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ABSTRACT

Eradication measures are used when a pest or pathogen invades a free area, the
objective being to control its outbreak by eliminating or reducing its population
levels in that area, which involves removing all infected plants. Xylella fastidiosa
is one of the most notorious plant pathogens presently emerging in Europe.
This bacterium is a pathogen of concern for many plants globally, and has a
broad range of wild and cultivated hosts common in Europe. Given that there is
no effective treatment to reduce the repercussions of this disease, its spread
poses a severe risk to European agriculture. The EU has designed mandatory
plant health measures for the purposes of implementing an eradication or
containment strategy. Since an eradication strategy depends on the actions of
farmers, it is vital to adopt measures that encourage behavior that helps reduce
the risk of spread. In this paper, we have developed a field-scale economic
analysis, which links production costs, revenue, agronomic factors, and manda-
tory protection measures, and allows us to estimate the losses caused over time
by pests or pathogens at the farm level, and the age-dependent payments that
farmers should receive. This way a confidence interval for fair compensation can
be obtained. This compensation serves to design positive incentives for farmers
to inform government authorities about the presence of bacteria on their farms
and participate in eradication programmes. We apply our economic modelling
to Xylella fastidiosa in vineyards, and on olive and citrus plants, in the Valencian
Community of Spain in Europe.
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1. Introduction

Invasive alien species have been recognized as a major environmental threat
because of the significant adverse effects on the environment, in many cases
modifying the existing ecological balance (Kropf et al., 2020; Simberloff et al.,
2013; Finnoff et al., 2010). Some are crop pests and diseases, which, once they
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have invaded certain areas, are one of the main factors that can limit farm
performance, causing a considerable negative impact on yield, fruit quality
and production costs. Damage can be severe and may involve expensive
control measures, constraining and conditioning the viability of certain crops,
and forcing their substitution, and the search for other alternative productive
crops. Particularly in some areas, small-scale growers with limited financial
liability cannot afford to invest in more intensive and costly pest and disease
management strategies and, thus, are disproportionately affected by these
issues. Additionally, crop damage may increase poverty and food insecurity
(Atallah et al., 2018).

Although most growing areas of the world are free from pests and plant
diseases that affect cultivated species, there is a permanent risk that they could
become contaminated by these diseases and their vectors. In addition to this
risk, the changing climate and the increasing global nature of trade can make
these areas more exposed and vulnerable. For this reason, pest and disease
control has been one of the main priority measures implemented by national
agricultural authorities for many years now. It has also become a popular area
of research, leading to studies that can help develop policies and treatments
for combating these pests and diseases (Bucci, 2018; Finnoff et al., 2016).

Control strategies vary depending on the plague and the crop. However, all
the current control methods are based on the following basic phytopatholo-
gical principles of action: exclusion, eradication, avoidance, resistance and
therapy (Finnoff et al., 2010; Ash, 2003; Dominguez Garcia-Tejero, 1998).
There are relatively few treatments for certain plant pests or pathogens, and
in some cases, there are no therapies that can restore the plant’s health once it
has become infected. That is why prevention measures in certain places, such
as airports, ports and roads, are essential to keep a country free from vectors
and plant diseases. Furthermore, when pests or pathogens invade areas free
from disease, reactive strategies tend to focus on controlling the outbreak and
minimizing its impact. (Macpherson et al., 2017; Simberloff et al., 2013).
Eradication measures include removing the infested plants to reduce the
pathogen or insect population in the affected area, usually once the disease
has been detected. In this sense, early detection is recognized as an effective
strategy for reducing these negative impacts. These measures aim to remove
the invasive pest before its population reaches a size that is too difficult to be
eradicated (Yemshanov et al., 2019). Efforts to manage the prevention, control
and eradication of pathogen invasions often amount to a substantial expendi-
ture for society (Diagne et al., 2020). Kevin et al. (2020) consider that their
removal results in social benefits and can be viewed as a public good, suggest-
ing that the costs of eradication warrant compensation from authorities.

Among the organisms causing infectious plant diseases are the bacterial plant
pathogens. Some of these bacteria are host-specific, while others can infect
a broad range of hosts. This is the case of Xylella fastidious, or Xylella fastidiosa
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(Panel on Plant Health (European Food Safety Authority-EFSA) 2015)"; (Janse,
2012), a worldwide pathogen of concern for many plants. It can be hosted by
many plant species, such as citrus, olive, grapevine and stone fruit plants, as well
as affecting certain other plants, both ornamental and wild. Unfortunately, in
afew cases out of almost 600 potential hosts, there are no treatments to suppress
disease development in infected plants. As a result, in these cases, this plant
pathogen kills trees and plants and hinders their growth, leading to an enormous
economic impact. In fact, it is responsible for various plant diseases, including
Pierce’s disease, phoney peach disease, citrus variegated chlorosis, olive quick
decline syndrome, almond leaf scorch and various other leaf scorch diseases
(Jeger et al., 2018). Additionally, X. fastidiosa infects a wide range of host plant
species, most of them asymptomatically. On the American continent, it is native to
Central America, and widespread over a large part of the Americas. In the United
States and worldwide, X. fastidiosa infects hundreds of plant species and has also
been the cause of several devastating epidemics (Burbank and Ortega, 2018;
Sicard et al,, 2018; Zhang et al., 2015). Xylella fastidiosa is regulated in the EU as
quarantine pest under Regulation (EU) 2016/2031 on protective measures against
plant pests. In the EU, it is expected that it will become a serious threat to citrus
production, and olive, grapevine and other perennial fruit crops, such as those
included in the genus Prunus (almonds, peaches, plums, apricots and cherries).
These crops are the basis of Mediterranean agriculture, and their overall produc-
tion in Greece, ltaly, Spain and Portugal represented around 14% of the EU-27
crop production in 2019.

The PLH (Panel on Plant Health (European Food Safety Authority-EFSA) 2015)
has not been able to accurately assess the extent of the negative impacts as yet
but has concluded that crops and regions which have the conditions for the
pathogen to spread, like those found within the Mediterranean agricultural
system, can experience severe adverse impacts if control strategies are not
implemented. Its presence has been reported in southern Apulia in Italy, on the
island of Corsica, in the region of Provence-Alpes-Cote d’Azur in France, in some
areas of the north, centre and south of Portugal, as well as in the autonomous
region of Madrid, the province of Alicante and the Balearic Islands in Spain. The
reported status is “transient, under eradication”, except for the Balearic Islands,
Corsica and southern Apulia, where the status is “present with a restricted dis-
tribution, under containment” (Jeger et al,, 2018).

Biosecurity belongs to the public sphere. Indeed, the control of pathogen
spread in the EU is regulated by Council Directive 2000/29/EC and through
emergency measures by regulations that are continually under review and
updated. Currently, Commission Implementing Regulation (EU) 2019/2072,
Commission Implementing Regulation (EU) 2020/1201 and its partial modifica-
tion by Commission Implementing Regulation (EU) 2021/1688 establish the
measures to be adopted by member countries to eradicate the plague. If eradica-
tion measures, as described in the Commission Implementing Regulation (EU)
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2020/1201, are to be effective, they should be applied to any plants that show
symptoms, in addition to asymptomatic plants found to be infected through
sensitive laboratory tests, neighbouring plants, and all host plants of X. fastidiosa.
Eradication thus means removing all infected plants, and governments and
phytosanitary institutions at the regional level are responsible for taking conten-
tion and eradication measures.

The economic impacts of pest and pathogen invasions depend on ecologi-
cal and agronomic factors, like the type of host (whether the host plant range is
extensive or not); the growth stage of the plant (in some cases, the damage
depends on the plant’s growth stage); planting density (that can speed up the
spread); the establishment of monoculture areas (climatic factors, like tempera-
ture, rain, relative humidity and wind, are determinant in the geographical
distribution of crops and condition which areas are more suitable for growing
certain crops, often resulting in monoculture farming); or intensive or super-
intensive farming systems. All of the afore-mentioned could influence the
development and growth of crops, making them more or less vulnerable to
pathogens. When assessing any damage, uncertainty makes it difficult to find
the optimal choice of pest control measures (Feusthuber et al., 2017). Economic
modelling offers information on appropriately allocating resources across inva-
sion management activities — including prevention, surveillance programmes
for early detection and management, and controlling the populations and
spread of invasive species — to minimize long-term costs and damages
(Epanchin-Niell, 2017). In general, there is considered to be a lack of relevant
data on outcomes associated with different measures, which hinders their
effective management and mitigation (Diagne et al., 2020).

The recent arrival of X. fastidiosa in Europe has made it imperative to imple-
ment disease control and management policies to protect European agricultural
systems. These policies are designed by applying economic principles to estimate
the costs of the damage caused by pests and pathogens, considering both
ecological and epistemological factors. Economic measures may be used to
reduce the pressure on the ecological system so that it can continue to work
within the expected range of environmental conditions (Perrings, 2001).

Eradication is used after introduction, in the first stage of the pathogen'’s
arrival in an area, in order to limit its growth and eliminate it. It consists of
removing several plants simultaneously to halt the spread of the disease.
Early detection leads to a greater chance of eradication and a reduction in
damage and loss (Perrings, 2001). This highlights the need for growers to be
vigilant and promptly report possible infections to the national plant-
protection organizations (Kevin et al., 2020). The control of the pathogen
spread depends, in part, on human behaviour, and thus an essential step is to
adopt both prevention measures to regulate it. These measures may well
imply penalties to deter any behaviour that increases the risk of invasion.
However, they can also include positive incentives to encourage behaviour
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that reduces those risks (Perrings, 2001; Ziwei et al., 2021). The existence of
infected plants creates a negative externality for the rest of the plants, and
the need to remove them implies greater expense for the farmer. The
incentives have to be enough to align the private interest of the farmer
with the general interest and encourage optimum decision-making from
a social point of view (Hennessy & Wolf, 2018; Doménech Pascual 2011; Rat-
Aspert & Fourichon, 2010).

Monetary compensation for the removal of infected plants encourages
pest eradication. The estimation of this compensation is crucial to ensure
farmers’ collaboration in identifying and removing the affected plants.

The Valencian Community, a region in the Spanish Mediterranean, has crops
susceptible to this disease covering almost 70% of its agricultural land. Citrus
fruits stand out with nearly 160,000 hectares, approximately 25% of the total
agricultural land in the Valencian Community (VC). Meanwhile, non-citrus fruit
plants, including apricot, cherry, plum, nectarine, peach plants, etc., together
with nut plants, cover 20%. Olive groves also stand out, with roughly 15%, and
vineyards for wine production, with 9%. Therefore, the invasion of this patho-
gen could cause significant economic damage to the VC.

X. fastidiosa was detected in the Valencian Community (Spain) in 2018.
Eradication measures were taken quickly following the EU biosecurity policy.
Officials were faced with the issue of assessing the losses in monetary terms in
order to establish a compensation system for farmers whose crops were
affected by the eradication measures. A key issue is to obtain a fair estimation
of losses adjusted to the actual situation of the affected farms since positive
incentives would encourage farmers to report the presence of the bacteria in
their crops to government authorities and participate in eradication pro-
grammes. On the contrary, any undervaluation of losses can discourage them
from informing the authorities and stop them from adopting eradication
measures since they would rather keep the affected plants than replace
them. Also, it might lead to the pest spreading quickly with disastrous con-
sequences for plants, which can cause significant economic losses. In this
regard, authorities need to guarantee the proper use of public resources
when facing a trade-off between undervaluation and overvaluation.
Economic analyses can help align the decisions made by public and private
decision-makers to achieve socially desirable outcomes. As in the first stage of
the invasion, private decision-makers, that is the farmers, tend to under-control
invasion relative to socially optimal levels because they generally account for
their own costs and benefits of control (Epanchin-Niell, 2017).

In this paper, we have developed a field-scale economic analysis that links
production costs, revenue, ecological and agronomic factors, and mandatory
protection measures to estimate the losses caused over time by X. fastidiosa.
The model takes into account that this bacterium can infect several plant
species present in Europe.
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The main assumption in our research work is that economic damage or
losses caused by plagues or infections can be estimated by comparing the
value of the agricultural plantations before and after they have been infested
or infected. We develop a model that calculates the difference between their
present values in both scenarios and apply it to several widespread crops in
the Mediterranean agricultural system in southern Europe. For each crop, we
have determined the most likely intervals for the variables of several para-
meters related to plant growth stages and farming systems. The mean
distribution of the losses is obtained using simulation techniques, more
specifically, the bootstrap method.

The model has broad applicability, and the results may be indicative of
possible losses in other situations. We apply the proposed economic model in
the Valencian Community.

This study makes two distinct contributions. First, motivated by the gaps in
the literature in the field of agricultural economics, we develop an incentive
system model for pest eradication to reduce the risk of pest spreading.
Our second contribution is an empirical application that shows how the
theoretical model can be parameterized to obtain a distribution of the
average losses according to the crop, plant’s age and farming system. This
empirical application in our paper seeks to define an appropriate incentive
system for supporting the eradication of X. fastidiosa in Europe.

2. Materials and methods

There are few estimation methods for controlling the damages or costs
caused by pests and pathogens in agriculture, forestry or fisheries. The
InvaCost project, started in 2014, is considered the most up-to-date, compre-
hensive, harmonized and robust global-scale data compilation and descrip-
tion of economic cost estimates associated with invasive species. It works
with a standardization protocol to extract data from different sources to
compile and compare costs across a multitude of descriptors (costs of
a given invasive species, in a given region or a given activity sector, for
example), and as a result, estimates the global cost of biological invasions
(Diagne et al., 2020). Therefore, some authors suggest that the social benefits
derived from some measures to control the invasion of a pest can be viewed
as a public good, and the costs of these measures warrant compensation
from authorities (Kevin et al., 2020).

At the local or regional level, assessing the economic implications of pest
and pathogen invasion requires a specific and appropriate function that
describes the changes inflicted by the presence of a pest or pathogen and
its economic consequences. To date, a small number of estimations have
been carried out on the economic effects of pests and pathogens. Wittwer
et al. (2005) applied a dynamic, computable general equilibrium (CGE)
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approach based on the Monash Multi-Regional Forecasting (MMRF) model to
examine the regional and national economic impacts of a Karnal bunt incur-
sion. Hodda & Cook (2009) present a full assessment of the economic impact
of a potato cyst nematode spread in Australia, in which they linked the
spread, the pest’s population growth rate, the costs of preplant testing,
chemical treatments to reduce crop losses, regulations, and certifications
for exports, together with the loss of export markets. Kevin et al. (2020)
propose an economic model developed to compute impact based on dis-
counted foregone profits and losses. The model projects the economic
impacts on Italy, Greece and Spain, as these countries account for around
95% of the European olive oil production. Using different spread models, the
authors analyse sites for the establishment and spread of X fastidiosa, and
explore the annual rate of dispersal and its economic impact.

However, for the purposes of calculating incentives, we are more inter-
ested in assessing the disaggregated impacts to use these estimations to
calculate the financial support growers should receive. In this regard, a field-
scale economic analysis is needed. A study by Cook et al. (2015) estimated the
total cost for farmers who had suffered the effect of the FOC TR4 disease on
their banana crops due to a change in producer surplus, which was caused by
the negative supply shift when the disease struck the banana crops and
prices dropped. More recently, Taylor & Cook (2018) proposed a model
calculating the present value of damage caused by Plasmopara viticola by
converting yield losses and variable production cost increases into present
values. When analysing the loss of healthy animals due to disease transmis-
sion, Horan et al. (2018) proposed a model to calculate the loss in value from
net benefits, assuming a discount rate of r, to calculate the present value of
net benefits (discounted to time T) for the ex-post problem.

Following the work of Horan et al. (2018), we start from an assumption. Let
us suppose there is an agricultural area in Europe, with many plants, such as
citrus, olive, grapevine and stone fruit (almond, peach, plum) plants, which
produce fruits with an economic value. These crops, along with other trees
and ornamental plants in that area, are at risk of a potential invasion by
X. fastidiosa. We assume for simplicity that the introduction and establish-
ment of the pathogen and the economic damage inflicted by these processes
co-occur as a result of an invasion of the pathogen at date T. By dividing the
time period into an ex-ante or pre-invasion interval t < T, and an ex-post or
post-invasion interval t = T, we can focus on how the invasion affects the crop
conditions in the post-invasion management problem. The result for each
moment is given by an algorithm based on the net present value (NPV)
method (Ziwei et al., 2021). The cash flows (CF) are calculated from the sale
of the crops (revenue) and the production costs (direct, indirect and crop
start-up costs). The total loss of value can be determined as the sum of the
cash flows lost because of removing both the infected and the non-infected
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crops during the demarcation period. We also consider agronomic factors in
the model: the crops’ growing cycle, rotation length, age, whether an irri-
gated or a rainfed system is used, planting density and farming systems
(intensive/super-intensive). On the other hand, characteristics of pests or
certain ecological aspects of pathogens, such as their transmission, speed
of progression, etc., are ignored since they are not necessary for computing
the losses and the incentive system.

Farm losses over time caused by X. fastidiosa can be obtained by the
difference between the ex-ante pre-invasion value and the post-invasion value:

P Vdamage = PVex—ante — P Vexfposr (M

The ex-ante value can be estimated as the value of the future cash flows
considering that there is no infection at time t, i.e. the ex-ante net present
value (PV) using r as the discount rate.

PVex—ante = |7 CFee™"dt 2

The ex-post net present value is estimated as the value of the future cash
flows, considering the production system is infected at time T.

PVex—post = J.;)-c CFfeirtdt (3)
Hence, the damage will be given by:
Plaamage = I CFie "t — I7” CFre "'dt = [ (CF¢ — CRr)e "dt @)

where CF and CF? are the cash flows per area unit at time t without infection
(ex-ante cash flows) and with infection (ex-post cash flows), respectively.

Because it is too cumbersome to obtain a function of the cash flows per
area unit throughout each year, we have chosen to work with annualized
revenue and expenditure, assuming time as a discrete variable.

We develop a model to estimate the ex-ante invasion value of each crop
where the net present value (PV) in euros per hectare includes the start-up
costs and the profit from harvesting.

2.1. Methodology

2.1.1. Economic model

For a given crop, the annual net cash flows (CF), at time t, are provided by the
difference between the receipts C; (product of the harvest price, p [EUR
per kgl and the crop’s yield ([kg per hectare] per year), and the annual
production costs P;. The latter includes direct costs, i.e. consumption directly
and unequivocally associated with output, such as seeds, bulbs, cuttings,
pots, tubs, etc.; and indirect costs, i.e. resources consumed and needed for
both general tasks (watering, cleaning, etc.) and particular tasks (e.g. pest
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treatments) for the maintenance of the various products. Depreciation and
opportunity costs are not taken into account. The initial investment or start-
up costs (planting cost per hectare) are included in the first cash flow.

In both assessments (ex-ante and ex-post), the present value will depend
on the production plan, which determines the future cash flows. After each
planting cycle of N years, the assumption is that another planting cycle of the
same type will follow. Therefore, for a plantation of age E, the total value of
the plot, without damage, and assuming discrete-time and t = 0, is shown in
equation [5]:

cFe
nE CFa 1 PO 1+,r+2r N1 T H,
PVex—ante = Zr:1 t + N—E
(1+r) (+r) +Zt 2N+1 H—r tt .
(5)

where N is the crop’s rotation length. The first addend of equation [5] is the
value of the plants, while the second is the value of the land according to the
production plan that will be implemented after the current production cycle
is finished.

If the net present value of the future cash flows of a complete production
cycle from planting until the end of life is called PVC (see, equation [6]), then
the ex - ante PV can be transformed into equation [7]:

N CF?
PVC = L 6
Zr:1 (1 —l—r)t (©6)
n-£  CF{ 1 PVC(1 + )"
PVex—ante = 3 L+ )
e O+ A+ EFa+n' -1

In order to estimate the ex post value, the uprooting measures included in EU
regulations are taken into account (Council Directive 2000/29/EC,
Commission Implementing Regulation (EU) 2019/2072, Commission
Implementing Regulation (EU) 2020/1201 and its partial modification
Commission Implementing Regulation (EU) 2021/1688). These require the
establishment of a demarcated area, which shall consist of an infected zone
and a buffer zone:

¢ infected zone: a radius of 50 metres around the infected plants;

e buffer zone: 2.5 km or 5 km depending on the type of measures,
eradication or containment. The buffer zone surrounding the infected
zone established for eradication purposes may be reduced to a width of
no less than 1 km in specified conditions.



110 J. RIBAL ET AL.

In the infected zone, the following shall be immediately removed: (a)
plants known to be infected by X. fastidiosa; (b) plants showing symptoms
indicating possible infection by that pest or suspected of being infected by
that pest; (c) plants that belong to the same species as that of the infected
plant, regardless of their health status; (d) plants of other species than that of
the infected plant, which have been found infected in other parts of the
demarcated area; (e) specified plants, other than the ones referred to in points
(c) and (d), which have not been immediately subjected to sampling and
molecular testing and have not been found free from the X. fastidiosa. In
addition, it is forbidden to plant any host plants in the infected zones, and
authorities must notify the Commission so that the zone in question can be
included in the list of demarcated areas. Surveys and monitoring of the
infected area are carried out in order to establish whether the specified
organism still exists in that area and if it is not detected for four years, then
its demarcation may be lifted. The last modifications of the European regula-
tions open up the possibility of authorizing the planting of specified plants in
the eradication strategy for species that have not been to be infected after an
intense two-year surveillance. The specific eradication plan activated by the
Generalitat Valenciana, published in December of 2020, includes these
actions described for the purposes of X. fastidiosa eradication.

These control measures imply critical economic losses for farmers due to
losses incurred in the harvest of crops, trees or ornamental plants.

For a given plot in a given area, and assuming that no alternative crop can
be grown, which would mean that the plot is set aside forcefully for “I" years
(demarcation period?) with no production allowed until farming activity can
be taken up once again, the ex post value would be:

I ExMant 1 pvc(1+nV
Sa+nt (40 (1 +n" -1

PVex—post = —Exap — Z (8)

where Ex,p are the expenses for uprooting and removing the plants and
trees, and Ex™, are the expenses for maintaining the plot without any
production during the “I” years, including taxes, weeding and cleaning
tasks, etc.

If we assume optimizing behaviour, the farmers’ current crop is the best
alternative. Any other crop would offer a lower return and would reduce the
compensation. Although it is a strong assumption, the optimizing behaviour
would lead to their production plan being postponed instead of changed. To
change the production may imply changing the capital structure and acquir-
ing new know-how. Furthermore, the most likely replacement crops are also
affected by Xylella. In some cases, depending on the plant, replanting with
resistant cultivars may be possible, as Kevin et al. (2020) suggests.
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The difference between both PVs is the present value of the damage
caused by the pest.

P Vdamage =P Vex ante — P Vex post

N—E EXMant
= Z 'I AD + Zt 1 ‘I + r
1 1 VC
N—E I ( N ) 9)
(1+7r) A+ |(+nN"—1

The first addend is the plantation’s value, given by the monetary value of the
plants in the plot at the time of infestation.

The second addend gathers the expenses (Ex) for uprooting and removing
the plants.

The third addend includes the expenses for maintaining the plot in the
demarcated area.

The fourth addend measures the change in the value of the plot because
of the change in the production plan. This addend takes a positive value
when the remaining useful life of the uprooted plantation (N-E) is longer than
the demarcation period (4 years).

Horticultural and fruit production is highly variable because of external
factors, such as prices, weather, and pests, as well as internal factors like the
location, planting density, soil characteristics, water availability and quality,
water price, etc. In order to deal with this variability, simulation techniques
can be used within the economic model.

A considerable number of parameters can be used to estimate each crop’s
agronomic processes of growth and harvests and their economic consequences
for production costs, crop yield, and revenue (see the parameters and their
definitions in Table 1). For this study, we have determined the growth cycle of
each crop analysed and defined its rotation length, which includes three growth
stages: initial, development, and maximum harvesting.

2.1.2. Bootstrapping

Natural systems with high parameter uncertainty and variability are often
assessed with stochastic probability models. These are based on random
number generators which simulate random events, such as certain ecological
processes (Taylor & Cook, 2018). If the distribution of a given statistic needs to
be obtained, e.g. the mean, then non-parametric techniques like the boot-
strap method can be used. Bootstrapping is a data-based simulation tool for
statistical inference (Efron, 1979; Davison & Hinkley, 1997), allowing us to
correct for non-normality. Furthermore, bootstrap methods are used when
computation issues appear, such as biases, standard errors, and confidence
limits (Chernick & LaBudde, 2011). This technique has been applied for
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decision-making purposes in investment project assessments (Cruz, 2012)
and to estimate the discount rate in firm valuations (Vidal & Ribal, 2017;
Breuer et al.,, 2014).

Here, we are interested in the confidence intervals of the economic and
agronomic parameters in the proposed economic model. We used the boot-
strapping of the fundamental parameters or variables with which we calculated
the PVgamage that considers the different potential situations of damage for each
crop analysed. We took into account economic parameters (receipts C(t); the price
of the product at harvest, p (EUR/kg); and the yield of the crop (kg/ha) per year);
annual production costs, P(t), including direct and indirect payments, plus
expenses related to machinery and labour; the discount rate; and agronomic
crop parameters (growth cycle, rotation length, irrigation systems, planting den-
sity, and crop yield). We take n multiple samples from each parameter, which is
resampled to obtain a bootstrap resample. Using the results of all the bootstrap
resample parameters, we first calculate the CF values and then the confidence
intervals of the PVy,mage- These PV intervals are determined in EUR per hectare
and EUR per plant for each crop. It is essential to calculate the value of a plant in
the production cycle to be able to calculate the costs to farmers if isolated plants
are eradicated. The empirical bootstrap process is shown in Figure 1.

Table 1. Parameter definitions for each crop.

Parameter Abbreviation Definition Units

Time series Time series:2010-2014 year

ECOLOGICAL AND AGRONOMIC PARAMETERS

Cycle Growth cycle divided into 3 stages: years per
1) initial stage period

2) development stage
3) maximum harvesting stage

Rotation length (N) Fixed rotation length for each crop years

Crop’s age (E) Current crop’s age years

Irrigation Different PVs depending on whether crops  rainfed /
are rainfed or irrigated (qualitative irrigated
parameter)

Planting density (n) Number of plants per hectare plants/ha

Crop management system Intensive/super-intensive (qualitative intensive/
parameter) super-

intensive

ECONOMIC PARAMETERS

Receipts C(t) Annual revenue from harvesting €/ha

Production - direct costs DP(t) Annual cost of production €/ha

Production - indirect costs IP(t) Annual cost of production €/ha

Farm machinery costs MP(t) Production costs €/ha

Labour costs LP(t) Production costs €/ha

Crop start-up costs (c) Planting cost per hectare €/ha

Discount rate (r) %

Maintenance expenses Exf”"”t Expenses to maintain the plot in the €/ha
demarcated area

Expenses due to uprooting EXap Expenses for uprooting and removing €/ha

and removing infected infected plants
plants

Source: Authors’ compilation
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The bootstrap technique was applied to obtain 10,000 simulations of the
average flow value per crop type and age. First, in Table 1, each parameter of
crop j was bootstrapped 10,000 times, thereby obtaining 10,000 mean values
with which to calculate the distribution of the mean value. Next, the average
PVdamage Of the crop was computed through equation [9]. Figure 2 shows the
process applied to each crop.

Example of a bootstrap resample for receipt C(t) for crop j:

¢ we have n multiple samples of variable C(t) for crop jt:

e C(1);=1{C1,C2,C3,C4,...Cn}

e we resample n data to obtain a bootstrap resample for the receipts:

e CON =1{C1,C2,C2,C3,C4,C1,...,Cn, ...}

e we compute the mean of this resample and obtain the first bootstrap
receipts’ mean: p1*

Note that there are some duplicates; this is because bootstrap resam-
pling is performed by sampling with replacement from the data. The boot-
strap resample size equals the number of observations in the original
data set.

In the same way, a second resample for crop j C(t)jRZ can be obtained, and
a second bootstrap mean can also be calculated for the receipts: p2*. This
procedure is repeated as many times as desired to obtain a series of bootstrap
means, which is an empirical bootstrap distribution (EBD) of the sample mean,
in this case, of average receipts. According to Efron and Tibshirani (2007),
a high number of bootstrap iterations, as many as 10,000, can produce stable
results.

We repeated the bootstrap procedure for all the model variables, i.e. the
economic, ecological, and agronomic variables for each crop, thereby obtain-
ing the empirical distribution of the Pdeamage for each crop in EUR per hectare
and EUR per plant.

2.2, Empirical validation

Our study used data from the Agriculture and Food Ministry official reports on
farm costs and returns (ECREA, 2010, 2011, 2012, 2013, 2014). This report,
published every year since 2010, gathers the overall economic results, includ-
ing the production expenses for the most important crops in the VC.

We used the last five years published (2010-2014) for the Valencian
Community (NUTS-2). Another essential data source in this study was the
Official Report on the Valencian Agricultural Sector (ISAV), which gathers
information and statistics related to the production, yields, land distribution,
and input and output prices of the agri-food sector in the VC.
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Figure 1. Diagram of a bootstrap technique application.
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Figure 2. Process to calculate the PV of damage to an Orange grove. Source: Authors.
Receipts: C(t), Production — direct costs: DP(t), Production - indirect costs: IP(t), Farm
machinery costs: MP(t), Labour costs: LP(t), Capital Asset Pricing Model (CAPM), Single
Index Model (SIM), Cash flows (CF), Net Present Value (PV), Discount rate (r).

The process shown in Figure 2 was repeated for oranges, rainfed olives,
irrigated olives, rainfed grapevines, and irrigated grapevines. All the crop
parameters analysed in this study are defined in Table 1. Each parameter
for each crop j was bootstrapped, applying the process shown in Figure 3.
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‘We have a sample of 5 multiples of the orange C(t) parameter

C (0)grange=1C1,C2,C3,C4,C5}={C(2010), C(2011), C(2012), C(2013), C(2014)}=
={4961,17; 4449,65; 3887,20; 6321,57; 4802,40}

N

‘We resample the 5 pieces of data to obtain a10,000 bootstrap resample for orange C(t)

{C1,C2,C2,C3,C4},{C1,C2,C3,C3,C4},{C1,C1,C2,C3,C4}, weovegg gpoyer: ={C1,€2,C3,C3,C5}
{4961,17; 4449,65; 4449,65; 3887,20; 6321,57}, {4961,17; 4449,65;3887,20; 3887,20; 6321,57}, {4961,17; 4961,17; 4449,65; 3887,20; 6321,57}......

N

‘We compute the mean of this resample and obtain the 10,000 bootstrap for the orange C(t) mean

{n1*p2* p3*.... n10.000%}

‘We obtain a series of bootstrap means: “Empirical Bootstrap Distribution” (EBD) for the orange C(t)
mean

C (t):rap
flllls

Figure 3. Bootstrap resampling for the receipt parameter C(t) data of an Orange crop.

The mean results correspond to plants in the stage of maximum yield.
Next, we applied the growth cycle and rotation length parameters to these
values. As a result, we obtained 10,000 values of CFqange per year in the cycle.

The discount rate is a key parameter in any discount model. The discount
rate reflects the annual required return, considering each farm as an invest-
ment. We have used three different models to compute it (Table 2):

(1) A model based on the Capital Asset Pricing Model (CAPM), which is
a method used to obtain the required return of financial investments
and portfolios, including real estate investments (Galagedera, 2007). In
this model, it is assumed that investors diversify their investments across
multiple assets and industries. The model can provide a unique expected
return for investments in farmland.

(2) A similar model to the CAPM, which considers that investors only invest in
the farmland market. It uses a farmland market index, termed as SIM
(Single Index Model); (Unterschultz & Quagrainie, 1996; Ribal et al., 2003).
The model provides a unique required return for every kind of plantation.

(3) And finally, a model that relates historic farmland cash flows to the
farmland value as the annual return of investment (ROI), and conse-
quently, the discount rate can be obtained for each kind of crop.
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Table 2. Discount rate.

CROP CAPM SIM ROI

Orange trees 5.64% 3.58% 291% 2.27% 1.31% 5.72% 2.96%
Irrigated olives 564%  291% 459%  5.67% 6.43% 6.39%

Rainfed olives 564%  362% -1.11%  489%  -034% -029%  -1.09%

Irrigated grapevines 5.64% 2.38% 3.63% 2.78% 5.79% 5.92% 3.79%
Rainfed grapevines 5.64% 3.54% 4.01% 6.51% 10.20% 11.61% 3.41%

Source: Authors’ compilation

Using three models permits the consideration of several approaches to the
calculation of the farmer’s expected return and moreover, it provides useful
information to be used within the bootstrap process.

As the model considers non-limited life and variable cash flows, the dis-
count rate is not a capitalization rate. The CAPM and SIM approaches consider
the market behaviour in an extended time horizon to work out the corre-
sponding Beta coefficient and then the expected return. However, the ROI
approach is computed on an annual basis and then averaged as a proxy of
the average capital return. It might be preferable to work out the ROI as an
Internal Rate of Return, but that would imply singling out each farm plot
which would not be suitable for a massive valuation case.

Kevin et al. (2020) fix a deterministic 3% for the purposes of discounting
the foregone profits and losses caused by Xylella fastidiosa in European olives
and a uniform distribution of between 3 and 7% for a sensitivity analysis in
the same paper.

Given the complexity of accurately determining the plantation’s age to be
able to establish the compensation farmers should receive, our model allows
age intervals to be built, thus making the work of field inspectors easier. For
this purpose, K-means clustering was carried out, i.e. we clustered the data
according to their similarity in damage value (EUR/ha). Specifically, values
were grouped into four clusters to allow us to obtain a homogeneous value. It
must be stressed, however, that it was not our intention to use this clustering
procedure to obtain the homogeneity of the production cycle nor that of the
cash flows. The last interval can be useful for plantations that are older than
the expected age limit or even for plantations with low yields.

3. Results

Through the model, we were able to generate 10,000 simulations of the damage
mean value for each plant type by age. This provided us with an empirical
distribution of the damage mean values for each plant type by age.
Consequently, we obtained an empirical distribution of net present value (PV)
for each species according to the age of the plants. These values are the losses
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suffered by the producers of these species (citrus, olive, or grapevine), and these
amounts can then be translated into economic compensations that the public
administration would have to pay farmers.

As can be seen in Table 3, compensation is higher for irrigated crops since
crop yields are also higher. The highest value of the plantations as regards
citrus is in the period from 5 to 18 years, when there is full production and
costs stabilize. Thus, a compensation amount of more than EUR 19,392 per
hectare is established. In the case of irrigated vineyards, the highest value of
the plantations is in the long period from 3 to 33 years, with the compensa-
tion amount being slightly higher than EUR 18,500 per hectare. Rainfed
vineyards have a much lower compensation in the same period, at only
EUR 7,136 per hectare. Similarly, while irrigated olives have a compensation
of EUR 13,742 per hectare in the period from 3 to 48 years, in the case of
rainfed olives, it is only EUR 6,231 per hectare.

Although not included in Table 3, the compensation for one plant is directly
determined by the planting density. For instance, due to the higher planting
density of vineyards, the compensation amount for vines is much lower (EUR
5.80 per irrigated grapevine compared to EUR 68.49 per citrus plant).

4. Discussion

The introduction of some plant pests has the potential to cause widespread
mortality in both native and cultivated plant populations. Much of the existing
research work analyses the expected economic impact from the new introduction
of some pests, such as Potato Cyst Nematodes in Australia (Hodda & Cook, 2009),
Fusarium oxysporum in the banana crop in Australia (Cook et al. (2015), or Xylella
fastidiosa in the olive crop in some areas of Europe (Kevin et al., 2020), when these
spread in dense areas with sensitive crops. Once established, the cost of the
mitigation and eradication and the damage and loss incurred by these plant pests
often exceed the cost of preventing their introduction. In these studies, economic
impact analysis seeks to quantify the post-invasion cost which, in turn, justifies the
introduction of prevention measures. In contrast, our research work is centred on
the eradication measures to avoid the spread. The results are interesting for the
initial control after pest arrival.

Biosecurity strategies are traditionally within the public sphere (de la Cruz,
2020). However, in cases such as the spread of plant disease, close collaboration
with the farmers is needed. As explained, eradication measures are aimed at
removing the infected plants to avoid pest spreading. European legislation
defines the rules and practices whose aim is to control both pests and pathogens
(Regulation EU No 652/2014 and 702/2014) and establishes that monetary com-
pensation is a farmers’ right in order to balance prevention and eradication
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Table 3. Results of the value of crops by age group of the plantation per hectare (EUR/ha).

Crop Age groups Value (Euros)
Citrus 1-2 years 7,335
3-4 years 13,417 25,000
5-18 years 19,392 = 20,000
19-27 years 13,417 2 15,000
> 27 years 7,335 5 10,000
% 5,000
O 8 O
Age
Irrigated vineyard 1 -2 years 13,448
3 - 33 years 18,587
34 - 49 years 13,448 2 fgggg
> 50 years 6,639 g
£ 10,000
45,000
IR
Age
Rainfed vineyard 1 -2 years 3,561
3 -5 years 5,631
6 — 38 years 7,136 & 7,500
39 - 51 years 5,631 g 5,000
> 52 years 3,561 o
2,500
S ® S
Age
Irrigated olives 1 year 7,320
2 years 10,890 :gggg
3 — 48 years 13,742 E 12:000
49 - 64 years 10,890 g 10,000
> 65 years 7,320 o 8000
6,000
S P ® &
Age
Rainfed olives 1 year 4,081
2 years 5,223 . 7,000
3 - 47 years 6,231 < 6,000
48 - 77 years 5,223 8 5,000
> 78 years 4,081 T 4,000
3,000 I I I '

Age

Simulation values are in grey, adjusted values in blue, and interval values in black.
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expenses such as the loss of sacrificed animals or removed plants, and even
transport expenses, cleaning and disinfection expenses, revenue losses and the
need for new plantations.

Eradication compensation systems in plant health are less common than in
animal or public health (Mumford, 2011). Some models are proposed to estimate
incentives or compensation to eradicate livestock diseases (Gilbert & Rushton,
2018, Hennessy & Wolf, 2018, Rat-Aspert & Fourichon, 2010), but what is less
common is research that analyses and proposes incentive models to eradicate
plant pests or pathogens. The models proposed in both cases are associated with
incomes and costs for farmers ex-ante and ex-post the arrival of the disease. In
some of the models proposed to control livestock diseases, additional compensa-
tion is introduced if the farmer has applied prevention measures, such as vaccina-
tion (Rat-Aspert & Fourichon, (2010), or monitoring and control (Mato-Amboage,
Pitchford, and Touza 2019).

The incentive systems are established to motivate farmers to inform
authorities of the presence of pests and pathogens in their crops (Gilbert
& Rushton, 2018; Hennessy & Wolf, 2018). In this sense, the control of pests
and pathogens depends on the behaviour of the farmer. The compensation
must be adequate to push growers to promptly report introductions and
initiate eradication actions to prevent further dispersal (Hennessy & Wolf,
2018). Therefore, to create a system of incentives that motivates farmers to
inform authorities of the presence of the pest or pathogen in their crops, it
is first essential to obtain a fair estimation of the losses caused by pests and
pathogens adjusted according to the actual situation of the affected farms.
The calculated compensation has to be sufficient so that each farmer can
establish a new production plan that guarantees the survival not only of the
farms but also of the agrarian system. On the contrary, any undervaluation
of losses would discourage farmers from informing the authorities about
the infection. Thus, the authorities should ensure that public resources are
used efficiently to avoid facing a trade-off situation between undervalua-
tion and overvaluation. A field-scale economic analysis such as the one we
propose is necessary. On the other hand, the existing research makes use of
country-wide averages of prices and operational costs per ton of the
analysed crops (Kevin et al., 2020). However, in our study, we make use of
the average prices and operational costs per ha of different types of crops
in the Valencian Community (in the case of citrus fruit, we can differentiate
between oranges, mandarins and lemons), and different farming systems
(rainfed or irrigated/intensive or super-intensive), the growing cycle, the
rotation length, age, and planting density, using the available data at finer
spatial resolution. So, we adjust the compensation better to the current
crop in the field. In this sense, by taking the cropping-system-specific
conditions into account, the compensation can encourage the growers to
detect any pest or pathogen early and report it promptly .
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The definition of an eradication compensation system remains the respon-
sibility of national authorities, based on requirements in international agree-
ments (Mumford, 2011). In our case, the Valencian Community has to base
the regulations on the national and European regulations.

In the case of animal healthcare, what traditionally happens in Spain is that
the Administration sets reference values per affected animal considering the
species and age. Following EU rules, the reference value cannot be greater
than the market value of the animals, and these reference values are periodi-
cally updated. As far as plant health is concerned, most of the compensation
systems are for arable crops; the compensation covers the removal of the
crop and the harvest value considering the expected yield and market prices.
The damage is estimated without considering the effect of any specific
protection measure, such as demarcated areas or crop replacement.

The proposed model follows EU measures to fix compensation by con-
sidering the demarcation period for the Xylella pest. The assumption is that
the existing crop will be replaced by an identical one. If it were replaced by
a different one, then the model would have to be adjusted. If alternative crops
are allowed, and a new crop can be planted immediately after the uprooting,
inactivity will last for one year at the most, hence there are no maintenance
costs in the demarcated area (art. 6 Regulation (EU) 2020/1201). The differ-
ences in the ex-ante and ex-post value will depend on the chosen alternative
crop, so, a vast range of cases can be considered. However, whenever the
yields of the chosen alternative crop are higher than those of the existing
crop, the value of that alternative crop will also be higher than that of the
existing one, and therefore, the compensation value will be lower. To deter-
mine the alternative crop, it is imperative to check the existing crops not only
in the area affected by X. fastidiosa, but also in the surroundings of the
affected farm. The financial viability of the alternative crop should be assessed
by means of technical-economic studies, considering not only agronomic
aspects but also ensuring that the necessary management, transformation,
and marketing structures exist for the products to be introduced into the
market. Conversely, if the alternative crop involves significant changes in the
production structure of the farm, then additional damage costs should be
estimated in order to take into account the new capital investment.

It is of critical importance that any information regarding eradication
measures should flow towards the farmers. Farmers’ unions and cooperatives
are the primary sources to convey these measures. However, these farmers’
representatives need to be rightly informed about the measures to be taken.
Furthermore, representatives and authorities should meet to agree on the
compensation value within the framework provided by the model. The
model’s introduction of variability and bootstrap confidence intervals
makes it easier for the parties to reach an agreement.
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The impacts on crops and agricultural enterprises are generally better under-
stood and accounted for than the damage that affects values that are not usually
measured in economic terms, such as agrosystem services' aesthetic or recreation
values. Nonetheless, these services are receiving increased attention as, depend-
ing on the agrosystem, the farmers may manage landscapes, soil or ethnological
heritage of high value. The estimation of potential impacts should, therefore, not
only take into account the consequences for crops and agricultural enterprises
but also the impacts of pests on the products and services that agrosystems
provide to society. Simply put, by understanding exposure, we can obtain an
estimation of all the values at risk. Further developments of the model might need
to incorporate multiple ecosystem services complementary to crop yields to
assess the impact on joint production. Recent work by Ali et al. (2021) provides
a first assessment of the broader environmental impacts of X. fastdiosa subsp.
pauca in Puglia (Italy), which can serve as a basis for formulating hypotheses for
further investigation.

5. Conclusion

This study addresses a relevant policy issue, in that Xylella. fastidiosa is a pathogen
of global concern for many plants. Moreover, the spread of this pathogen is
a threat to some of the main crops in Europe, which are the basis of the
Mediterranean agricultural system. Indeed, the consequences of Xylella fastidiosa
invading and spreading in European agricultural holdings could be disastrous
because of the high yield losses and other damage it could cause. The different
options to reduce the aforementioned risks include strategies that prevent the
introduction of pathogens and contain their outbreaks, with control measures
that are economically and environmentally costly. If the spread is to be contained,
it is imperative to apply drastic measures as soon as possible to eradicate the
disease from the infected crop. These measures consist of removing several plants
simultaneously to stop the disease from spreading.

The projection of future discounted cash flows enables us to calculate the
compensation value for each crop based on easily identifiable variables at the
regular cultivation plot level.

The developed model combines production costs, revenue, and agro-
nomic factors to estimate farm-level losses caused by pests and pathogens
over time. The main contribution of the model is to offer a systematic
estimation of the value of the crop during the production cycle, which allows
an estimation to be made of the age-dependent compensation payments to
farmers. The compensation calculated must be sufficient for each farmer to
establish a new production plan that guarantees the survival of the farms.
And this should encourage farmers to report the disease to government
authorities and participate in eradication programmes.

It is a field-scale model and it allows officials:
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To take into account specific features of each farm by fixing the com-
pensation within the confidence interval

To have a quantitative framework to negotiate with farmers’
representatives

To fix the economic compensation for single plants

To fix the compensation according to the plant’s development stage if
the age is unknown.

We apply our theoretical model to find an appropriate incentive regime for
eradicating X. fastidiosa in certain crops: orange, olive, and grapevine. To this
end, we define the production cycle of each crop, and its rotation length, which
is divided into three growth stages: initial, development, and maximum harvest-
ing stage. The regulations to lift the demarcated areas have changed as more
knowledge has been acquired about the pest and its biology. However, the
model can be adapted to these regulation changes. The model also considers
the progressive losses in harvests and, consequently, harvest cash inflows by
determining a final senescence period. Governments can use the results to
establish the amounts of compensation that should be given to farmers whose
crops are affected by the implementation of eradication measures.

Notes

[1]1 Panel on Plant Health (PLH). European Food Safety Authority (EFSA).

[2] Article 6. Lifting the demarcated areas (COMMISSION IMPLEMENTING
REGULATION (EU) 2020/1201). Where the pest has not been detected in
a demarcated area for a period of four years, this demarcation may be lifted.

Abbreviations employed

CAPM (Capital Asset Pricing Model), CF (Cash Flows), EBD (Empirical Bootstrap
Distribution), ECREA (Agriculture and Food Ministry official reports on farm costs
and returns), EFSA (European Food Safety Authority), EU (European Union), ISAV
(Official Report on the Valencian Agricultural Sector), MMRF (Monash Multi-Regional
Forecasting), PLH (Panel on Plant Health), PV (Net Present Value), CGE (Computable
General Equilibrium), SIM (Single Index Model), VC (Valencian Community).
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