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Abstract  

Long-term series of temperature and apple flowering date were set up for seven 

climate-contrasting locations in western Europe. A statistical analysis and a sequential 

modeling approach has been used to understand how global warming impacted 

dormancy release and flowering time in recent past and will impact in the future. 

Selected models explained up to 90% of the flowering date variability in Europe. Both 

the statistical analysis and the modeling of flowering dates supported that flowering 

advances in European temperate climates were clearly linked to faster fulfillments of 

heat requirements due to marked spring warming since the end of the 1980s. Delays of 

dormancy release, linked to chill temperature declines, were likely to also occur 

especially in the French Mediterranean region, which can explain a stationarity of the 

flowering date series since the beginning of the 2010s. Predicted changes until the end of 

the 21st century in Mediterranean region would confirm both a stationarity of 

flowering time and increasing delays of dormancy release. In addition, historical series 

of temperature and flowering dates were set up for three mild climate locations (one in 

Northern Morocco and two in Southern Brazil). While a flowering advance and a 

spring warming were statistically supported in Morocco, both flowering date and 

temperature series have generally remained stationary in the Brazilian locations. 

Finally, differentiated responses of apple tree flowering time were highlighted at the 

world scale in relation with differentiated warming contexts. Moreover, both sequential 

models selected from European data and models selected from Moroccan or Brazilian 

data appeared inadequate to simulate the observed flowering dates in the Moroccan 

and Brazilian locations. This cast a doubt on the sequential modeling relevance to 

predict dormancy release and flowering changes in the future warming context of 

European regions. 
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INTRODUCTION 

            As phenological events are highly responsive to temperature, abundant studies have 

focused on bud phenology and have outlined flowering advances as main responses to global 

warming. Flowering advances were highlighted for the apple tree in various warming 

contexts of the northern hemisphere (Wolfe et al., 2005; Guédon and Legave, 2008; Fujisawa 

and Kobayashi, 2010), while they have been scarcely reported in the southern hemisphere 

(Darbyshire et al., 2013). One likely warming impact during bud endodormancy is a delay in 

the fulfillment of chill requirements and consequently a delay in the time at which perennial 

plants become receptive to heat temperatures (Legave et al., 2015). A comprehensive 

assessment of differentiated responses to warming in temperate perennial plants must thus 

include the potential impacts on the fulfillment of both chill and heat requirements (Schwartz 

and Hanes, 2010). The sequential chill-growth model was therefore commonly used for 

analyzing flowering times in deciduous fruit trees (Darbyshire et al., 2014). However, most 

of the studies in fruit trees have reported warming responses and sequential modeling results 

in only one or a few locations submitted to similar climatic contexts, whereas it has been 

demonstrated that a given species can have varying responses in different locations (Primack 

et al., 2009). Therefore, the use of phenological series recorded in contrasting climatic 

regions for same plant materials can provide an appropriate framework to improve the 

modeling of warming responses. Our goal was thus to test sequential modelling of flowering 

time at global scale, including both temperate and mild cropping regions. Apple tree offers a 

relevant study plant because of its worldwide cultivation and relatively high chill 

requirements. We aimed to answer the following key questions: (1) Are flowering time 

changes differentiated over a large geographic cropping area? (2) How are flowering and 

temperature changes linked? (3) Is the sequential chill-growth model suitable for projection 

analyses?  

 

MATERIALS AND METHODS 

 

Collection of flowering dates 

            An international network on apple tree phenology has been established between 

research institutes in six countries. We selected seven locations in western Europe, one in 

northern Morocco and two in southern Brazil (Table 1). The eight locations in the northern 

hemisphere included contrasting cropping regions with a corresponding range of contrasting 

climatic conditions during the dormancy and flowering phases, from cold continental 

climates in Europe to a mild climate in Morocco. While situated at high altitude to favor 

apple cropping, the two Brazilian locations in the southern hemisphere were characterized by 

mild climates (mean temperature up to 11°C). Flowering dates were recorded for the early 

blooming stage (BBCH 61) and the full blooming stage (BBCH 65). They were recorded on 

adult trees in long-term orchards using similar observation procedures. To compare long-

term flowering series for same plant materials, records from cultivars growing worldwide 

were used. We therefore chose Golden Delicious (GD) for which records were available at all 

locations. In addition, records for Gala and Fuji were used since these cultivars were mainly 

grown in southern Brazil, but also in Europe. The three cultivars were characterized by high 
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chill requirements. Our data set consisted of 30 flowering date series including series of 

stages 61 and 65 (16 of them corresponding to temperate conditions and 14 to mild). 

 

Statistical modeling of flowering and temperature series 

           We used multiple change-point models for analyzing the flowering and temperature 

series at each location (see Legave et al., 2015). Compared to a previous study (Guédon and 

Legave, 2008), we extended the statistical modeling framework in order to test not only 

piecewise constant models but also piecewise linear models that include simple linear 

regression models when no change point can be detected. 

 

Simulation of dormancy release and flowering time by sequential modeling 

            Modeling was based on the usual assumption that chill and heat temperatures have 

successive and independent effects on the endodormancy release and post-dormancy growth 

that lead to flowering. We tested combinations of seven chill functions and four heat 

functions covering a large diversity of mathematical laws. The optimal combinations were 

compared to thermal time modeling (only heat function). This study focused on the modeling 

of BBCH 61 date for GD for which a great number of contrasting data was available (Table 

1). Maximizing the R2 value between the observed and simulated flowering dates and 

minimizing the corresponding RMSE values were used to select optimal models. The 

consistency of model parameters with the biological knowledge of bud dormancy and growth 

was also considered. The selected models were validated from location and year data not 

used in model fitting (see Legave et al. 2013). Both dates of dormancy release and flowering 

stages were simulated in recent past for each location of Western Europe, Northern Morocco 

and Southern Brazil. Concerning predicted dates in long term (2100), preliminary works 

were conducted for the European locations. We used temperature values generated by the 

ARPEGE climatic model platform (http://www.drias-climat.fr/) and two Representative 

Concentration Pathway scenarios based on different radiative forcing (W/m2) pathways 

(IPCC, 2013): moderate forcing 4.5 and pessimistic forcing 8.5. 

 

RESULTS 

 

Flowering time and warming changes in recent past  

              Abrupt flowering advances have been observed in all European locations since the 

end of the 1980s. They were more pronounced in continental than in oceanic locations (10 vs. 

6-7 days), while the shortest advance was found in the French Mediterranean location 

(Nîmes) (Fig. 1). Such advances may be explained by abrupt increases of mean temperatures 

during the fulfillment of heat requirements (Legave et al., 2013). Nevertheless, when the 

flowering dates were considered over longer periods (Legave et al., 2015), the statistical 

analysis outlined a stationarity of flowering date series in Nîmes which would be more 

probable than a continuous flowering advance as in the other European locations. A 

statistically flowering stationarity in Nîmes in long term (forty years) could be explained by 

the addition of significant and similar increases of both mean temperatures during the 

http://www.drias-climat.fr/
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fulfillments of chill and heat requirements (contrary to the other European locations). In 

Morocco, a flowering advance was significantly observed since the beginning of the 1990s 

(later than in Europe), in relation with higher rates of heat requirement fulfillment as in 

Europe (except Nîmes). In contrast, both flowering date and temperature series have 

generally remained stationary in the Brazilian locations considering a long term (forty years).  

 

Flowering time modeling and predicted changes  

            Sequential models selected from European data were able to explain up to 90% of the 

flowering date variability in Europe; this was 17% lower for thermal time models (Legave et 

al., 2013). Simulations of dates of dormancy release and flowering time complemented the 

understanding of flowering time advances. As an illustration, Figure 2 shows assessments of 

durations of both the chill period and the heat period to reach the stage BBCH 61 in GD 

before and after the end of the 1980s at four climate-contrasting locations, according to the 

selected F1Gold1 model (Legave et al., 2013). A mean decrease of the heat period was 

assessed at all locations (7 to 12 days), while the simulations also outlined a lower mean 

increase of the chill period. These two unequal and opposite mean changes may explain 

flowering advances at all locations since the end of the 1980s up to the 2000s. Nevertheless, 

it should be noted that the French Mediterranean location (Nîmes) was characterized by the 

highest changes for both the decrease of the heat period and the increase of the chill period. 

In contrast, both sequential models selected from European data and models selected from 

Moroccan or Brazilian data appeared inadequate to simulate the observed flowering dates in 

the Moroccan and Brazilian conditions (unpublished data).  

            Long-term projections of dormancy release and flowering dates (BBCH 61 and 65) in 

the French Mediterranean location suggest a stationarity of the flowering date for the stage 

61 a slight flowering advance for the stage 65, while trends toward later dormancy releases 

are suggested (more marked with the 8.5 RCP scenario). In contrast, clear flowering 

advances are only predicted in the French Oceanic location (Angers), while trends toward 

later dormancy releases are only suggested for the 8.5 RCP scenario (less marked than in 

Nîmes) (Fig.3). 

 

DISCUSSION  

            The responses of flowering phenology to temperature increases in temperate fruit tree 

species have rarely been investigated in contrasting climatic regions. Our results showed that 

this is an appropriate approach to highlight differentiated responses to diverse warming 

contexts, which would potentially combine different chill accumulation declines and heat 

accumulation increases. We thus provided a new overview in space and time of flowering 

time changes in apple tree since our results showed advances or stationarity of flowering 

dates, contrary to previous studies that only reported flowering advances. An interesting 

change was outlined in the French Mediterranean region that experienced flowering advances 

since the end of the 1980s until the beginning of the 2000s and a flowering stationary since 

the beginning of the 2010s. Interestingly, similar stationary series were supported in 

Mediterranean region and in subtropical region of southern Brazil. However, such similar 

flowering responses (statistically) would result from contrasting warming contexts, i.e. 
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temperature increases during both the chill and heat periods in southern France vs. no 

temperature changes during the corresponding periods in southern Brazil (Legave et al 2015). 

The sequential modeling approach of flowering time appeared appropriate to complement the 

understanding of flowering changes (advance/stationarity) in the recent warming context of 

temperate European regions. In contrast, it was not an appropriate approach to adequately 

simulate flowering time in warming contexts of mild regions such as northern Morocco and 

southern Brazil. This may thus cast a doubt on the sequential modeling relevance to predict 

dormancy release and flowering changes in the future warming context of European regions. 

Recent results of Darbyshire et al. (2014) also suggest a potential deficiency in the sequential 

chill-growth model to predict flowering time when applied to projected climate conditions in 

southern Australia.  

 

CONCLUSIONS 

            The collection of flowering date series recorded in contrasting climatic locations 

proved to be an appropriate approach in a temperate fruit species, such as apple tree, for 

identifying differentiated flowering responses to different warming contexts in recent past. 

Particularly, the statistical analysis pointed out the vulnerability of Mediterranean regions 

where apple tree is a native crop and might shift into responding more to chill decline as 

warming continues. The sequential modeling of flowering time contributed to the 

understanding of warming impacts in the recent context of temperate regions. Nevertheless, 

this modeling approach appeared not structured enough to accurately capture the chill and 

heat effects in mild regions. This supports the need to research more structured models 

regarding the combination or interaction between chill and heat accumulations. 
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Tables 

 

Table 1. Description of the collected data. 

Table 1 Summary of sites and flowering data used in this study  

World region 

Location 
Latitude/Longitude 

Altitude 

(m) 

Climatic zone     

Climate type 

Temperature 

data period 
Phenological data 

Collaborative 

institute 

  
  

 
Period Cultivar Stage(BBCH)  

Western Europe   Temperate      

Bonn, Germany 50°37'N/6°59’E 160 Continental 1959-2013 1958-2013 Golden D. 61,65 INRES 

Gembloux,Belgium 50°34’N/4°41’E 138 Continental 1964-2013 1984-2013 Golden D. 61 CRA-W 

Angers,France 47°28’N/0°38’W 38 Oceanic 1963-2013 1963-2013 Golden D. 61 INRA France 

Conthey,  46°13’N/7°18’E 504 Continental 1970-2013 1970-2013 Golden D. 65 Agroscope 

Switzerland     1975-2013 Gala 65  

Trento, Italy 46°4'N/11°7'E 419 Continental 1983-2013 1983-2013 Golden D. 61,65 CRA-FRF 

Forlì, Italy 44°13'N/12°2'E 34 Mediterranean 1970-2013 1970-2013 Golden D. 61,65 CRA-FRF 

Nîmes,France 43°44’N/4°30’E 52 Mediterranean 1966-2013 1974-2013 Golden D. 61,65 Ctifl 

     1979-2013 Gala 61,65  

     1980-2013 Fuji 61,65  

         

Northern Africa   Mild      

Ain Taoujdate,  33°56’N/5°13’W 499 Mediterranean 1973-2013 1984-2013 Golden D. 61,65 INRA  

Morocco        Morocco 

         

Southern Brazil   Mild      

Caçador,  26°47’S/51°1’W 960 Subtropical 1961-2013 1984-2013 Golden D. 61,65 EPAGRI 

Santa Catarina     1982-2013 Gala 61,65  

     1982-2013 Fuji 61,65  

Sao Jaoquim,  28°29’S/49°93’W 1353 Subtropical 1955-2013 1972-2013 Golden D. 61,65 EPAGRI 

Santa Catarina     1972-2013 Gala 61,65  

     1976-2003 Fuji 61,65  
   Climatic zone     

climate type 

  Climatic 

zone     

climate 

type 
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Figures 

 

Fig. 1. Time-course changes (five-years moving averages) of observed annual dates of two 

flowering stages (a: BBCH 61; b: BBCH 65) recorded for G D at seven European locations. 

 

 

 

Fig. 2. Differences in the mean durations of chill and forcing periods between 1966-1987 and 

1988-2009 for GD buds at four contrasting sites, as simulated by the F1Gold1 model. 
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Fig. 3. Predicted dates of dormancy release and flowering time according to the 4.5 RCP 

scenario (upper graph) and the 8.5 RCP scenario (lower graph) for GD in the oceanic French 

location (Angers) and Mediterranean French location (Nîmes). Different selected models 

were used: NHGoldenF1 for the prediction of the BBCH 61 date and NHGoldenF2 for the 

prediction of the BBCH 65 date (In each graph: 61date on the left and 65 date on the right). 
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