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Societal Impact Statement

Surveillance of plant pathogens is usually designed according to country boundaries.

Benefits of a global surveillance system to tackle long-distance dispersed crop patho-

gens are unquantified. Here, a ‘non-cooperative’ and a ‘cooperative’ strategy are

compared in terms of minimizing the surveillance effort to achieve given domestic

and global targets. Although a ‘cooperative’ strategy is always more suitable, impacts

of its adoption are not equally distributed among countries. Medium-sized countries

in central Europe and Asia would benefit the most from reducing the domestic effort,

whereas others would need to deploy more sentinels than they would place in their

own interests.

Summary

e Transboundary diseases are extremely complex to control and can cause global
socio-economic damage. In the context of crop protection, surveillance strategies
are usually designed according to country boundaries, regardless of the spatial
scale of the spread of the disease.

¢ In this study, we investigate the suitability of this scale for surveilling long-distance
dispersed pathogens. We use an epidemic network describing worldwide potential
transport of Puccinia graminis, the causal agent of stem rust of wheat, modelled in
a previous work. Based on network properties, we conceive two strategies for pri-
oritizing areas to be monitored for the presence of the disease, either cooperative
or each country alone, and we compare their performances in terms of minimizing
the effort deployed in achieving given surveillance targets at global and domestic
level.

¢ We find that a cooperative strategy is more efficient at the global scale. However,
its adoption implies a heterogeneous geographic distribution of surveillance
effort-related costs and benefits. Medium-sized countries in central Europe and
Asia would benefit the most; on the other hand, countries placed in important
spreading pathways should deploy more surveillance effort than they would place
without cooperation. Among the major wheat producers, China is the only country
that may have a cost from a cooperative strategy, whereas India, Russia, the

United States, France and Ukraine would have the most benefits.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | INTRODUCTION

The issue of surveillance of transboundary diseases, hereinafter
intended as infectious diseases whose rapid spatial spread is likely to
concern more than a country, has recently come in the spotlight due
to the Covid-19 pandemic (Chinazzi et al., 2020; Dhama et al., 2020;
Mohamed et al., 2020; Soubeyrand et al., 2020). New outbreaks of
such diseases (Brockmann & Helbing, 2013; Saunders et al., 2019), as
well as biological invasions of alien species (Diagne et al., 2021), are
hardly predictable events. They can be shaped by different dissemina-
tion pathways (human transportation, commodity shipping, animal
vectors or atmospheric agents) and cause socio-economic and health
issues. Furthermore, lack, mismatch or delay in the communication of
first detection among countries, together with uncoordinated control
measures, may lead to inefficient management (Carvajal-Yepes
et al., 2019; Thompson et al., 2016). Notably, the threat posed by air-
borne crop pathogens represents a paradigmatic case of transbound-
ary spread (Corredor-Moreno & Saunders, 2020; Isard et al., 2005;
Xing et al., 2020). The risk of large losses in food production due to
unexpected outbreaks has prompted researchers and institutions to
explore international surveillance systems to timely tackle the diffu-
sion of the most alarming crop pathogens (Carvajal-Yepes et al., 2019;
Park et al., 2011). The spatio-temporal persistence of large-scale sea-
sonal movements, such as the well-known Puccinia pathway from
Mexico to Canada (Aylor, 2003; Brown & Hovmgll, 2002), has
recently emerged as a major source of inspiration for devising such
innovative surveillance systems (Allen-Sader et al, 2019; Meyer
et al., 2017; Radici et al., 2022; Sutrave et al., 2012). In spite of such
efforts, standard surveillance of transboundary crop diseases has fre-
quently been performed according to country boundaries, without a
cooperative perspective, regardless of the actual scale of spread of
the disease, lacking international, and timely, communication of first
detections (Carvajal-Yepes et al., 2019; Park et al., 2011; Ristaino
et al., 2021). Yet, benefits from a possible general reduction of surveil-
lance effort of a global, cooperative and communicative strategy
(Thompson et al., 2016) over a non-cooperative one, that is, each
country alone, have never been quantified in the case of long-distance
dispersed pathogens.

In this study, we investigate to what extent, and under which con-
ditions, country boundaries represent a suitable scale for surveillance
of long-distance dispersed crop pathogens and whether international
cooperation would make crop protection more effective. We use stem
rust of wheat, caused by Puccinia graminis, an airborne fungal pathogen

whose spores can be transported over long distances by wind

e The acknowledgement of how costs and benefits of a global governance would be
shared among countries is needed to gain unanimous support for an international

cooperative surveillance system.

crop protection, long distance dispersal, network, Puccinia graminis, transboundary surveillance

(Levetin, 2015), as a case study. In the majority of wheat-producing
countries, the presence of this pathogen has been controlled by the
use of resistant cultivars and the eradication of its secondary host, Ber-
beris vulgaris, which enables overwintering in temperate regions. This
pathogen reappeared in western Europe after several decades of
absence (Barnes et al., 2020; Corredor-Moreno & Saunders, 2020;
Saunders et al., 2019) and is considered a threat to global food security
due to the rapid spread of virulent races through a worldwide distrib-
uted host. In a recent article, we retraced its global epidemic network
across worldwide wheat-producing countries (Radici et al., 2022). In
the present study, we use this epidemic network to conceive two sur-
veillance strategies, a ‘non-cooperative’ one, representing a within-
boundary scenario with no collaboration and communication between
countries, and a ‘cooperative’ one, where countries collaborate surveil-
ling each other and timely communicate the detection of the disease.
We compare their performances in terms of surveillance effort needed

to achieve given targets both at the global and domestic scales.

2 | MATERIALS AND METHODS

21 | The worldwide Puccinia epidemic network

In order to evaluate the performances of different surveillance strate-
gies, we used the epidemic networks obtained in a previous study.
Here, we present a summary of the methodology proposed there. In
Radici et al. (2022), we simulated worldwide transport of P. graminis
spores among wheat-producing countries, obtaining a time-varying
directed and weighted connectivity network W. In W, the 7814 nodes
represent 0.5° x 0.5° cells (2000 km?) in wheat-producing countries,
whereas edges represent likely air-mass connections among cells,
computed at a time resolution of 6 h for the time span 2013-2016.
More specifically, each weighted edge w;j; of W is computed in such a
way to account for the likelihood of air-mass trajectories (computed
via NOAA's HYSPLIT model; Draxler & Hess, 1998), which potentially
disseminate spores from a release node i to an arrival node j at time t.
In both i and j, host availability and favourable environmental condi-
tions (for sporulation and/or infection) are determined via a climate-
dependent suitability model and validated via a comparison with crop-
ping calendar from the FAO country briefs (FAO, 2021a). Seventy-
two-hour trajectories (Meyer et al., 2017) are filtered according to dif-
ferent criteria (rain washout, cumulative UV radiation, flight duration
and altitude) to exclude those air-mass movements that are less likely

to lead to an effective spore transport event.
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We then projected this time-varying epidemic networks in a
static, directed and binary design network Wp, generated by consider-
ing only recurring connections, that is, occurring (i) at least once a year
and (ii) at least three times over the 4-year interval 2013-2016 (i.e.
>75% of the years). Network Wp identifies only highly likely direct

spore dissemination events on a seasonal timescale.

2.2 | Surveillance strategy design

We further considered the problem of establishing a reduced set
of sentinels, nodes where the presence of the pathogen is system-
atically monitored (i.e. the surveillance effort), that should guaran-
tee the largest aggregated coverage of the domain (i.e. the
surveillance target) and provide an early-warning system for the
detection of the pathogens (Radici et al., 2022). First of all, we
defined the coverage of a sentinel as the set of nodes that points
directly towards it, under the assumption that, by monitoring the
presence of the pathogen in a sentinel, we can indirectly observe
the possible presence in all those nodes that are pointing to it in
one step. We leveraged on an iterative heuristic algorithm to deter-
mine sub-optimal solutions to the problem of finding the smallest
set of sentinels s, that guarantees the maximum aggregated cover-
age (associated with a surveillance target o).

The iterative heuristic algorithm (or ‘Set cover’) to determine sub-
optimal solutions to the problem of finding the smallest set of senti-
nels consists in (i) finding the node associated with the largest cover-
age; (i) adding this node to the sentinel set s, initially empty;
(iii) labelling its coverage as surveilled and remove all the edges point-
ing to it; and (iv) repeating steps i-iii until the proportion of nodes in
the aggregated coverage reaches the desired target 6. The optimal set
of sentinels s, is ranked by growing aggregated coverage. The size of
s defines the surveillance effort x,,.

We designed two surveillance strategies, a ‘cooperative’ and a
‘non-cooperative’ one. In the ‘cooperative’ strategy, the Set cover
algorithm was run on all nodes of the network. By contrast, in the
‘non-cooperative’ strategy, we (i) labelled each node with the country
where it is placed and (i) ran the Set cover algorithm separately for
each country by considering only the corresponding sub-block of the
network. We thus obtained the optimal sentinel sets s;T for each
country ¢, where ~T stands for ‘without Transboundary edges’, ranked
by growing aggregated domestic coverage. To compare the perfor-
mances of the ‘cooperative’ and ‘non-cooperative’ strategies, we
computed the number of sentinels needed to achieve different global

targets (Figure 1).

2.3 | Measuring benefits and costs of cooperation
at domestic scale

To investigate how the burden of cooperative surveillance is shared
among countries, for each country ¢, we calculated the number of

sentinels x.,s needed to achieve a domestic surveillance target of ¢

P’:’J—3

under a given strategy s (s = ‘cooperative’ or ‘non-cooperative’).

People P

Then, we defined the cost-benefit index a.,, as the ratio between the
number of domestic sentinels needed to achieve ¢ in the ‘coopera-
tive’ and in the ‘non-cooperative’ strategy, for a given country c:

Aco =
Xc,6,5 = non—cooperative

We evaluated it for ¢ = 1%, 2%, ... 100% and then we computed
the average (a;) by country. We ascribe to a country c the label of
‘CoopBeneficial’ if a. <1, ‘CoopAdverse’ if a. >1 and ‘CoopNeutral’
if @, =1. After having computed @, by country, we aggregated it by
continent weighting each country's contribution by its wheat produc-
tion (FAO, 2021b) to investigate geographical heterogeneity of bene-

fits and costs of cooperative surveillance.

2.4 | Robustness of the sentinel sets
To assess the temporal robustness of the results to slight changes in
the epidemic network, we set up a validation procedure of the perfor-
mances of the sentinel sets. We recomputed the connectivity network
W on years 2017-2018 and projected it into a validation (directed,
binary, static) network Wy, obtained by considering only those con-
nections occurring at least once a year both in 2017 and 2018.

We then recomputed the aggregated coverage and a., of the

. T
sentinels sets s, and s using network Wy.

3 | RESULTS

Our global epidemic network, together with the applications of the
Set cover algorithm, allowed us to identify those sentinels that would
best perform to detect disease presence within a certain portion of
the network. Note that sentinels might not be included in the network
portion that one wants to surveil. For example, if the objective is to
monitor the portion of the network corresponding to all wheat-
producing regions in Germany, regardless of where the sentinels are
placed (the ‘cooperative’ strategy), the optimal sentinel set would
comprise only three domestic sentinels (see Figure 1a). On the other
hand, it would be necessary to place six sentinels if surveillance could
be provided only by domestic sentinels (the ‘non-cooperative’ strat-
egy; see Figure 1b), not contributing to transboundary surveillance.
Our results indicates that, for a 6 of 100%, Germany would benefit
from a cooperative strategy as the number of domestic sentinels
needed to monitor its territory would pass from 6 to 3, thus meaning
a cost-benefit index of =3/6 =0.5. Indeed, the interpretation of the
cost-benefit index is rather straightforward: if a., <1, country c
requires less sentinels within its borders in the ‘cooperative’ scenario
than in the ‘non-cooperative’ one for achieving the same surveillance
target o. If ac, > 1, the opposite is true, whereas if ac, =1, country ¢
needs the same number of sentinels in both the strategies for achiev-

ing surveillance target o.
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| Domestic node, with the symbol(s) of the corresponding sentinel(s)

Non-domestic node

A graphic example to compare surveillance strategies of transboundary crop pathogens when the surveillance target is set to

o =100 % of the nodes, that is, all nodes of the network points to at least a sentinel. Square cells represent nodes, corresponding to wheat-
producing regions, which can be infected by the airborne pathogen Puccinia graminis. (a) In the ‘cooperative’ strategy (i.e. surveillance is optimized
as if there were no country borders), three domestic sentinels (orange nodes: x, o, +, surveilling light green cells), in addition to others placed
abroad (which surveil dark green nodes), are needed to cover all nodes in Germany. Each node is associated with one or more symbols, each for
the sentinel(s) monitoring it. (Note that the sentinel x has a domestic cover set which is also surveilled by international sentinels. Yet, in a
cooperative framework its role is essential to efficiently surveil nodes out of Germany). (b) In the ‘non-cooperative’ strategy (i.e. each country
optimizes its own surveillance and does not communicate the others the detection of the disease), six domestic sentinels (|, —, /, \, >, <) are
needed to surveil German nodes (light green cells). They do not contribute to transboundary surveillance.

3.1 | Global surveillance effort reduction due to
cooperation

In a context of non-cooperation between countries, a coverage of half
of the worldwide wheat-producing regions (i.e. ¢ =50%) would be
achieved by placing 209 sentinels (Figure 2a), corresponding to 2.7%
of the nodes of the global epidemic network. Due to the discrete
nature of each coverage, this would correspond to a worldwide target
of about ¢ = 58% (Figure 2a). Note that with the same amount of sen-
tinels, within a ‘cooperative’ strategy, one would achieve a worldwide
coverage of o =78%. On the other hand, the coverage target of o=
50% would require only 64 sentinels (Figure 2b). An aggregated cov-
erage of 58% would be obtained with 87 sentinels. If the coverage
target were a complete coverage of the worldwide wheat-producing
regions (i.e. 6=100%), in a ‘cooperative’ framework, it would need
1007 sentinels (Figure 2b) and 1148 otherwise.

3.2 | Heterogeneity in the distribution of
surveillance effort reduction due to cooperation

Overall, out of 87 countries, 55 (63%) are classified as CoopBeneficial,

23 (27%) as CoopNeutral and nine (10%) as CoopAdverse. In terms of

wheat production, around 71% is located in CoopBeneficial countries,
6% in CoopNeutral countries and 23% in CoopAdverse ones
(Figure 3). A large variety exists in the cost-benefit index by differen-
tiating countries with large (at least 45 nodes), medium (between
44 and 13 nodes) and small producing regions (12 or less nodes;
Figures 3 and S1; see Methods S1). For 47 countries, mainly medium
(e.g. Czechia or Uruguay) or large (e.g. India or Russia), the cost-bene-
fit index is always <1, thus implying an advantage in adopting a
‘cooperative’ strategy independently of . Only four countries
(Morocco, Greece, Finland and Nepal) are always discouraged from
adopting a ‘cooperative’ strategy. Great part of the small countries
(such as Yemen or New Zealand) display «;, =1 for any value of s, for
which the two strategies are equivalent. For a few number of large
(e.g. the United States, China or Iran) or medium countries
(e.g. Moldova or Tunisia), the cost-benefit index is lower or larger
than one depending on the value of 6. Their qualification as beneficial
or adverse to cooperation depends on the surveillance target.

At the world scale, each continent (except Australia) has at least
one CoopBeneficial, one CoopNeutral and one CoopAdverse country
(Figure 4a). In North America, countries are typically CoopBeneficial,
whereas South America is more balanced. Continental Europe is
mainly CoopBeneficial, with some countries (Belgium, Luxembourg,

Austria, Slovenia, Croatia, Bosnia and Herzegovina, Albania, North
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country and strategy (i.e. the size of the sentinel set). Each line in panel (a) represents the surveillance effort x, (x axis, in log, scale) needed by
each country to achieve increasing domestic surveillance targets o (y axis) in the ‘non-cooperative’ strategy, where each country optimizes its
own surveillance strategy for monitoring airborne crop pathogens. We highlighted, via colouring, one representative country for each continent.
The intersection of each line with a given surveillance target (e.g. horizontal line at 6 = 50%) gives the minimum size of the sentinel set for that
country (arrows) to reach that given surveillance target. The global effort can be obtained by summing all intersections (209 for ¢ = 50%). Panel
(b) shows the global surveillance effort x; needed in the ‘cooperative’ strategy (where we run optimization as if there were no borders) to achieve
increasing global surveillance targets c. In this case, the target 6 = 50% is achieved with just 64 sentinels, whereas 209 sentinels ensure a global

coverage of 78%.

Macedonia) having @, = 0. Finland has the highest @Fiyjang of 1.3, fol-
lowed by Greece (dgreece = 1.2). Asia has a composition similar to
Europe, with few CoopAdverse countries (China, Mongolia, Nepal),
some isolated CoopNeutral (e.g. Japan) and a majority of CoopBenefi-
cial ones, mainly in inner parts of the continent. Africa is almost
entirely CoopNeutral, with the exception of the Maghreb and
Tanzania that are CoopBeneficial. Due to geographic isolation, island
states such as Australia and New Zealand are CoopNeutral.

3.3 | Robustness of the surveillance strategies

Overall, there is good agreement between the values of a. obtained
via the design and the validation network for all countries c (correla-
tion coefficient of 0.89; p-value < 0.001; see Methods S1). A visual

comparison is also provided in Figures S2-S5.

4 | DISCUSSION
4.1 | From domestic to global cooperative crop
protection

As previous research has stressed, the scale of disease manage-
ment should correspond to that of the spread of the disease of

interest, regardless of country boundaries (Thompson et al., 2016).
We have collected evidence that, in the case of long-distance
dispersed diseases, a ‘cooperative’ approach allows significant
reduction in the surveillance effort needed to achieve a global cov-
erage (—69% and —12% for a global coverage of ¢=50% and
100%, This with

studies, which underlined that neglecting long-distance connectivity

respectively). outcome  agrees previous
leads to an underestimation of the disease spread capacity (Jeger
et al,, 2007).

Despite increasing evidence of a global advantage in coopera-
tive international surveillance, crop surveillance design is still mostly
dictated by country boundaries, rather than the actual scale of the
2019;

et al, 2016). The mismatch between optimal and actual scale of

pathogen spread (Carvajal-Yepes et al., Thompson
action affects also other kinds of transboundary natural threats,
such as biological invasions by alien species. In this regard, Diagne
et al. (2021) recently outlined that invasion-related economic dam-
ages are projected to increase in the next decades; one reason
behind the inertia in the implementation of international and coor-
dinated protection strategies may lie in the underestimation of the
costs by the general public, stakeholders and decision-makers. This
may be particularly true in the case of airborne diseases, where the
direct observation of their dispersal is actually unfeasible (Barnes
et al., 2020; Jordano, 2017), and may discourage consideration by

decision-makers.
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FIGURE 3 Bar chart of the average cost-
benefit index @, (x axis) for all wheat-producing
countries considered in the study. The cost-
benefit index investigates how the burden of
cooperative surveillance is shared among
countries. Each country is represented by a
rectangle where the base is proportional to @, and
the height is proportional to wheat production in
2010-2020 (y axis) according to (FAO, 2021b).
Countries with @, < 1, such as the United States,
Russia or India, benefit from cooperative
surveillance and are labelled as CoopBeneficial,
that is, in a ‘cooperative’ scenario would need, on
average, less sentinels than in a ‘non-cooperative’
to surveil their wheat production regions against
airborne crop pathogen Puccinia graminis. On the
opposite, a. > 1 identifies CoopAdverse countries,
such as China. CoopNeutral countries, such as
Australia, are indifferent towards cooperation

((_lc = 1)

Continent

I Africa
. Asia

O average cost-benefit 1
index a;

4.2 | Network thinking in crop surveillance

The use of networks to support crop protection strategies has been
largely advocated in recent studies (Garrett et al, 2018; Jeger
et al., 2007; Parnell et al., 2017; Shaw & Pautasso, 2014; Sutrave
et al., 2012). One advantage of networks is that they are ‘asemantic’,
that is, they can represent whatever relationship, contact or flow
mediated by different means (air masses as well as human transporta-
tion (e.g. Brockmann & Helbing, 2013) or animal trade (e.g. Bernini
et al., 2019) in a topological space, which can correspond to the physi-

cal one. In the most simplistic way, crop protection strategies rely on

>

Australia

North America

South America

the identification of the nodes of the network that most contribute to
spread the disease, or those that, if successfully treated, would reduce
the disease size. Other methods rely on the identification of certain
recurrent network patterns, where the disease spread is the fastest
(Chades et al., 2011). Concerning surveillance, relevant nodes corre-
spond to those that may allow early disease detection if systematically
monitored (Holme, 2017; Neufeld et al., 2018; Sutrave et al., 2012).
Despite the risk of incurring local minima, we used the Set cover
algorithm to prioritize nodes to be monitored, that is, sentinels. Set
cover iteratively selects the node associated with the highest cover-

age, solving the otherwise unsolvable Set cover problem in finite time.
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FIGURE 4 Global map of the average cost-benefit index o. by country. Average values by continents (identified by blue lines) weighted by
country wheat production 2010-2020 are also displayed. Europe and Asia, and in particular their innermost countries, display the lowest values
of o, (they are CoopBeneficial, i.e. they benefit from cooperative surveillance). Insular countries (Australia, New Zealand, Japan) or those with
limited wheat-producing surface (mostly African countries) tend to be CoopNeutral. Few countries, often located along or at the end of
dissemination pathways (Finland, Argentina, China), are CoopAdverse (i.e. in a cooperative scenario, they would need to deploy more sentinels

than they would place in their own interests).

This algorithm only ensures that a node is surveilled by at least one
sentinel. A less error-prone procedure may request that nodes are sur-
veilled by at least n > 1 sentinels. This would increase the reliability of
the sentinel set by reducing the risk of imperfect surveillance (Chades
et al., 2011), but consequently increasing the surveillance effort. Fur-
thermore, in our exercise, we assume that the risk of emergence of
new strains (made possible by the alternate host B.vulgaris, which
allows sexual recombination of P.graminis), the costs of surveillance,
distribution of resistant varieties and crop management practices are
the same in all the nodes. Relaxing these assumptions would ask for a
different modelling framework, referable to a multi-constrained and
multi-objective problem (such as a multi-dimensional knapsack prob-
lem; Kulik & Shachnai, 2010), with increasing complexity of the solu-
tion with respect to that of the Set cover algorithm.

This algorithm assumes that sentinel locations are chosen regard-
less of country borders, although it may not be the case. For these
reasons, we named the solution of the above-mentioned algorithm as
the ‘cooperative’ strategy, and we built a second strategy, where sur-
veillance is designed mimicking a more realistic scenario. This strategy,
named ‘non-cooperative’, differs from the previous as the algorithm is
carried out each country independently of the others, which means
that the Set cover algorithm is solved at the country level. In turn,
coverage can be thought as a step-by-step updated version of the in-
degree, that is, the number of the edges pointing to a node, penalizing
those nodes whose coverage overlaps with that of nodes already
labelled as sentinels. Other studies already noted that in-degree
(or simply degree for undirected networks) is, as a general rule of
thumb, a good proxy of both a good sentinel and a potential disease
spreader (Herrera et al., 2016; Holme, 2018).

Moreover, in our work, we proposed a hybrid network and geo-
graphical approach, in which metadata are associated with network

components: Each node is associated with the label of the

corresponding country, and each edge is consequently labelled as
‘transboundary’ or not. To our knowledge, this is one of the first
attempts to compare non-topological surveillance strategies, that is,
‘cooperative’ and ‘non-cooperative’, and to quantify the heterogene-
ity in the allocation of the burden of ‘cooperative’ surveillance.

Our results thus indicate that the cooperative strategy becomes
more valuable when the surveillance target is intermediate. This is
mainly due to the fact that this strategy reduces overlapping among
coverages. Overlapping is negligible also for the ‘non-cooperative’
strategy for moderate target of surveillance and becomes relevant for
both strategies approaching ¢ = 100%.

4.3 | Sharing benefits and costs of cooperation
From a global perspective, a ‘cooperative’ strategy is necessarily more
efficient compared with a ‘non-cooperative’ one, because it corre-
sponds to an optimization subjected to fewer constraints. However, it
is interesting to quantify how such strategy performs against a ‘non-
cooperative’ strategy at country level, because benefits and burden
may not be equally shared; similarly, wheat production is valuable dif-
ferently according to each country's food system.

We found that medium-sized countries located in an inner continen-
tal position, such as in central Europe or central Asia, are associated with
the lowest @, values, because they benefit of transboundary potential
transport events among a landscape dominated by wheat-producing
areas. Insular countries, such as Australia, New Zealand or Japan, hav-
ing no recurrent edges with other countries, are CoopNeutral. Due to
the low presence of wheat, many African and South American coun-
tries are CoopNeutral. By contrast, it is more difficult to determine
general characteristics for CoopAdverse countries, even keeping in

mind that connections are mostly north-eastward in the Northern
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Hemisphere and south-westward in the Southern Hemisphere (Radici
et al, 2022). Finland and Nepal are small-medium-sized wheat-
producing countries, located at the point of arrival of western-eastern
European (Zadoks, 1967) and Indian (Brown & Hovmgller, 2002)
‘Puccinia pathways’, respectively. Given the relatively small size of
their wheat-producing regions, they are forced to assume more senti-
nels in the benefits of upwind countries, whose food systems are prob-
ably much more wheat based, than they would need if left alone. By
contrast, Canada, the final destination of the North American pathway,
is a large wheat-producing country; hence, it would need several senti-
nels no matter the strategy. We may suppose that Italy and Greece,
due to their location in the middle of the Mediterranean basin, may play
as stepping stones for epidemics spreading northward from Africa
towards central Europe (Mehta et al., 2007); furthermore, both have
relatively low wheat productions; hence, they would need less sentinels
if not cooperating. Brazilian and Argentinian large wheat-producing
surfaces are located just poleward compared with those of their smaller
neighbours (Paraguay and Uruguay, respectively). In the same way, due
to the general eastward circulation in the Northern Hemisphere,
Chinese wheat-producing regions might act as sink for trajectories from
their western neighbours (that are, indeed, CoopBeneficial).

By averaging the cost-benefit index by continent, it is possible to
highlight those continents which would benefit the most of a cooper-
ative surveillance. Europe and Asia display the lowest cost-benefit
index values (0.6-0.8), whereas for other continents, it is generally
around 1. To sum up, the connectivity network of this airborne dis-
ease creates a heterogeneous distribution of costs and benefits, but
Asia and Europe would certainty take advantage of an international
and cooperative surveillance system (Figures 4 and S4).

The heterogeneous geographical distribution of benefits and
costs of cooperation in surveillance has already been highlighted by
other studies (Bacon et al., 2012) and suggests that a compensating
mechanism should be set up to make it acceptable. This compensation
mechanism should take into account different costs of surveillance
among countries (Augustin et al., 2012). This idea can be borrowed
from the socio-economic concept of ‘burden sharing’ (Sandler &
Forbes, 1980; Suhrke, 1998), which is finding application in the man-
agement of environmental goods. Differentiate greenhouse gas emis-
sions reduction in the framework of the Conference of the Parties to
achieve climate targets (Ringius et al., 2002), as well as in the multi-
stakeholder management of marine resources (Bennett et al., 2021),
may be two notably example. Furthermore, other fields of crop pro-
tection may benefit of a network-based transboundary perspective.
For example, the deployment of resistant varieties to both contain
pathogens spread and delay resistance overcoming (Rimbaud
et al., 2018) is another spatial optimization problem; whether it should
be approached at the national or international scale is an interesting
issue that can benefit from the approach proposed here.

Although our study tries to push towards a change in the per-
spective of governance of crop disease surveillance, we believe that
proper identification of spatial distribution of costs and benefits can
help facilitate international agreement for a global crop epidemic sur-

veillance and gain support of all stakeholders.
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