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Introduction

Venturia inaequalis, the causal agent of apple scab, is of major economic concern for apple production and its control entails a large number of fungicidal treatments [START_REF] Carisse | Predicting apple leaf emergence from degree-day accumulation during the primary scab period[END_REF][START_REF] Carisse | Action thresholds for summer fungicide sprays and sequential classification of apple scab incidence[END_REF]. It was estimated that 75% of pesticide use on apples aims at controlling fungal diseases and 70% of those fungicide treatments target apple scab [START_REF] Creemers | Key strategies for reduction of the dependence on fungicides in integrated fruit production[END_REF].

Treatments against apple scab typically start in early spring to protect the first unfolding leaves against primary inoculum which consists mostly of ascospores (Stensvand et al., 1997). If early treatments are not successful, secondary inoculum (consisting of conidia) is produced on diseased tissue and polycyclic epidemics may develop in the orchard, requiring numerous additional treatments during the growing season [START_REF] Carisse | Action thresholds for summer fungicide sprays and sequential classification of apple scab incidence[END_REF]. Conversely, if disease development is prevented until the ascospore supply is depleted in early summer, Comment citer ce document : Roubal, C., Nicot, P. C. (Auteur de correspondance) (2016). Apple scab: numerical optimization of a new thermal time scale and application for modelling ascospore release in southern France.
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subsequent fungicide sprays against scab may be reduced and, in some cases, omitted altogether [START_REF] Stensvand | Use of a rainfall frequency threshold to adjust a degree-day model of ascospore maturity of Venturia inaequalis[END_REF]. This is the general situation in Southern France, although complicating factors such as airborne contamination from neighbouring orchards or overwintering of conidial inoculum have been reported in other parts of Europe [START_REF] Holb | Analysis of summer epidemic progress of apple scab at different apple production systems in the Netherlands and Hungary[END_REF]. The pathogen is known to overwinter primarily as pseudothecia present on leaf litter.

During this period, the pseudothecia undergo a progressive maturation process, which results

in the release of ascospores in the spring, a phenomenon which has been shown to be triggered by rain events [START_REF] Rossi | A new model estimating the seasonal pattern of air-borne ascospores of Venturia inaequalis (Cooke) Wint. in relation to weather conditions[END_REF].

Much research effort has been dedicated to predicting the beginning and the end of the presence of primary inoculum, as well as the dynamics of ascospore release on the basis of climatic factors [START_REF] Holb | Timing of first and final sprays against apple scab combined with leaf removal and pruning in organic apple production[END_REF]. Numerous models have been developed to predict the dynamics of maturation and release of this inoculum. These models have been based on thermal time scales rather than physical time scales [START_REF] Lovell | A perspective on the measurement of time in plant disease epidemiology[END_REF]. The basis for this concept is that the kinetics of biological phenomena are influenced by temperature and in apple scab models, thermal time was defined as the accumulation of a temperature function relating the pseudothecial maturation rate to temperature. The "New Hampshire (NH)

model" developed by Gadoury & MacHardy (1982a) and others derived from it (Stensvand et al., 2006a;[START_REF] Schwabe | Relation of degree-day accumulations to maturation of ascospores of Venturia inaequalis in South Africa[END_REF][START_REF] Lagarde | Studies on maturation of Venturia inaequalis (Cke. Wint.)[END_REF], have provided useful tools for apple growers worldwide. The NH model was built by fitting a linear regression equation to Probit-transformed data on the percentage of mature ascospores plotted against a thermal time scale consisting of degree-day accumulation (base = 0°C) from the first appearance of ascospores in the spring. This Probit regression approach, used to select the most appropriate degree-day base (among possible temperatures between 0 and 6°C), relied on the assumption that the law relating pseudothecial maturation rate to degree-day accumulation was a
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Gaussian function. After a reverse Probit transformation, a sigmoid curve was then obtained and used for the prediction of ascospore release based on degree-day accumulation, starting at a date commonly referred to as "biofix" (Gadoury & MacHardy, 1982a). This type of thermal time scale and the use of degree-days as a temperature function have been largely adopted worldwide.

Successful prediction of ascospore release has sometimes required adjustments to the specific shape of the maturation curve to fit local data [START_REF] Schwabe | Relation of degree-day accumulations to maturation of ascospores of Venturia inaequalis in South Africa[END_REF]Stensvand et al., 2006a). The need for such adjustments could be related to the influence of climate factors not taken into account by the initial NH model (Xu et al., 1995;[START_REF] Rossi | A new model estimating the seasonal pattern of air-borne ascospores of Venturia inaequalis (Cooke) Wint. in relation to weather conditions[END_REF][START_REF] Stensvand | Use of a rainfall frequency threshold to adjust a degree-day model of ascospore maturity of Venturia inaequalis[END_REF]Stensvand et al., , 2006aStensvand et al., , 2006b)). For example, predictive improvements have been obtained by taking into account an effect on pseudothecial maturation of long dry periods during ascospore release [START_REF] Rossi | A new model estimating the seasonal pattern of air-borne ascospores of Venturia inaequalis (Cooke) Wint. in relation to weather conditions[END_REF][START_REF] Stensvand | Use of a rainfall frequency threshold to adjust a degree-day model of ascospore maturity of Venturia inaequalis[END_REF]Stensvand et al., , 2006a) ) and of the occurrence of rain before the ascospore release period (Stensvand et al., 2006b). Another possible explanation could also be that the use of degree-days does not constitute an optimal time scale for predictions. For example, in the model developed by James & Sutton (1982a, 1982b) to describe pseudothecial maturation and predict ascospore release, the best predictions were achieved when using time scales defined as sums of second order polynomial functions of temperature, rather than the degree-days which represent a simple first order function. Although time scales based on non-linear temperature functions are routinely used for modelling in several fields of research, including the description of insect pest development [START_REF] Damos | Temperature-driven models for insect development and vital thermal requirements[END_REF], they have rarely been used for plant pathogenic fungi until recently (Xu, 1996;[START_REF] Legler | A nonlinear model for temperature-dependent development of Erysiphe necator chasmothecia on grapevine leaves[END_REF][START_REF] Battilani | AFLA-maize, a mechanistic model for Aspergillus flavus infection and aflatoxin B1 contamination in maize[END_REF].

Notable exceptions include the foundational modelling work of [START_REF] Analytis | Über die Relation zwischen biologischer Entwicklung und Temperatur bei phytopathogenen Pilzen[END_REF] on the development of ten pathogenic fungi. As pointed out by Xu (1996) the response curves that 
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relate the rate of development of a fungal pathogen to temperature are bell-shaped, rather than linear.

Another method to improve the predictions provided by the NH model has relied on using different types of biofix. In the original NH model, the biofix corresponded to the first observation of mature ascospores in pseudothecia collected from leaves stored on the ground in wire-mesh baskets (Gadoury & MacHardy, 1982a). Other types of biofix used by different workers were the date of first detection of ascospores in spore traps or dates selected on the basis of the phenological growth stages of the trees (for example bud break) [START_REF] Stensvand | Use of a rainfall frequency threshold to adjust a degree-day model of ascospore maturity of Venturia inaequalis[END_REF]. However, all these methods provided somewhat variable results and their application for regional predictions has often been a topic of controversial discussions between advisers [START_REF] Creemers | Key strategies for reduction of the dependence on fungicides in integrated fruit production[END_REF][START_REF] Eikemo | Evaluation of ascospore maturity models to estimate seasonal ascospore discharge of pear scab (Venturia pirina)[END_REF]. An alternative type of biofix, a fixed calendar date, was used by Beresford in New Zealand (1999). This calendar-based biofix presented the advantage of combining simplicity and pertinence.

The first two objectives of the present study were (i) to evaluate the benefit of a thermal time scale that uses a nonlinear function to relate the rate of pseudothecial maturation of V.

inaequalis to temperature , and (ii) to define a calendar-based biofix. The resulting optimized thermal time scale, based on a corpus of biological and on meteorological field data acquired over a 13-year period, was then used to construct a predictive model of ascospore release. This model was then validated with independent data of four additional growing seasons. A final objective of the present study was to explore possible predictive improvements by taking into account an effect on pseudothecial maturation of long dry episodes during the ascospore release period and of the occurrence of rain before this period. 
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Materials and Methods

Pseudothecial maturation and ascospore release.

From 1996 to 2013, batches of approximately 1000 scabbed leaves were collected in autumn from organic orchards (cv Golden delicious) located in the vicinity of Avignon in the Rhône Valley. Each year, one orchard was selected on the basis that no pesticide treatment had been applied and that apple scab had been prevalent during the season (20%-90% of leaves showing scab spots). Collected leaves were brought back to the station of the Organisation Nationale de la Protection des Végétaux and arranged on the ground over a 1m² area under chicken wire, 5 meters from an agrometeorological station belonging to the network of the French Ministry of Agriculture (GPS coordinates 43.908228, 4.883370). The leaves were examined regularly for possible degradation by earthworms or other organisms feeding on litter. Earthworm degradations were never observed but application of metaldehyde on the perimeter of the area was necessary as a barrier against slugs and snails. Starting in early January, random samples of approximately 50 leaves were collected every week and observed under a stereo microscope (20-40 magnification) to detect the presence of pseudothecia. Following the detection of the first pseudothecia (usually in late January), leaf samples were collected 1-3 times a week and a total of 50 pseudothecia were crushed and examined under the microscope (magnification 100-200) each time for presence of asci and ascospores. Ascospore maturity was assessed on the basis of their morphology and pigmentation as described by Gadoury & MacHardy (1982b). Each year, the date of the first observation of mature ascospores was then used as reference "biofix" in the modelling work.

Ascospore release was quantified on batches of glass slides placed on the chicken wire over the leaves and renewed (in the same positions) after each rain. Within one day after a rain event, 10 glass slides were observed under the microscope and the ascospores 
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were counted on each slide on 7 replicate zones, each 2 mm high and 22 mm long. These observations were carried out from the first detection of differentiated asci in the pseudothecia, until the time when no more ascospores were detected on the glass slides for several consecutive rain events (usually end of May). To ensure that further release would not escape detection after the end of the observation period, a final ascospore count was carried out following an artificial rain episode achieved by sprinkling the leaves and keeping them wet for three successive days. To compare the dynamics of ascospore release over different years, the numbers were expressed as a percentage of the total yearly spore counts (Gadoury & MacHardy, 1982a).

Weather data

Data were collected from the agrometeorological station mentioned above. This CIMEL 140 device (CIMEL Electronique, Paris, France) was positioned at a height of 1.50 m above the ground and recorded air temperature every 20 minutes. The output consisted of daily averages, each computed with 72 data values. Over the period from 1996 to 2013, a total of 5173 averages were computed and these daily averages ranged from -5°C to 26°C between 1

September and 31 May, with 98% of the values between 3°C and 20°C. The weather station also recorded hourly rain intensity with a 0.2 mm tipping bucket rain gauge.

Construction of a generic thermal time scale and selection of a calendar biofix

To investigate new temperature functions describing the relationship between the daily rate of pseudothecial maturation R and the average daily temperature T, we chose not to select arbitrarily a specific mathematical function. Instead, we based our approach on the basic hypothesis that R(T) is equal to zero for T below a minimum threshold, it increases to a maximum value with increasing T and then decreases to become null when T is higher than a 
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This article is protected by copyright. All rights reserved. maximum temperature threshold. A simple proteiform function, describing with a limited number of parameters the general shape of such a unimodal curve, consists of a succession of five linear segments as described in Figure 1. This generic function, referred to as "ABCD" function in the present study, is described with four parameters a, b, c and d (Table 1). It allows approximation of the possible asymmetry and "peakness" of the unknown R(T) function describing the actual complex biological phenomena and to estimate the value of T for its maximum. Interestingly, the degree-day temperature function of the NH model represents a particular case of the ABCD function, with a =0 and a linear rate increase with increasing temperature.

Using 11 sets of experimental data collected from 1996 to 2008, the ABCD temperature function was optimized and parameterised as described below. In the same time, to explore the pertinence of using a calendar biofix, 19 biofix dates (approximately at a 10-day interval)

were evaluated, between 1 September and 1 March.

Parameterisation of the temperature function.

The parameterisation of the temperature function was carried out with a method that does not require prior knowledge of the underlying temperature response of the pseudothecial maturation. This approach was used to avoid the a priori selection of an arbitrary function relating spore release to the thermal time scale (as done previously for the NH model [Gadoury & MacHardy, 1982a]), when trying to define the most appropriate rate response to temperature for pseudothecial maturation. Our method relied on the fact that the function we ultimately sought, for the prediction of cumulated spore release, is a strictly increasing function of the thermal time.

This allowed us to optimize the parameterisation of temperature functions using Spearman's rank correlation ρ [START_REF] Sheskin | Measures of Association/Correlation[END_REF], which is commonly used to assess the monotonic 
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relationship between two variables (Zou et al., 2003). In the context of our study, ρ was defined as:

ρ = 1-(6 * Σ (r thermal time -r ascospore release )² / (n * (n²-1)),
where n was the number of data points (days of ascospore release) in the data set, and r thermal time (abbreviated as r ts ) and r ascospore release (abbreviated as r ar ) were, respectively, the ranks of a given data point on the X axis (the thermal time) and on the Y axis (representing the cumulated percentage of released ascospores). If ρ is computed for the data of a single year, its value is necessarily 1, as the ranks increase together for the thermal time (r ts ) on the X axis and for the Y axis (r ar ). When computing ρ for the data of several years, its value is ≤ 1, because the overall ranks do not necessarily increase together. Thus, the more pertinent a temperature function is, for calculating thermal time over all years, the more the ranks r ts and r ar will increase together when examining the complete 11-year data set. For a given temperature function, the most pertinent set of parameters should thus be that for which ρ 
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To select the most pertinent calendar biofix among the 19 dates tested, we examined the associated ρ values (Figure 3). Two additional computations were realized to ensure that our choice was not biased by any calculation artefacts. Firstly, the parameterisation step described above was carried out and the corresponding ρ values were computed for additional dates surrounding the selected biofix (each day from 20 December to 10 January). This allowed the stability of the ρ values in this period to be verified. Secondly, the parameterisation step described above was also carried out and the corresponding ρ values were computed for the 19 biofix dates, using a modified Gauss function (Table 1) as a temperature function (using 8000 sets of parameters for each date). This determined whether the best biofix date, using thermal time based on the ABCD function, was similar to that using the other temperature functions.

The selected biofix date was then used to compare the ABCD temperature function to other R(T) functions with similar shapes and to the degree-day function used in the reference NH model (Gadoury & MacHardy, 1982a).

Comparison of thermal time scales

Based on the shape of the parameterised ABCD temperature function, two continuous mathematical functions were selected for comparison, among those previously used for the description of curves with such shapes [START_REF] Kontodimas | Comparative temperaturedependent development of Nephus includens (Kirsch) and Nephus bisignatus (Boheman) (Coleoptera: Coccinellidae) preying on Planococcus citri (Risso) (Homoptera: Pseudococcidae): evaluation of a linear and various nonlinear models using specific criteria[END_REF][START_REF] Jalali | Temperature-dependent development of the two-spotted ladybeetle, Adalia bipunctata, on the green peach aphid, Myzus persicae, and a factitious food under constant temperatures[END_REF]: the model proposed by [START_REF] Analytis | Die Transformation von Befallswerten in der quantitativen Phytopathologie II. Das Linearisieren von Befallskurven[END_REF] to describe fungal development and the modified Gauss function as shown in Table 1. These two additional temperature functions were optimized and parameterised using the same algorithm as described above. In addition to the degreeday function used in the reference NH model, comparisons were also carried out (Table 1) with a 2 nd order polynomial function (Figure 1) as proposed by James & Sutton (1982b) to 
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relate average daily temperature to pseudothecial maturation rate. The thermal time scales based on all these temperature functions were compared on the basis of Spearman's rank correlation ρ as described above. The time scale providing the highest value of ρ was retained for the rest of the study.

Construction and validation of a predictive model for ascospore release

Based on the ABCD function described above, a model was constructed to fit ascospore release as a function of thermal time. Using 11 data sets from 1996 to 2008, regression analysis was carried out with the Levenberg-Marquardt algorithm [START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF] to parameterise the 33 possible functions proposed by the CurveExpert 1.3 software (http://www.curveexpert.net). Residual analysis and a Student's T test were used to compare the fit of this ABCD-based model with that of a reference NH-based model adapted to climatic conditions and dynamics of ascospore release of southern France [START_REF] Lagarde | Studies on maturation of Venturia inaequalis (Cke. Wint.)[END_REF].

The ABCD-based model was then validated with data sets of 2009, 2011, 2012 and 2013 and its predictive value was compared to that of the reference NH-based model. The models were compared on the basis of the size and distribution of residuals and on the frequency of overand under-estimation of observed ascospore release data.

Adaptation of the thermal time scale to the occurrence of dry and rainy periods

To take into account the possible slow-down effect of prolonged dry periods on the release of ascospores, halting rules [START_REF] Stensvand | Use of a rainfall frequency threshold to adjust a degree-day model of ascospore maturity of Venturia inaequalis[END_REF] were applied to the thermal time scales.

They consisted in suspending the accumulation of daily rate of pseudothecial maturation when 7 dry days occurred consecutively. 
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As the occurrence of rainy days before the onset of ascospore release was also reported to influence the maturation process (Stensvand et al., 2006b), this phenomenon was investigated in the context of Southern France. For this, the relation between the number of rainy days before ascospore release and the estimated date of its onset was examined through regression analysis, using data sets from 1996 to 2008.

In a first step, the period considered for the quantification of rainy days was defined as the month preceding the first ascospore maturity and the minimal amount of recorded rain needed for a day to be considered as "rainy" was 0.2 mm (Stensvand et al., 2006b). The onset of ascospore release was assessed as the date when 10% of cumulated ascospore release was reached. This date was estimated each year by linear interpolation from the observed data.

Only 10 of the 11 data sets were used at this stage, as the dynamics of ascospore release did not allow an accurate interpolation in 2000. On that year, the first rain occurred 40 days after the observation of the first mature ascospores and resulted in the sudden release of 41% of the total ascospore stock (Figure 4). The 10 years were ranked according to the timing of estimated 10% ascospore release dates. Regression analysis was then carried out on the number of rainy days of a year vs its rank for ascospore release.

In a second step, the relation between the number of rainy days before ascospore release and the estimated date of its onset was refined. For this, the minimal amount of recorded rain needed for a day to be considered as "rainy" was adjusted (among 29 threshold values between 0. 
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coefficient. The value of ν, and the two dates defining the period influencing the timing of the onset of ascospore release were established, applying the same algorithm of numerical optimization used above to parameterize the ABCD thermal time scale. In this case, the link between the ascospore release dynamics and the thermal time was assessed for all possible values of ν and all dates between 9 December and 9 March. Again, it relied on Spearman's rank correlation ρ which allowed the comparison of continuously increasing temperature functions of thermal time scales without any knowledge about the specific shape of the ascospore release curve. The optimized parameters providing the highest ρ value were used to define an improved "rain sensitive" ABCD thermal time scale, referred to in the rest of this paper as "rABCD" thermal time scale. This new thermal time was then used to construct a new predictive model for ascospore release. 
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Results

Observed ascospore release

Over the 13 years of observations, the first mature ascospores were recorded over a broad range of calendar dates, spanning from 7 February to 27 March (Table 2). The first and last dates of ascospore release also varied widely over the years. The total numbers of ascospores counted over a season varied from less than 500 to over 48000. Due to the low spore counts, the data from 1998 and 2003 were not considered as sufficiently reliable and were not retained for further analysis. Another year (2000) was somewhat atypical with a 40-day long dry period after the first observation of mature ascospores, which resulted in the release of 41% of the yearly ascospore potential at the first rain. This year was retained for modelling, to take into account the widest possible range of climatic variability.

Choice of a biofix

Compared to the biofix of the NH model (first observation of mature ascospores), for which the ρ value was 0.9229, calendar values of the biofix between 1 September and 20 December resulted in lower ρ values of the ABCD thermal time scale (Figure 3). However, higher or similar ρ values were observed for biofix dates between 1 January and 20 February. These changes coincided with sharp increases in the values of parameter "a" of the ABCD temperature function. For a biofix on 1 March (and later; data not shown), the ρ value decreased sharply. For the rest of the study, the date of 1 January was used as biofix for all temperature functions except the NH model, which was tested both with a 1 January biofix and with its reference biofix (first observation of mature ascospores). The choice of 1 January as a biofix (rather than 20 February, which provided a slightly higher ρ value) was motivated by the fact that starting the prediction model at the later date would entail a risk of missing ascospore maturation for years with mild winters. Furthermore, biological data show 
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that the observation of the first ascospore release is preceded by various stages of a maturation process which can start as early as the first week of December (James & Sutton, 1982a[START_REF] Gadoury | Effects of temperature during ascus formation and frequency of ascospore discharge on pseudothecial development of Venturia inaequalis[END_REF]. The ρ values for the eleven days before and nine days after 1 January did not show a high level of variability (Figure 5). Furthermore, a biofix of 1 January was also the best when using a modified Gauss function as a temperature function (Figure 5).

Comparison of thermal time scales

With this 1 January biofix, higher ρ values were obtained with all thermal time scales based on non-linear temperature functions than with the NH model (Table 1). The ρ value of the NH model remained low when taking the date of the first observation of mature ascospores as a biofix. The ABCD function and the two continuously differentiable functions with similar shapes (modified Gauss and Analytis) all had very similar ρ values. These three functions also had a shape similar to that of the function established by James & Sutton (1982b), which presented a slightly lower but comparable ρ value (Table 1).

Predictive model for ascospore release, using the parameterised ABCD thermal time scale

Based on regression analysis, the best fit to the 11 ascospore release datasets (R² = 0.91) were obtained with Richard's law (defined as y=α/[1+exp(β-γ*x)]^(1/δ), where y and x are the percent of total ascospore release and the daily accumulation rate for thermal time using the ABCD temperature function, respectively) with parameters α=100, β=10.3975, γ=0. 

Taking into account periods of dryness during the ascospore release period

Halting rules, applied to the reference NH and the ABCD thermal times scales to account for possible reduction in ascospore maturation during dry days, resulted in lower values of Spearman's rank correlation index (Table 4). The effect was most substantial for the ABCD than for the NH thermal time scale, but in both cases, this indicated that the introduction of these halting rules had no potential to improve the predictive models in the conditions of our study.
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Taking into account rainy events before the ascospore release period

The onset of ascospore release between 1996 and 2008 was significantly affected (P < 0.05; R² = 0.80) by the occurrence of rainy events in winter. Maturity was increasingly delayed with decreasing occurrence of rain. Figure 7 shows this relationship for a recording period of rainy days from 13 January to 21 February and a rain threshold of 2.5 mm. The most pertinent relationships were obtained with rain thresholds between 1. and ending dates of the rain recording period between 9 December and 9 March. Figure 8 shows one example of such comparisons for all possible starting and ending dates with the particular case of a rain threshold of 2.5 mm and ν= 2.1. For each pair of dates, the ρ values evaluate the relationship between the thermal time and the cumulated percentage of released ascospores. These optimized parameters provided the highest ρ value (0.945) and were used to define the rain sensitive rABCD thermal time scale, which in turn was used for the construction of the new predictive model for ascospore release.
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Improved prediction of ascospore release, using the rABCD thermal time scale

Based on regression analysis, the best fit to the 11 ascospore release datasets (R² = 0.98) was obtained with Richard's law with parameters α=100, β=13.5930, γ=0.1343 and δ=0.5629.

Based on Student's T test, the residuals of this rABCD-based model were significantly smaller than those of the initial ABCD-based model (P < 0.05).

Using the datasets from 2009 to 2013 for a validation step, the rABCD-based model improved the accuracy of ascospore release predictions compared to both the reference NH model and the ABCD-based model (Figure 6). The improvement was most substantial for 2009 with predicted values very close to observed values. For all years, the overall amplitude of the deviation and the average of absolute values of the residuals were always smallest for the rABCD-based model (Table 3). Based on Student's T tests, the absolute values of the residuals of the rABCD-based model were significantly smaller than those of the initial ABCD-based model (P < 0.001), which in turn were significantly smaller than those of the reference NH-based model (P < 0.001).

Discussion

The present study highlighted two potential improvements for the field prediction of ascospore release of V. inaequalis. One concerns the thermal time scale and the other concerns the biofix.

Based on 11 years of field data, all non-linear functions tested in this study provided thermal time scales with a better link between observed and predicted ascospore release than the reference degree-day thermal time scale (Table 1). Interestingly, the values of Spearman's rank correlation index was similarly high for all these non-linear functions, whether
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parameterised through numerical optimization of field data in the present study (ABCD, Gauss and Analytis functions) or derived from experiments conducted in controlled conditions such as the equation of James & Sutton (1982b). This suggests that all these nonlinear functions would be of interest for the development of predictive models. For the further development of decision support systems, preference might be given to those functions that are continuously differentiable, as they present the advantage of a smooth distribution usually associated with biological phenomena.

Past studies on V. inaequalis have relied on laboratory work to establish daily rates of development at specific constant temperatures in growth chambers. One significant feature of the method used in the present study is that it allowed us to make direct use of field data to describe the relationship between the daily rate of development and temperature.

Interestingly, the optimised R(T) functions that we obtained took positive values with mean daily temperatures slightly below 0°C. This suggests that even a few hours of positive temperature during a day may be sufficient to allow ascospore development. This hypothesis is coherent with the strategy developed by [START_REF] Rossi | A new model estimating the seasonal pattern of air-borne ascospores of Venturia inaequalis (Cooke) Wint. in relation to weather conditions[END_REF] to construct a predictive model using hourly temperature data. Alternatively, this result could also stem from differences in microclimate between the weather-recording station and the leaf litter under study. These considerations highlight possible difficulties for the application of laboratory-generated data (usually at constant, well controlled temperatures) to construct field prediction tools.

The second key result of our study is that using a fixed calendar biofix as the starting date of the thermal time can provide equivalent or better prediction capacity than using the date of first observation of mature ascospores in the spring. This simplification presents several advantages for practical field implementation of the predictions. First, it removes the 
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need to determine the date of appearance of mature ascospores in the spring. Thus it can save local advisory services substantial logistical effort and requirements for qualified labor to collect field samples of pseudothecia and examine ascospores under the microscope at least twice a week for 3-4 weeks in January-February each year. Secondly, it removes the uncertainties regularly encountered by local services concerning the representativeness of their field samples and possible imprecision associated with sample size. Thirdly, a biofix of 1 January largely anticipates the first observation of mature ascospores (by 1-1.5 month in Southern France). A benefit of this early biofix in comparison with other methods, including those based on the phenological stage of the trees in the spring (Stensvand et al., 2006a), is that it allows the models to take into account possible effects of climatic parameters on a wider number of pseudothecial maturation phases, including those early phases evoked by James & Sutton (1982a, 1982b). Furthermore, recent work has shown that in a region with warm winter temperatures, ascospore release occurred earlier than bud break [START_REF] Alves | Evaluation of three models for predicting Venturia inaequalis ascospore release in Southern Brazil[END_REF]. This situation rendered inappropriate the use of bud break as a biofix, because it resulted in underestimating the early risks of ascospore release, and a calendar date was recommended for prediction models. Other workers have reported a lack of coincidence between the phenological stages of the apple tree and developmental stages of the pathogen.

For example, a temperature of 0°C is used as the basis for the computation of scab degreedays in the NH model (Gadoury et al., 1982a), whereas a temperature of 5°C was reported as the basis for leaf emergence on apple trees [START_REF] Carisse | Predicting apple leaf emergence from degree-day accumulation during the primary scab period[END_REF].

Interestingly, the present study allowed to identify a period when temperature appeared to have little effect on pseudothecial maturation, as shown by the lower values of Spearman's rank correlation coefficient obtained for biofix dates before 20 December (Figure 3). This could thus correspond to the end of the dormancy period of pseudothecia described before by 
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several authors for V. inaequalis (James & Sutton, 1982a, 1982b) or V. pyrina [START_REF] Rossi | Predicting the dynamics of ascospore maturation of Venturia pirina based on environmental factors[END_REF]. Clearly, the optimized date of 1 January found in the present study for the calendar 
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against the ascospore release of 12 May 2009, which was not justified (Figure 6). The benefit of the ABCD-based model in the conditions of Southern France could be due to the fact that temperatures are usually high in late spring at the end of the ascospore release period, resulting in a fast accumulation of degree-days. In such conditions, the NH-based model tends to over-evaluate the daily rate of pseudothecial maturation. In contrast, the ABCD thermal time scale takes into account the actual reduction in the daily rate of pseudothecial development as described by James & Sutton (1982a, 1982b).

The third major result of the present study is the significant improvement in the predictive value of the model, obtained by adjusting the thermal time with "accelerating rules" to take into account the positive influence of rainy days on pseudothecial maturation prior to ascospore release. The most useful improvements of this "rain sensitive" rABCDbased model consisted in a generally more accurate prediction of the beginning and ending of the ascospore release period, as those two phases are of crucial importance for scab management. For example, the unnecessary treatment of 12 May 2009 mentioned above would not have been prescribed when using the rABCD-based model (Figure 6). Similarly, the rABCD-based model would have saved an unnecessary treatment (prescribed both by the NH-and ABCD-based models) against the ascospore release of 27 March 2011 (Figure 6).

In comparison to the basic ABCD-based model, the rABCD-based model carries a similar level of security but a reduced frequency of risk overestimation.

The basis for the establishment of the "accelerating rules" of the rABCD thermal time scale in this study is the evidence for a strong link between the number of rainy days at the end of winter and a delay in ascospore release. Such a relation was first described for the 30day period before bud break in a large study involving 21 orchards of 11 countries, including 
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France (Stensvand et al., 2006b). The algorithm of numerical optimization applied in the present study to 11 years of field data in Provence established a rain sensitivity period of comparable length and timing, from 13 January to 21 February. However, the optimal daily rain threshold provided by the algorithm (2.5 mm) was substantially higher than that of the original study (0.2 mm; Stensvand et al., 2006b). Specific reasons for this difference are not known, but could possibly be due to low rainfall producing limited wetting of leaf litter in the particularly dry and windy climate of Provence.

An intriguing result of the present study is that adjusting the thermal time with halting rules, to take into account the possible effect of dry days during the ascospore release period, did not improve the predictive value of the models in the conditions of Southern France. The most illustrative year was 2000, for which no rain event occurred within the 40 days that followed the observation of the first mature ascospores. On that year, the total amount of captured ascospores was the smallest in the 15 datasets used in this study (total of 610 spores observed, compared to a maximum of 48443 in 2004), but the first rain triggered the release of 41% of the total stock (Figure 4). Halting the thermal time during that long dry period would have led to provide farmers with an erroneous "low risk" advice. This absence of improvement when using halting rules in our region was quite surprising because their introduction provided important progress in scab prediction in various countries [START_REF] Rossi | A new model estimating the seasonal pattern of air-borne ascospores of Venturia inaequalis (Cooke) Wint. in relation to weather conditions[END_REF]Stendsvand et al., 2006a). Furthermore, using halting rules for the pear scab model described by [START_REF] Eikemo | Evaluation of six models to estimate maturation of Venturia pyrina[END_REF], we obtained substantial improvement in the prediction of Venturia pyrina ascospore release for four data sets over three French regions, including Provence (unpublished data). The reasons for our markedly different results with apple scab are not known. One possible hypothesis could be that strains of V. inaequalis prevalent in Provence are somehow adapted to its dry windy climate and their pseudothecia are able to 
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pursue their maturation even in prolonged absence of rain, possibly making use of occasional morning dew depositing on the leaf litter. This fungus is known for its adaptability to various types of selection pressure, including host resistance and presence of fungicides (de Vlas et al., 2012;Van et al., 2013). Large efforts have been dedicated to adapt apple scab models to local climate conditions with the aim of refining the predictive value of a general type of model. It can be speculated that some of the need for such adjustments could possibly also result from the particular behaviour of locally prevalent strains of the pathogen.

In conclusion, the new model presented in this study provided significantly more accurate predictions of ascospore release than the reference NH model in the conditions of Southern France. It has been tested since 2009 and adopted in 2013 by regional advisory services. Further work is in progress, using a similar methodological approach, to develop models based on times scales with a non-linear temperature function in other regions with contrasted climatic conditions.
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Table 4: Assessment of possible benefits gained by taking into account the occurrence of periods of dryness during the ascospore release period. Spearman's rank correlation ρ was used to quantify the link between the dynamics of ascospore release and the thermal time scales. 
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  takes a value closest to 1. In other words, a value of ρ nearest to 1 characterizes the parameters for which the cluster of data points is closest to the ideal and unknown curve that describes the dynamics of cumulated spore release. Selection of a biofix. For each of the 19 biofix dates, large numbers (> 100000) of different sets of parameter values (representing combinations of a, b, c and d values between -20 and 40) were tested, using the algorithm shown in Figure 2. Such approach could also be useful for parameterising a wide range of biological models. For a given biofix date, the set of a, b, c and d values providing the highest ρ was considered as the set of optimized parameters. To respect the definition of the ABCD function, only sets of values respecting the following relationship were evaluated: a<b and b≤c and c<d. Comment citer ce document : Roubal, C., Nicot, P. C. (Auteur de correspondance) (2016). Apple scab: numerical optimization of a new thermal time scale and application for modelling ascospore release in southern France. Plant Pathology, 65 (1), 79-91. , DOI : 10.1111/ppa.12398

  2 and 3 mm) to optimize the fit of the regression line. These optimized threshold and regression line were then used to adjust the ABCD thermal time scale. The adjustment consisted in adding an "acceleration term" ν*RD to the cumulated daily rate of pseudothecial development, where RD represented the number of rainy days and ν an acceleration Comment citer ce document : Roubal, C., Nicot, P. C. (Auteur de correspondance) (2016). Apple scab: numerical optimization of a new thermal time scale and application for modelling ascospore release in southern France. Plant Pathology, 65 (1), 79-91. , DOI : 10.1111/ppa.12398

  Construction and validation of an adjusted model for ascospore release Based on the rABCD function, a new model was constructed to fit ascospore release as a function of time. The same regression method was used as described above for the construction of the basic ABCD-based model with functions proposed by the CurveExpert 1.3 software. Residual analysis and a Student's T test were then used to compare the fit of this adjusted rABCD-based model with that of the basic ABCD-based model. The rABCD-based model was then validated with data sets of 2009, 2011, 2012 and 2013 and its predictive value was compared to that of the basic ABCD-based model. They were compared on the basis of residual analysis and a Student's T test. . Comment citer ce document : Roubal, C., Nicot, P. C. (Auteur de correspondance) (2016). Apple scab: numerical optimization of a new thermal time scale and application for modelling ascospore release in southern France. Plant Pathology, 65 (1), 79-91. , DOI : 10.1111/ppa.12398

  1053 and δ=1.1586. The predicted ascospore release (Figure 4) did not underestimate the beginning (one minor exception in 1996) nor the end of the risk period represented by the observed presence of ascospores between 1996 and 2008. The distribution of residuals of this ABCD-Comment citer ce document : Roubal, C., Nicot, P. C. (Auteur de correspondance) (2016). Apple scab: numerical optimization of a new thermal time scale and application for modelling ascospore release in southern France. Plant Pathology, 65 (1), 79-91. , DOI : 10.1111/ppa.12398 Accepted Article This article is protected by copyright. All rights reserved. based model being modal and approximately bell-shaped, we used a Student test to compare its fit to that of the reference NH-based model. The residuals of the NH-based model were significantly higher than those of the ABCD-based model (P < 0.01). Model validation with four independent data sets from 2009 to 2013 The ABCD-based predictive model and the reference NH-based model were used to forecast ascospore release from 2009 to 2013. Predicted values were compared to observed ascospore counts in 2009, 2011, 2012 and 2013. Neither model predicted ascospore release very accurately (Figure 6), with absolute values of maximum residuals as high as 64.4 (2 April 2011) and 32.5 (17 April 2012) for the reference and the ABCD-based models, respectively (Table 3). The NH-based model regularly overestimated the cumulated percentage of released ascospores (2 exceptions among 48 observations between 2009 and 2013). In contrast, the residuals for the ABCD-based model were not systematically positive and the overall amplitude of the deviation was always smaller (Table 3). For three of the four years, both the average residual values and the averages of the absolute values of the residuals were remarkably smaller for the ABCD-based model. The residuals of the NH-based model were significantly higher than those of the ABCD-based model (P < 0.01).

  5 and 3 mm, with an optimum for 2.5. The fitness of the regression lines decreased clearly below 1.5 mm and beyond 3 mm (data not shown). Taking this phenomenon into account led to the implementation of an "acceleration rule" for the daily rate of ascospore development in the ABCD thermal time scale. It consisted of adding 2.1 x RD to the cumulated daily rate of pseudothecial development, 2.1 being the optimized value of the acceleration coefficient ν and RD representing the number of days with a rain ≥ 2.5 mm during the period between 13 January and 21 February. These values and dates were optimized from the comparison of all possible combinations of 28 rain threshold values with 40 values of ν and all possible starting

  biofix was based on local climatic conditions in Southern France and may require adaptation in other regions. Furthermore, different calendar biofix dates would obviously be appropriate in the southern hemisphere. Adaptation might also be needed to local pathogen populations and apple cultivars.The interest of combining a calendar biofix and a non-linear response to temperature for pseudothecial maturation (ABCD function in the present case) was confirmed with the construction of a predictive model, using 11 years of field data from Southern France, and its evaluation with four additional independent data sets from 2009 to 2013. The ABCD-based model provided significantly better predictions of ascospore release than the reference NHbased model, for the 11 data sets used for model construction. It also provided better fit to the data for all of the four years used for model validation, including two atypical years (2012 and 2013) for which ascospore release occurred several weeks later than usual, at a period when growers traditionally tend to interrupt spray programs against apple scab. In Provence, cessation of chemical treatments is typically recommended by local advisors for orchards where chemical control is fully successful year after year, if no disease has occurred when an estimated 90% of the ascospore load has been released. Overall for the four years of validation in our study, advice based on such a decision threshold together with the NH model would have incited the growers to suspend treatments too early and resulted in an absence of protection of the orchards against one to three infections per year (ascospore releases of26 April 2009; 27 April and 5 May 2010; 4, 8, and 20 May 2012; 29 April and 5 May 2013; Figure6). Conversely, using the ABCD-based model would have resulted in protection of the orchard on all these dates, but it would also have led to a treatment advice Comment citer ce document : Roubal, C., Nicot, P. C. (Auteur de correspondance) (2016). Apple scab: numerical optimization of a new thermal time scale and application for modelling ascospore release in southern France. Plant Pathology, 65 (1), 79-91. , DOI : 10.1111/ppa.12398
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Table 1: Definition of the temperature functions (R) used for determining the daily rate of pseudothecial maturation and assessment of the link between ascospore release dynamics and thermal time scales. 
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