most of the abundance and diversity of feeding resources for pollinator
insects (Segrestin et al., 2018; Sanchez et al., 2019) and hosts a vast
number of arthropods and small vertebrates (Morandin et al., 2016;
Tschumi et al., 2016; Albrecht et al., 2020). In Mediterranean regions, a
widespread removal of herbaceous vegetation at the peak of the flow-
ering period implies severe losses of functions and services associated
with pollination (Brosi et al., 2008; Langlois et al., 2020). Yet, intensi-
fication of agricultural practices can have negative effects on several
predators and parasitoids (Thies et al., 2011). Furthermore, as herba-
ceous plants are well-known to represent primary resources at all
developmental stages of P. spumarius (Thompson, 1994), actions ori-
ented at removing herbaceous layer also imply further bottom-up effects
on species feeding habits (Scherber et al., 2010). A widespread elimi-
nation of preferred resource may force a generalist organism to shift
onto available supplementary resources (Duyck et al., 2011; Forister
et al., 2012; Swihart et al., 2001), including the infected ones, and thus,
eventually increase the potential for spreading the infection.

More in general, the action plan explicitly requires the removal of
herbaceous layer along linear landscape features, such as road and field
margins, ditches and riverbanks, which often represent unique resources
for the occurrence of vegetation remnants and relict populations of
declining species in agroecosystems (Hinsley and Bellamy, 2000; Han-
non, 2009; Schopke et al., 2024). Such a considerable loss and degra-
dation of key habitats and communities may dramatically threaten
ecosystem stability and functionality, in turn possibly impacting even
more severely other trophic levels (Bracken and Low, 2012; Phillips
et al., 2020). For these reasons, a biodiversity loss in small areas can be
more impactful than in other territories (Labadessa and Ancillotto,
2023).

In consideration of hardening climate change effects, widespread
tillage and weeding can even exacerbate the vulnerability of species and
communities to prolonged drought and heat, in turn accelerating pro-
cesses of soil degradation and land desertification (Kairis et al., 2013;
Eswaran et al., 2019). Changing climate can also alter pathogen distri-
bution and spread dynamics, with an expected increase of X. fastidiosa
outbreaks in Europe (Bosso et al., 2016; Godefroid et al., 2018; Farigoule
et al., 2022). With the prospect of multiple implications under changing
environmental conditions, broad-scale and long-term risks should not be
overlooked in the assessment of the proposed action plan.

In addition to direct impacts on protected ecosystems, the proposed
agricultural practices is also threatening to the distribution of a large
portion of protected animal and orchid species. From a methodological
point of view, our approach allowed us to test for two different proxies of
species distribution, namely ‘potential ranges’ (i.e. animal species suit-
able habitats) and ‘exact occurrences’ (i.e. orchid species records).
Proxies of actual species distribution are often subjected to limitations
and spatial biases, both for species suitability maps - due to difficulties to
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integrate the prediction with biotic interactions and dispersal abilities
(Briscoe et al., 2019; Velazco et al., 2020) - and species records - due to
unbalanced survey efforts and to observers’ association to human in-
frastructures (Jeliazkov et al., 2022). While taking into account the
above-mentioned limitations and inaccuracies inherent to cartographic
information, our approach enables to provide a consistent and compa-
rable picture of species conservation issues arising from land-use pres-
sures at regional scale. By relying on official cartography, sourced by the
same public authority responsible for the action plan, we also intend to
comply with a fair evaluation, and to avoid contrasting interpretations
arising from the use of non-official data.

As the land-cover categories dominated by herbaceous vegetation
are the most affected by the action plan, we disclose greater risk to those
vertebrate and invertebrate species requiring grass layer for their
breeding and/or foraging habits. Besides their connection with herba-
ceous vegetation, less-mobile and ground-living organisms are also ex-
pected to have a reduced ability to avoid seasonal pressures in their own
habitat, such as the case of soil tillage and weeding actions. These results
underline the relevance of life-history and ecological attributes in
shaping wildlife response to anthropogenic impacts (Banaszak-Cibicka
and Zmihorski, 2012; Fenoglio et al., 2021; Ancillotto and Labadessa,
2024). Considering the need of making ecological attributes easily
applicable to a very diverse set of taxonomic groups, we define
less-mobile species based on their expected average seasonal movement.
While considering the uncertainties associated with a predefined clas-
sification of species movement ability, our observations relevant to
small-sized and short-ranged animals, such as insects and reptiles, are
consistent with a greater predicted risk to the group of less-mobile
species group. The risk of being subject to effects of the prescribed
agricultural processing was also higher for the most common species, i.e.
for species showing a wider regional distribution, that are often known
to decline faster than rare ones in agroecosystems (e.g., Inger et al.,
2015; Rigal et al., 2023). Grasslands and agroecosystems also hosts the
majority of protected wild orchid species in Italy, including a large
number of endemic taxa (Lussu et al., 2024). The effects of mandatory
soil tillage and grass removal are even more severe for orchid species
whose global distribution is limited, thus threatening their survival
within their whole range. Considering that these actions are only
required outside legally PAs, such a large impact also highlights a
remarkable gap in the effective protection of orchid populations by the
regional network of PAs, in line with similar findings at the national
scale (Lussu et al., 2024).

Risks concerning the widespread removal of herbaceous vegetation
cumulates with subsequent chemical treatments required by the action
plan for the control of adult stage of P. spumarius. Insects, regardless of
their ecosystem function and conservation status, are directly and
indirectly affected by broad-spectrum insecticides such as those indi-
cated by the action plan (Wardhaugh et al., 1998). Recent studies
demonstrate that pesticides can contaminate ecosystems at a very large
scale (Briihl et al., 2024), showing direct and indirect impacts on various
trophic levels (Rehman et al., 2014; Briihl et al., 2021; Fritsch et al.,
2022). Indirect impacts of chemical agents are particularly harmful
when considering their disruptive effects on pollinator-plant dynamics
(Brittain et al., 2010; Stanley et al., 2015). Taken together, risks to
human health and environment associated with the authorization of
widespread treatments with insecticides have been raising concerns in
the EU, even if allowed in state of emergency (Epstein et al., 2022). In
our case study, we could not predict the direct impacts of pesticides on
the ecosystem networks targeted by prescribed treatments, i.e. those
associated with olive and almond cultivations. Nevertheless, due to the
wide distribution of these cultivations in Puglia, our findings show that
the portion of territory threatened by chemical treatments is not negli-
gible. Here, we quantified the risks within a precautionary distance of
50 m around the crops subjected to pesticide treatments. However, the
quantification of impacted surfaces can even double in case of more
cautious assessment, as short-range dispersion of volatilised compounds
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is often significant over 100 m from the source area (Wittich and Siebers,
2002; Gil and Sinfort, 2005). Yet, as permanent crops are often adjoining
or including valuable habitats of protected species in our study area,
more than half of the EU-listed taxa occurring in the region resulted as
potentially targeted by insecticides. The risks of prescribed treatments
are significantly higher both for common species, such as many reptiles
and bats whose suitable habitat includes agro-ecosystems, and for the
rare species Salamandrina terdigitata, whose regional distribution is
locally adjoining permanent crops. Risks associated with chemical
treatments are even more impactful for orchid species, in terms of
impairment of their pollination success, both at regional and local
scales. Most impacted orchids include several species of the Ophrys
genus that depend on very specialized pollination strategies and,
therefore, may be at serious risk in case of rarefaction of the pollinator
insects they specialized upon (Tsiftsis and Djordjevi¢, 2020; Vereecken
et al., 2010).

5. Conclusions and implications for management

The risks directly and indirectly arising from the implementation of
the phytosanitary action plan highlight the need to reconsider the pro-
posed regulations from a multidisciplinary point of view, aimed at
integrating biodiversity and ecosystem stability at various scales, also
considering the ecosystem services and the socio-economic issues
herewith associated. As a direct consequence of a widespread biodi-
versity loss, an expectable decrease of predators and parasitoids is
counterproductive to the aim of controlling the insect vector of
X. fastidiosa. From a socio-economic point of view, such a broad-scale
impairment of ecosystem stability make conditions suitable for new
and old pathogens, in turn potentially giving place to even more dra-
matic repercussions on food production and human well-being. A
widespread loss or degradation of natural and semi-natural habitats,
often prioritised among identity landscape elements of Puglia region, is
also disadvantageous for the intangible asset and tourism development
in rural communities.

Further studies should prioritize the field validation and verification
of the effectiveness and feasibility of the proposed phytosanitary ac-
tions. More effort is needed to verify the actual environmental costs of
the action plan, bringing together the cumulate effects of mechanical
processing with chemical treatments, and their reiteration over years
since their first application in 2015. Considering the consequences of a
shift in P. spumarius feeding behaviour — as possibly induced by the
removal of its primary resources — research should also investigate
whether, and to what extent, the current action plan can even foster the
bacterial infection. Predictions of the multiple effects of broad-scale
agricultural practices should also address the effects of climate
change, as an additional factor that possibly amplifies both the threats to
biodiversity and the vulnerability of crop production.

Taken together, these considerations underline the urgency of
strengthening the collaboration between scientists and stakeholders,
including policymakers, citizens and farmers, in the light of designing
new and sustainable solutions to contrast and mitigate the negative ef-
fects of the plant disease. With the aim of balancing the risk of bacterial
infection with the need for biodiversity conservation, alternative man-
agement strategies could be drawn upon ecological and behavioural
patterns of the insect vector, e.g., by experimenting appropriate crop
diversification, co-cultivation, and grassing methods to divert insects
from infectious plants.

Our study case highlights important conflicts between the goals of
preserving agricultural production and biodiversity, as aggravated
under an emergency declaration. With a forward-looking perspective,
such an evident vulnerability may represent an opportunity to revise and
reconnect current agricultural and environmental policies, both at the
regional and European Community level.
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