An important issue for plant pathologists is to identify the different responses of plant pathosystems to these changes, to quantify them, to link them with proximate and ultimate causes, and to foresee future evolutions. These steps are necessary to design durable disease management strategies, as part of any strategy for future global food security.

We propose in this letter a possible framework for such an analysis. Central to this framework are the concepts of "production situation" and "crop health". For both concepts, we attempt to provide conceptual definitions, which we convert into operational definitions (Zadoks 1972), that is to say, definitions which enable formal assessment. We then proceed to address the linkages between production situation and crop health, and their implications.

A community ecology approach to crop health: injury profiles

Crops are exposed to a range of harmful organisms, much in the same way as human beings are exposed to different pathogens. In the plant sciences, these organisms are collectively referred to as 'pests' (including pathogens, arthropods, or weeds). Depending on a number of factors, this multiple exposure may lead to the establishment and reproduction of several pests on any given host crop. As a consequence, crops are often affected by more than one pest (Padwick 1956;McRoberts et al., 2003;Kranz 2005;[START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF]. These multiple-pest populations may interact in terms of their dynamics (e.g., Johnson et al., 1987;Al-Naimi et al., 2005;Kranz 2005;[START_REF] Savary | International agricultural research tackling the effects of global and climate changes on plant diseases in the developing world[END_REF], as well as with respect to their yield-reducing effects on crops (Padwick 1956;Johnson et al., 1986;Kranz 2005;[START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF].

Multiple-pest syndromes in crops may be considered from an ecological point of view as an example of ecological communities, for which concepts such as fundamental niche and realized niche (Al-Naimi et al., 2005), or niche occupancy and resource use (McRoberts et al., 2003) can be applied.

Crop harmful organisms can also be grouped according to functional properties such as their patterns of dynamics, and addressed in terms of epidemiological patterns (Kranz 1978). Another functional property of crop harmful organisms is their physiological effect on crops (damage mechanism), that is to say, their effects on the plant physiology [START_REF] Rabbinge | Disease and crop physiology: a modeler's point of view[END_REF]Boote et al., 1983). Crop
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harmful agents may be grouped as guilds representing the physiological disorders they cause to host plants [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF].

We have previously proposed [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF] that the term 'injury profile' be used to describe this collective effect of multiple factors on crop health. Crop health in itself is a fuzzy term (Döring et al., 2012), which encompasses plant pathogens and animal pests, but also abiotic environmental factors, in their negative effects on plant physiology, growth, or reproduction. As an operational definition for crop health, we propose to restrict ourselves to plant pathogens and animal pests, as follows: Crop health can be assessed as the set of multiple injuries that may occur in the course of a crop cycle or season, simultaneously or successively. Crop health can thus be represented by a vector of injury levels, which we call Injury Profile (IP). Elements of the injury profile (Table 1) may be measured with different metrics, such as maximum severity (e.g., shoot diseases), maximum incidence (e.g., systemic or fruit diseases), or the area under disease severity (of, e.g., foliar diseases). Choice of the metric for injury levels is based on the damage mechanisms associated with each disease or animal pest [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF].

A systems approach to production situations: crop profiles

The context -ecological, technical, social, economical -where disease occurs is essential to understand and manage crop health. We use the concept of production situation to express this context. Following Breman & de Wit (1983), we call 'production situation' the matrix where a crop is established, grows, is managed and harvested, and is consumed or traded. A production situation has been defined as the bio-physical and socio-economic environment where agricultural production takes 
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we propose the Crop Profile (CP), i.e., a vector of production situation attributes. A typical CP includes elements of the cropping practices (Table 2). Cropping practices actually reflect farmers' adaptations to their economic, environmental, and social contexts. Cropping practices also correspond to the mobilization of resources (human labour, capital, land, know-how), which may be, at least in part, substitutable (Table 2; Van Ittersum & Rabbinge, 1997).

Crop health depends on production situations: evidence

Empirical evidence of a strong relationship between crop health, represented by injury profiles (IP, Table 1), and production situations, represented by crop profiles, (CP, Table 2) has been found in several systems across a range of environments: wheat in Europe (Daamen et al., 1989, Willocquet et al., 2008); groundnut in West Africa [START_REF] Savary | Peanut rust in West Africa: a new component in a multiple pathosystem[END_REF]; lowland rice of tropical Asia [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF][START_REF] Reddy | Characterizing multiple linkages between individual diseases, crop health syndromes, germplasm deployment, and rice production situations in India[END_REF]; and coffee in Central America (Avelino et al., 2006;Alline et al., 2016).

Sampled fields in these different systems were grouped according to CPs and IPs, leading to the detection of strong associations between these two meta-variables. This research led to four main findings:

• Despite the very large theoretical number of combinations of CPs by IPs, each study on these different agrosystems found that only a limited number of possible [CP x IP] combinations occurred. Thus, even if each crop stand is unique in its characteristics, the observed variability can be restricted to a limited set of [CP x IP] combinations, which may become distinct targets for crop health management.

• The same crop profile (i.e., production situation) and a related injury profile (i.e., crop health) can be found at very different locations. As a result, [production situation x crop health], and so, [CP x IP] associations, are not site-specific. It is also possible to see two different crop profiles and their associated injury profiles in the same area [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF]. This finding has very important implications when defining recommendation domains [START_REF] Teng | Implementing the systems approach in pest management[END_REF] for crop health management: two neighbouring fields may profoundly differ with respect to their production situations and crop health status.
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• Analysis of [CP x IP] data within a Bayesian framework (Mila and Carriquiry 2004) shows that production situations can be considered as risk factors for crop health (Savary et al., 2011a).

• Associations between whole CPs and entire IPs, i.e., [CP x IP] linkages were found to be stronger than linkages occurring at a lower level of hierarchy, i.e., between individual CP and individual IP components (Savary et al., 2011a). For instance, a given CP component (e.g., relative crop establishment date, or nitrogen fertilizer input) has a weaker linkage with the levels of a given IP component, e.g., a particular disease injury, than do entire CPs, that is, production situations as wholes.

The above findings imply that a profound shift in paradigm is needed, to delink natural geographical influence on crop health (which is intuitive) from the stronger influence of production situations (which are imposed by human interventions caused by agriculture). They also indicate the value of a holistic approach, which involves the entire CP, to derive strategies for crop health management.

Production situations determine attainable yields

Linking the concepts of production situation and crop health to yield and yield loss requires the consideration of the yield level of a given crop that is not injured by pests. This level has been defined

as the attainable yield (Zadoks & Schein, 1979;[START_REF] Rabbinge | Systems, models and simulation[END_REF]Van Ittersum & Rabbinge, 1997). The attainable yield of a crop is determined by the combination of factors affecting a crop during its lifespan -yield-defining factors (which determine the potential yield: temperature, radiation, genotype of the crop), and yield-limiting factors (which restrict yield increase beyond an attainable level: nutrients and water supply; Zadoks & Schein, 1979;Van Ittersum & Rabbinge, 1997). A given production situation thus incorporates both yield-defining and yield-limiting factors, and therefore determines the attainable yield of this crop. Yield loss is defined in turn as the difference between the attainable (Ya) and the actual yield (Y) of a crop (Zadoks & Schein, 1979;Chiarappa, 1980;[START_REF] Teng | Quantifying the relationship between disease intensity and yield loss[END_REF]Esker et al., 2012). The attainable yield therefore is the reference yield used to measure yield losses to injuries: Ya -Y. 
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A systems framework for production situations, crop health, and yield losses

A framework is needed to analyse the relationships between production situations (represented by their crop profile, CP), crop health (represented by injury profiles, IP), and yield performances, represented by the attainable yield and the losses with respect to this attainable yield. Figure 1 provides a simplified, diagrammatic representation of these relations. In this framework, a number of components of the crop profile of a given production situation are highlighted in terms of inputs: labour (L), water (W), fertiliser (F), pesticides (P), varieties (V), and technologies (T). The latter component pertains to a number of important elements of agricultural production, such as land preparation and levelling, crop establishment and geometry, or seed purity and health. A crop profile leads to a given level of attainable yield, which is a characteristic of a production situation. A crop profile is also associated with an injury profile, which characterizes crop health in the considered production situation. Lastly, the dynamic interactions between harmful organisms that are part of the injury profile and the yield-determining physiological processes of a growing crop lead to yield losses.

Application of the framework to three agrosystems

The following section illustrates the use of the framework of Figure 1 in three distinct agrosystems.

The groundnut agrosystem in West Africa

Groundnut is cultivated in many countries of West Africa on small (less than 1 ha) fields, at often low crop density (T), with no chemical (fertilizers and pesticide) inputs (F), and limited manual labour (L; 
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groundnut multiple pathosystem [START_REF] Savary | Peanut rust in West Africa: a new component in a multiple pathosystem[END_REF], and prevails in well-established and well-tended stands.

The three diseases differ epidemiologically. ELS and LLS are predominantly spread by rain, whereas GR spores are strongly dispersed by wind [START_REF] Savary | Peanut rust in West Africa: a new component in a multiple pathosystem[END_REF][START_REF] Savary | Dynamic simulation of groundnut rust, a preliminary model[END_REF]. The diseases also differ in damage mechanisms: ELS is caused by a strong necrotroph, a light stealer that reduces LAI through its foliage lesions, and even more so through rapid leaf senescence and defoliation. LLS does not cause as rapid a defoliation as ELS, but strongly reduces light interception through very rapid lesion multiplication. By contrast, GR only colonizes a limited fraction of LAI even at the highest possible severities. But it is a very powerful assimilate sapper that converts plant carbohydrates in fungal biomass and spores [START_REF] Savary | Dynamic simulation of groundnut rust, a preliminary model[END_REF], which translates in increasing yield losses with both rust severity and attainable yield [START_REF] Savary | Peanut rust in West Africa: a new component in a multiple pathosystem[END_REF]Esker et al., 2012).

The productivity of this traditional agrosystem is low, with average actual yields in the range of 3 to 600kg.ha -1 . Attempts to increase crop productivity (Fig. 2B) have included three steps (1) higher seeding density (T), (2) some limited mineral fertilization (F), and (3) more frequent weeding (L).

Field experimental work [START_REF] Savary | Peanut rust in West Africa: a new component in a multiple pathosystem[END_REF]Esker et al., 2012) has shown that (1) while this path of agricultural intensification did increase attainable yields (from 800 to about 2000 kg.ha -1 ), (2) it was accompanied by an increase in GR severity and a decrease of ELS, (3) leading to strongly increased yield losses (from 300 to 800 kg.ha -1 ).

In the above example, the intensification process leads to increased attainable yields, as well as a change in injury profile, from a profile dominated by necrotroph pathogens to a profile dominated by rust. This new injury profile leads to increased yield losses, not only because of the increased level of rust, but also because the yield-reducing effect of rust increases with the attainable yield. The gain in actual yield expected from an improved production situation is therefore negated by the change in injury profile. In this system, a threshold for attainable yield is evidenced [START_REF] Savary | Peanut rust in West Africa: a new component in a multiple pathosystem[END_REF], above which disease (rust) control is needed to increase the actual yield. This leads to recommending the improvement of rust management through varietal resistance where production situation is more intensive, in order to enable intensification to translate into higher actual yields.
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The wheat agrosystem in France and hardy winter wheat varieties

Winter wheat is a key crop in North-Western Europe, especially in France. The wheat agrosystem in this part of Europe has experienced a steady productivity increase since the 1960s as a result of regular increase in fertilizer use (F) and pesticides use (herbicides, insecticides, fungicides; P), along with steady breeding efforts (V) to maximize potential yields (Fig. 3A) in an ever-improved technological environment, including knowledge and machines (e.g., Ewert et al., 2015).

The European wheat agrosystem involves several diseases, such as leaf rust (Puccinia triticina), stripe rust (P. striiformis), septoria tritici blotch (Zymoseptoria graminis), and fusarium head blight (caused by a complex of species, including Fusarium graminearum, F. avenaceum, and F. culmorum; et al., 2011). These diseases differ in many ways in their epidemiological characteristics (Daamen et al., 1989;Hardwick et al., 2001;[START_REF] Savary | Assessing plant health in a network of experiments on hardy winter wheat varieties in France: multivariate and risk factor analyses[END_REF]. Septoria tritici blotch is caused by a heminecrotroph, genetically variable (Chen & McDonald, 1996) pathogen with a strong ability to disperse over short-distance through rain-splash [START_REF] Shaw | Airborne inoculum as a major source of Septoria tritici (Mycosphaerella graminicola) infections in winter wheat crops in the UK[END_REF]. By contrast, the leaf and stripe rust pathogens are long-distance, wind-dispersed with strong evolutionary potential (McDonald & Linde, 2002). FHB is an increasingly important disease during warm summers when flowering stage coincides with rainy periods (Parry et al, 1995).

Nielsen
These diseases also differ with respect to the injuries they cause (Willocquet et al., 2008). Septoria tritici blotch is a powerful light stealer through the multiplication of lesions it causes on the foliage, which enhances leaf senescence. Leaf and stripe rust also contribute to reduced light interception, but are also assimilate sappers through their spore production. While fusarium head blight reduces yield accumulation, it is responsible for the accumulation of toxins in the grain.

While fungicide use had become a main means to control wheat diseases in Western Europe (Daamen et al., 1989;Hardwick et al., 2001;[START_REF] Savary | Assessing plant health in a network of experiments on hardy winter wheat varieties in France: multivariate and risk factor analyses[END_REF]; Fig. 3A), efforts were undertaken (Fig. 3B) to reduce the dependence of this agrosystem towards fertilisers (especially nitrogen, F) and pesticides (P). The introduction of hardy winter wheat varieties (Doussinault, 1998;Brancourt-Hulmel et al., 2003) 
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for different system performances (Fig. 3B), leading to reduced (nitrogen) fertilizer use, limited fungicide applications, and good grain quality. In this extensified system, the reduced attainable yields and the moderately increased disease levels [START_REF] Savary | Assessing plant health in a network of experiments on hardy winter wheat varieties in France: multivariate and risk factor analyses[END_REF] are rendered acceptable because of the sustained actual yields and lower operating costs (Loyce et al., 2012).

This second example entails change generated through breeding innovation. In this case, an extensification (reduction of systems inputs) process is at play, leading to a reduction in attainable yield, a lower level of control over diseases, but stabilized (actual) yield and economic performances.

The lowland rice agrosystem of tropical Asia

The lowland rice agrosystem of tropical Asia represents a critical system for global food security (Evenson & Gollin, 2003), which encompasses a very large diversity of production situations (Greenland, 1997). Several studies [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF] have reported the characterization of rice crop profiles, of injury profiles, and their linkages. One main conclusion is that, beyond the wide diversity of their components, only a few crop profiles, and a few injury profiles, are sufficient to account for a large fraction of situations observed in farmers' fields. In many ways, the results suggest that, as resources available to agriculture become scarcer, agricultural change progresses at a faster pace. All the components of the crop profile are reflecting ongoing changes (Fig. 4A): labour availability (L, which translates in, e.g., crop establishment methods and weeding), water supply (W, and its implication in land preparation and irrigation), fertiliser inputs (F), pesticide use (P), diversity and shifts in varieties (V), and a wide range of agricultural technologies.

A wide range of harmful organisms are involved in rice injury profiles (Table 1) including Fungi, Viruses, and Bacteria, with very diverse epidemiological characteristics, and which are associated with a whole array of injury mechanisms, which we cannot discuss in detail here.

In the recent years, massive changes in crop profiles have taken place, as (1) fertilizer inputs have strongly increased, (2) pesticides, and especially fungicides, have been used more frequently, and (3) hybrid material has been deployed over large areas. These changes have been evidenced from analyses on over 1,000 farmers' fields [START_REF] Savary | Environmental interactions and multiple forcing leading to shifts and variability of crop yield losses[END_REF] surveyed between 1987 and 2011 in tropical Asia.

Changes in crop profile are associated with shifts in injury profiles, such as the emergence of false 
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smut (Villosiclava virens) and widespread epidemics of plant-hopper transmitted virus diseases including ragged stunt. Despite the large increase in (chemical) inputs, no significant yield increase has been detected [START_REF] Savary | Environmental interactions and multiple forcing leading to shifts and variability of crop yield losses[END_REF], suggesting an actual decline in total factor productivity (Pingali, 2012) of this critical agroecosystem. The complex interplay of (partly substitutable) components of the crop profile is shown in Fig. 4B, leading to highly variable attainable yields, and strong shifts in injury profile composition. As a result, yield losses (Ya-Y) are chronically variable.

The production situation nexus

This note started with a statement on the changes ecosystems are undergoing, and their implications on plant disease in agrosystems. The framework of Figure 1, and its applications in Figures 234, allow a visualisation of recent or ongoing changes. We propose another framework to address the future of crop health in agrosystems.

Four global factors drive changes in production situations worldwide: population growth, technology shifts, global trade, and climate change [START_REF] Rosen | World Resources 2000-2001: People and ecosystems: The fraying web of life[END_REF]. Population growth is a driver for changes of many kinds, which are aimed at fulfilling global food, feed, and fibre needs (Vitousek et al., 1986), and is the main cause of agricultural intensification worldwide (Matson et al., 1997;Cassman et al., 2005;[START_REF] Stevenson | Green Revolution research saved an estimated 18 to 27 million hectares from being brought into agricultural production[END_REF]. Technology shifts bring in their wake profound changes in both production situations as well as agrosystems performances. Two examples include changes in tillage practices (e.g., no or reduced tillage replacing moldboard plowing in wheat cultivation; McMullen et al., 2012) or in crop establishment (e.g. direct seeding replacing transplanting in rice cultivation; [START_REF] Savary | Multiple effects of two drivers of agricultural change, labour shortage and water scarcity, on rice pest profiles in tropical Asia[END_REF]. Technology shifts have often been linked to agricultural intensification, can have very strong implications on ecosystems resources (e.g., water, soils, or human labour), and may trigger shifts in crop health (e.g., increase in fusarium head blight of small cereals [McMullen et al., 2012], but decrease of rice sheath blight [START_REF] Savary | Multiple effects of two drivers of agricultural change, labour shortage and water scarcity, on rice pest profiles in tropical Asia[END_REF]). Global trade, on the other hand, is a strong determinant of disease spread across continents (e.g., Bebber et al.,

2014).
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We refer to these drivers of change collectively as "global change", to include climate change. As global change induces major changes in production situations, changes in production situations lead in turn to shifts in crop health. Empirical evidence actually suggests that the indirect effect of global change on crop health via production situations is faster than the direct effects of climate change on individual diseases and crop health (Savary et al., 2011b).

The new framework of Fig. 5A emphasizes on the process (represented by a rate-valve symbol;

Forrester, 1961) of yield reduction by plant harmful organisms. This process can be expected to occur in any future contexts, irrespective of changes in production situations and crop health. According to Fig. 5A, future production situations will command the level of attainable yields (Ya), and will determine crop health. A feed-back loop indicates that crop health may in turn influence production situations. Since a production situation also encapsulates the economic and social context of agriculture, it becomes the nexus where crop production and disease development meet in the technological, social, and economical matrix of agriculture. From a crop health perspective, the production situation therefore becomes the scale of efficient management.

From disease to crop health management

Table 3 is an elaboration of [START_REF] Rosen | World Resources 2000-2001: People and ecosystems: The fraying web of life[END_REF], from ecology to plant pathology, which proposes an avenue for research in crop health management. Crop health management addresses the management of injury profiles, instead of individual diseases; being focused on a production situation, it emphasizes its long term sustainability in a systems approach where the both social and biological sciences are involved.

Table 3 also indicates desirable change of time-(from one to several seasons), space-(from one field to populations of fields or crop stands) and decision-scales (from tactical to strategic).

Another avenue concerns the multiple dimensions of crop losses, which is addressed in Figure 5B [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF]Cheatham et al., 2011). Each unit of yield which is lost to pests corresponds to commensurate losses of resources invested in the crop: land, water, energy, nutrients, expertise, cultural, and economic (Table 2). Yield losses to pests therefore translate into a multidimensional (social, economic, ecological, and cultural) attrition of agricultural systems. The multidimensionality of crop losses implies a double penalty for farmers, communities, and ecosystems [START_REF] Savary | Quantification and modeling of crop losses: A review of purposes[END_REF] 

Fig. 2A )

 2A Fig.2A). Except in Senegal, this is often a low input crop, which is part of small-scale farming
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Crop health, as public health, is a collective good (INRA, 2015). From this perspective, the challenge will be to find ways to preserve and enhance crop health globally, a collective goal towards which policies may play a major role. Applications and implications of risk factor analysis to crop health echoes the massive, large-scale studies that are conducted on public health, where the importance of considering diseases and their collective impacts is emphasized (medical doctors refer to "disease burden", to be borne by individuals -and society), rather than analyses on individual diseases (Lim et al., 2013).
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