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Abstract:  10 

In a global warming context, analyses of historic temperature records are essential to 11 

understand the potential impacts of climate change on spring phenology. To estimate flowering 12 

trends over recent decades, we analyzed long-term temperature and phenology records of 13 

eleven local apple cultivars in Asturias (northwestern Spain) in a temperate oceanic climate. Our 14 

results show that, over a period of 30 years, bloom dates of the local cultivars have experienced 15 

relatively minor changes, considering that temperatures increased strongly since 1978, by 16 

0.30°C per decade. An explanation for this weak phenological response to warming may be that 17 

these temperature changes only had a small effect on overall chill accumulation, but possibly 18 

delayed the onset date of endodormancy, which may have counteracted phenology-advancing 19 

effects of warming in spring. At present, chill accumulation in this area is high, at an average of 20 

96 Chill Portions from November to March, which indicates that chill is not currently a limiting 21 

factor for the quality of flowering and fruiting in the study area. We used Partial Least Squares 22 

(PLS) regression to delineate an effective chilling period between November 12th and February 23 

9th and effective heat accumulation between March 15th and May 4th. While these periods 24 



appear plausible, we noticed that this approach was unable to identify well-known differences 25 

in chilling requirements among many of the cultivars, with similar chill needs determined for 26 

many of them. This observation may be explained by inaccurate expectations about cultivars’ 27 

climatic needs, by inaccuracy of the chill (and possibly heat) model or, most concerning, by 28 

inability of the PLS approach to correctly identify the chilling periods of apple cultivars in this 29 

region. Bloom dates were similarly responsive to mean temperature during the chill and the 30 

heat accumulation phases, indicating that both processes need to be considered when 31 

predicting future phenology. 32 
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1. Introduction 38 

Apple (Malus domestica Borkh.) trees, like most woody perennial species that evolved in 39 

temperate or cold climates, spend the winter months in a dormant state that allows them to 40 

survive unfavorable conditions and avoid cold damage (Faust et al., 1997; Saure, 1985; Campoy 41 

et al., 2012). To break dormancy, trees undergo two distinct phases that ultimately lead to 42 

flowering: endodormancy, during which trees must fulfill cultivar-specific chilling requirements 43 

and ecodormancy, when heat requirements need to be satisfied (Lang et al., 1987; Egea et al., 44 

2003). Chilling temperatures are important in fruit production, since they are needed for 45 

dormancy release, optimal flowering and satisfactory fruit set (Sunley et al., 2006; Campoy et 46 

al., 2011). In apple, the dormancy cycle is only regulated by temperature (Heide and Prestrud, 47 

2005) and a sufficient amount of chill and heat is positively correlated with fruit weight, size and 48 

firmness (El Yaacoubi et al., 2020). The amount of chill that is required is cultivar-specific, and 49 

large variability has been reported among over 8000 apple cultivars and land races across the 50 

world. Nevertheless, most commercial cultivars have high to medium chilling requirements (El 51 

Yaacoubi et al., 2016; Parkes at al., 2020). 52 

The apple industry plays a relevant economic and social role in Asturias in northwestern Spain, 53 

which contributes about 80 per cent of the total cider production in the country. The bulk of the 54 

orchards are composed of several local cultivars, which tend to be well adapted to the agro-55 

climatic conditions of the region. Currently, apple production in Asturias relies on cultivars with 56 

medium to high chilling requirements (Dapena, 1996; Dapena and Fernández-Ceballos, 2007). 57 

So far, consequences of insufficient winter chill accumulation, such as delayed and irregular 58 

budburst (Erez, 2000), have rarely been observed in commercial orchards, except for a few 59 

occasions in years with particularly mild winters and/or cold early spring. 60 

Global warming may compromise the fulfillment of trees’ agroclimatic needs during dormancy 61 

(Luedeling et al., 2011; Fernandez et al., 2020a). Mean global air temperature increased by 62 



0.74°C between 1906 and 2005 (IPCC, 2007) and numerous future climate scenarios project 63 

major changes in air temperature over the course of the 21st century (IPCC, 2014). Since plant 64 

phenology is strongly influenced by air temperature, long-term phenological observations at 65 

specific sites that are combined with meteorological data can provide useful information on 66 

plant responses to climate change. In recent decades, advances in spring phenological events 67 

have been observed for many tree fruit species in many places (Guédon and Legave, 2008;  68 

Legave et al., 2008; Luedeling et al., 2011;  Darbyshire et al., 2013; El Yaacoubi et al., 2014; Guo 69 

et al., 2015; Legave et al., 2015;  Yong et al., 2016). These bloom advances are a result of a rise 70 

in air temperatures in spring, which has accelerated the fulfillment of heat requirements. 71 

However, in some regions, temperature increases in winter appear to have delayed the 72 

fulfillment of chilling requirements, sometimes to an extent that could not be compensated by 73 

phenology-advancing effects of warming in spring. In such extreme situations, warming during 74 

dormancy has been reported to result in delayed bloom dates (Harrington et al., 2010; Campoy 75 

et al., 2011; Luedeling et al., 2013a; Legave et al., 2015; Martínez-Lüscher et al., 2017; Bartolini 76 

et al., 2019).  77 

Several models have been proposed for quantifying chill and heat accumulation. The most 78 

common concept of the dormancy season stipulates that chilling and heat requirements are 79 

fulfilled sequentially (Guédon and Legave, 2008; Luedeling et al., 2009; Darbyshire et al., 2013), 80 

but some recent studies have proposed more complex concepts that include an overlapping 81 

phase of both agroclimatic stimuli (Pope et al., 2014), or the possibility that budbreak can be 82 

triggered by various combinations of chill and heat accumulation (Harrington et al., 2010). To 83 

measure the accumulation of winter chill in deciduous trees, various models have been 84 

developed: the Chilling Hours Model (Hutchins 1932, as cited by Weinberger, 1950), the Utah 85 

Model (Richardson et al., 1974) and the Dynamic Model (Fishman et al., 1987a, b). For 86 

quantifying heat accumulation, the Growing Degree Hours Model (Anderson et al., 1986) is the 87 

most widely used model.  88 



Since buds do not exhibit easily observable changes during dormancy, delineation of the chill 89 

and heat accumulation has long remained elusive, especially where no controlled experiments 90 

could be undertaken. In recent years, Partial Least Squares (PLS) regression has been used to 91 

overcome this limitation (Luedeling and Gassner, 2012). This statistical approach requires long-92 

term temperature and phenology records. For each calendar day of the dormancy season, PLS 93 

regression can identify whether high temperatures tend to delay or advance bloom dates. In 94 

many climatic settings, this information can then be used to delineate the endormancy phase, 95 

when high temperatures should delay budbreak, and the ecodormancy phase, when high 96 

temperatures should result in advanced phenology. 97 

The analysis of historic chill accumulation trends is a decisive step towards a better 98 

understanding of the impacts of climate change in a particular region. In a context of global 99 

warming, chill trend estimations can be very sensitive to the choice of chill model (Luedeling et 100 

al., 2009; Fernandez et al., 2020b). In the particular case of Asturias, the potential impacts of 101 

climate change on locally available winter chill may include changes in the timing of phenological 102 

events, which may have implications for agricultural management. Significant warming during 103 

the chilling phase could reduce the number of suitable cultivars for cider production in the 104 

region. Another important factor to consider is the possibility of increased frequency of adverse 105 

weather events such as late spring frosts, which can be associated with shifts in budbreak dates. 106 

While late damaging frosts have traditionally been rare in the study region, advances in spring 107 

phenology may lead to earlier appearance of advanced flowering stages, which are more frost-108 

sensitive than fully dormant buds (Westwood, 1999). Anticipating future production risks 109 

related to the dormancy season would be facilitated by accurate knowledge of the flowering 110 

times of each local cultivar. Reliable characterization of chilling and heat requirements is also 111 

important for adapting agricultural practices to possible new constraints, as well as for the 112 

design of new orchards and as guidance for future breeding strategies. 113 



To provide information for risk assessment and strategic decisions on the composition of future 114 

orchards, we pursued two objectives. First, we analyzed temperature trends in Asturias over the 115 

past 41 years to examine how changes in chill and heat accumulation have affected the 116 

phenology of apple cultivars in northwestern Spain. Second, we determined the start and end 117 

dates of the effective chill and heat accumulation periods to quantify chill and heat requirements 118 

of local apple cultivars using Partial Least Squares (PLS) analysis.  119 

2. Materials and methods 120 

2.1. Study area 121 

The study was carried out at Servicio Regional de Investigación y Desarrollo Agroalimentario 122 

(SERIDA) in Villaviciosa, Asturias, northwestern Spain (43.46°N, 5.43°W, 10 meters above sea 123 

level) (Fig. 1). Villaviciosa is located in an area known as “Comarca de la Sidra”, the most 124 

important cider apple growing region in Spain. The climate in this region can be defined as 125 

temperate and humid oceanic climate. Temperatures are mild in winter, summers are not dry 126 

or very hot and the annual rainfall is fairly evenly distributed over the year with an average 127 

annual rainfall around 1100 mm. 128 



 129 

Fig. 1. Map of the study area. The red dot in the inset image shows the location of the weather 130 

station used in the study. The larger image shows the location of the Asturias region within 131 

Spain. 132 

2.2. Climate data and trends  133 

Daily minimum and maximum temperatures were collected from the weather station of the 134 

SERIDA research institute situated just next to the experimental orchards. Sporadic gaps in the 135 

meteorological data were filled with information from the nearest weather station (Gijón, 136 

43.54°N; 5.62°W, 30 m a.s.l. and 17 km away). These data were bias-corrected (by -1.37 and 137 

+0.35°C for daily minimum and maximum temperatures, respectively) based on an analysis of 138 

all days for which both stations had data. 139 

Annual temperature trends were analyzed over a 41-year period (1978-2019), including detailed 140 

analysis of temperature variation between October and May, the period that includes all 141 

dormancy-related processes for fruit trees in this region. Additionally, the total numbers of frost 142 



days (air temperature below 0°C) between November and March and between March and May 143 

were identified for each year. 144 

2.3. Phenological observations 145 

Phenology data were collected for eleven Asturian cider apple cultivars. The dataset contains 146 

observations for two time periods: 1987-1996 and 2004-2019 (no observations were available 147 

in 2017). Trees were monitored twice a week, and flowering dates were recorded when trees 148 

reached the F2 stage (full bloom) according to Fleckinger (1945), which corresponds to stage 65 149 

(∼50% of flowers open) of the BBCH code. Phenology was monitored in three experimental 150 

orchards located within a radius of less than 1 km, all of which were managed with the same 151 

agricultural practices. 152 

The set of local cultivars we investigated varied widely in terms of flowering time. All of them 153 

are recognized as local cultivars by a “Protected Designation of Origin” quality label (Dapena and 154 

Blázquez, 2009). The cultivars we examined are: ‘Clara‘, ‘Coloradona‘, ‘Perezosa‘, ‘De la Riega‘,  155 

‘Verdialona‘, ‘Blanquina‘, ‘Teorica‘, ‘Xuanina‘, ‘Collaos‘, ‘Perico‘ and ‘Raxao‘. 156 

2.4. Chill and heat accumulation models 157 

Chill and heat models require hourly temperature data. Hourly records were constructed from 158 

daily minimum and maximum temperature records based on geographic latitude (Spencer, 159 

1971; Almorox et al., 2005) using procedures proposed by Linvill (1990), which are included in 160 

the chillR package (Luedeling, 2019) for the R programming language (R Core Team, 2020). 161 

Daily chill accumulation was calculated according to three chill models. The Chilling Hours Model 162 

(Hutchins 1932, as cited by Weinberger 1950) is the simplest model, but it does not perform well 163 

in mild and warm areas (Dennis, 2003). The Utah Model (Richardson et al., 1974), which assigns 164 

varying chilling efficiencies to several distinct temperature ranges, has also shown problems in 165 

mild climates, where it appears to overestimate the chill-negating effect of warm temperatures 166 

(Campoy et al., 2011). The Dynamic Model (Fishman et al., 1987a,b), the most recent and most 167 



complex of the commonly used models, has been widely acknowledged as the most accurate 168 

for mild-winter climates (e.g., Ruiz et al., 2007; Luedeling et al., 2009; Zhang and Taylor, 2011; 169 

Campoy et al., 2013; Parkes et al., 2020). In this model, chill is accumulated by a two-step 170 

process, in which only the intermediate product formed by the first step can be destroyed by 171 

warm conditions. Daily heat accumulation was calculated according to the Growing Degree 172 

Hours Model (Anderson et al., 1986), a model that assigns varying heat accumulation efficiencies 173 

to temperatures above a base temperature of 4°C, with an optimum temperature of 25°C and a 174 

critical temperature of 36°C. 175 

2.5. Identification of the chilling and forcing periods  176 

Chill and heat accumulation were determined by applying Partial Least Squares Regression (PLS) 177 

(Luedeling and Gassner, 2012) using full bloom dates observed during the 2004-2019 period. 178 

The analysis was implemented using the chillR package (version 0.70.21) (Luedeling, 2019). The 179 

onset and the end of the chilling and forcing periods were based on the two major outputs of 180 

the analysis: the variable importance in the projection (VIP) statistic, calculated for each 181 

independent variable, and the standardized coefficients of the model. As in previous studies, a 182 

VIP value of 0.8 was selected as a cut-off for considering coefficients for particular days 183 

important (Wold et al., 2001; Luedeling et al., 2013a). A negative coefficient for daily chill or heat 184 

accumulation on a particular day of the year indicates that high rates of chill or heat 185 

accumulation on that particular date are correlated to an early bloom date. We based the PLS 186 

analysis on chill quantified with the Dynamic Model, defining the beginning of the chilling phase 187 

as the first date of a pronounced period with consistently negative standardized coefficients and 188 

VIP values above 0.8. The onset of the forcing phase was determined using the same criteria, 189 

and the median bloom date was established as the end of the heat phase. Cultivar-specific chill 190 

and heat requirements were calculated as the mean accumulation of the respective model 191 

between the two dates defining the corresponding phase for each year. We estimated 192 

uncertainty by computing the standard deviation of chill or heat accumulated during these 193 



phases. In order to represent temperature responses of the set of eleven apple cultivars to mean 194 

temperatures during the chilling and forcing phases identified by PLS regression, bloom dates 195 

were plotted in relation to mean temperatures during both periods using the Kriging 196 

interpolation technique (Luedeling et al., 2013a).   197 

2.6. Statistical analysis 198 

Trends in air temperature series, historic chill levels and flowering records were determined 199 

using the non-parametric Mann–Kendall test (Mann, 1945; Kendall, 1975). Kendall’s Tau 200 

coefficient (τ) and a critical p value of 0.05 were used to detect significant time series trends 201 

from 1978 to 2019. Flowering records from the studied cultivars were analyzed by hierarchical 202 

cluster analysis using the average linkage (between groups) method. PLS regression analysis was 203 

performed using version 0.70.21 of the chillR package (Luedeling, 2019). Chill and heat 204 

accumulation dynamics over the past decades were studied using a running mean function 205 

(Luedeling and Gassner, 2012; Luedeling et al., 2013a). All analyses were run in the R 206 

programming environment (R Development Core and Team, 2020; version 3.6.3). 207 

3. Results 208 

3.1. Temperature trend and variability 209 

Annual and seasonal temperature trends were analyzed using meteorological data collected in 210 

Villaviciosa during the period 1978–2019. This location has a mean daily temperature of 13.35°C, 211 

with mean daily minimum and maximum temperatures of 8.62°C and 18.34°C, respectively 212 

(Table A1 in the supplementary materials). Over the past 41 years, the average daily 213 

temperature increased significantly (τ = 0.48, p < 0.001) by 1.21°C, at a rate of 0.30°C per decade. 214 

The warmest year was 2014 (14.3°C) and the coldest mean annual temperature was recorded in 215 

1980 (12.4°C). From October to May, the period which involves the physiological processes of 216 

relevance for the flowering time of fruit trees in the study region, mean daily minimum, mean 217 

and maximum temperatures were 6.35°C, 11.14°C and 16.39°C, respectively (Fig. 2). Warming 218 



trends during this period were similar to trends for the whole year, with the mean daily 219 

temperature registering an increase by 1.16°C (+0.29°C/decade). Temperature rise was more 220 

pronounced for the minimum temperature (+1.25°C in total, at +0.31°C/decade; p < 0.001) than 221 

for the maximum temperature (+0.56°C in total, at +0.14°C/decade, p = 0.12). The strongest 222 

positive trend was found for January (+0.41°C/decade, p = 0.013), the month with the coldest 223 

mean temperature (8.24°C). 224 

Flowering of apple trees is generally observed in Asturias in April and May. In terms of air 225 

temperature, the spring phase commonly occurs from February to April at mid-latitudes of the 226 

Northern Hemisphere (Chmielewski and Rötzer, 2001). In this spring phase, we found an 227 

increase in mean temperature by 0.29°C/decade, with the strongest warming trend observed in 228 

April (+0.43°C/decade). 229 

 230 

Fig. 2. Trends of annual means of daily minimum, mean and maximum temperatures recorded 231 

at Villaviciosa during the phenological season of fruit tree species (October-May) from 1978 to 232 

2019. Kendall’s rank correlation coefficient (τ), as well as the probability of the observed results 233 

occurring in the absence of a temporal trend (p) are indicated for each time series. 234 



Annual mean temperature anomalies, compared to the mean of the entire record we analyzed, 235 

showed a clear warming signature, with years that were cooler than the long-term mean being 236 

a rare occurrence after 1996 (and then just slightly cooler than the mean; Fig. 3). 237 

 238 

 239 

Fig. 3. Anomalies in mean annual air temperature in Villaviciosa, compared to the 1978-2019 240 

average. The red line represents the result of linear regression analysis of the annual anomalies 241 

over time. Anomaly stands for the temperature deviation in degrees Celsius relative to the 242 

standard period.  243 

The long-term temperature record indicated a significant decrease in the annual number of frost 244 

days between November and March during the 1978-2019 period, showing a decline by 2.5 days 245 

per decade since 1978 (τ = -0.24 and p = 0.03). Few frost days were identified between March 246 

and May (average of 0.9 days per year). Approximately 60% of the years did not experience any 247 

frost events between March and May. In particular, during the flowering months of most 248 

cultivars, frost risk has historically been low, with no frost events detected in May, and only two 249 

days in April, over the entire study period.  250 

3.2. Flowering trends and phenological changes in local apple cultivars  251 



The average flowering date of apple trees in Villaviciosa spanned a period of 30 days, ranging 252 

between April 21st (in 2011) and May 21st (in 2004). The least variation was found in the earliest 253 

flowering cultivar ‘Clara’ (23 days) and the widest spread in the late flowering cultivar ‘Raxao’ 254 

(36 days) (Fig. A1 in the supplementary materials). The cluster analysis revealed five distinct 255 

groups according to the flowering time (Fig. A2 in the supplementary materials). Based on this 256 

analysis, the local apple cultivars can be grouped into five flowering groups:  an early-flowering 257 

group formed by ‘Clara’ and ‘Coloradona’, an intermediate-flowering group (‘Perezosa‘), an 258 

intermediate/late-flowering group (‘Verdialona‘, ‘De la Riega‘ and ‘Blanquina‘), a late-flowering 259 

group (‘Xuanina‘, ‘Collaos‘ and ‘Teorica‘) and a very late-flowering group (‘Perico‘ and ‘Raxao‘). 260 

The recent warming did not lead to pronounced variation in flowering dates over the study 261 

period (Fig. 4). Mean flowering dates across all cultivars in the study region showed a slight 262 

advancing trend (-0.13 days/year), which was not statistically significant (τ = -0.12, p = 0.44). The 263 

predominant trend among these cultivars is a moderate advancement of flowering (Fig. 4). The 264 

changes in temperature led to slight delays in flowering in the three cultivars with the earliest 265 

bloom dates (i.e. ‘Clara’, ‘Coloradona’ and ‘Perezosa’) and slight bloom advances in the other 266 

study cultivars.  It should be noted that for all cultivars except ‘Xuanina’, the possibility that 267 

there was no trend in the dataset could not be statistically excluded (p > 0.05). 268 

 269 



  270 

Fig. 4. Flowering date (DOY = day of the year) of 11 apple cultivars in Asturias, Spain, between 271 

1987-1996 and 2004-2019 (with 2017 missing), with trends visualized by linear regression. 272 

3.3. Historic chill and heat trends 273 

We calculated chill accumulation from November to the end of March for each winter season 274 

and evaluated the results for trends. We chose November 1st as the start date, since this time 275 

corresponds roughly to the accumulation of the first Chill Portions.  276 

Even though all the models indicated a decline in winter chill over the past 41 years, change 277 

trends differed across the three models (Fig. 5). The Chilling Hours (CH) model showed the most 278 

severe decline (-5.7 CH/year; τ = -0.24; p = 0.03) followed by the Utah model (-1.91 CU/year; τ = 279 

-0.1; p = 0.36). The Dynamic model, which measures chill in Chill Portions (CP), indicated only 280 

negligible changes in winter chill levels (-0.04 CP/year; τ = -0.03; p = 0.45). Across all winter 281 

months, January accounted for the greatest chill accumulation (21.8 CP), followed closely by 282 

December (20.6 CP). The coldest winter on record was the 1990/1991 season, with a mean 283 

temperature of 7.64°C. This cold winter registered the highest total winter chill according to the 284 

Chilling Hours Model. Interestingly, neither the Dynamic Model nor the Utah Model were in 285 



agreement with this assessment, and they also did not identify the warmest winter as the one 286 

with the lowest chill accumulation. 287 

While overall chill accumulation remained relatively stable, we observed a gradual trend 288 

towards later onset of endodormancy. In consequence, chill accumulated during the first fifteen 289 

days of November, as quantified by the Dynamic Model, decreased by 0.51 CP/decade (τ = -0.31; 290 

p = 0.006). For the whole month of November, chill accumulation experienced a similar rate of 291 

decline (-1.13 CP/decade; τ = -0.28; p = 0.009). A particularly large decline was observed since 292 

the 2000s, and chill accumulation in November only exceeded 5 CP in four years since the 293 

beginning of the current century.  294 

We calculated heat accumulation following the Growing Degree Hours (GDH) Model for the 295 

months of February, March and April. The average flowering date for the set of local cultivars 296 

was May 4th. Experimental work performed by forcing buds in a temperature-controlled 297 

environment suggests that some of the cultivars completed their endodormancy phase in 298 

February (Delgado et al., in preparation). Heat accumulation significantly increased by an 299 

average of 52.5 GDH per year (τ = 0.27; p = 0.01). This increase was stronger between 1980 and 300 

2009, with a rate of 63.3 GDH per year, than during the following decade, when heat 301 

accumulation appeared fairly stable. It is important to highlight that heat increases in April (27.8 302 

GDH/year; τ = 0.27; p = 0.01) contributed most strongly to the overall rise in heat accumulation.  303 



 304 

Fig. 5.  Chill accumulation, calculated in Chill Portions (CP), Chilling Hours (CH) and Chill Units 305 

(CU), during the dormant season (November 1st – March 31st), and heat accumulation 306 

calculated in Growing Degree Hours (GDH) from February 1st to April 30th, in Asturias, Spain, 307 

between 1978 and 2019. 308 

3.4. Chilling and forcing periods for apple cultivars in the study region 309 

Chilling and forcing periods were delineated by PLS regression. While we conducted this analysis 310 

for all three chill models, we only report results for the Dynamic Model, which has been found 311 

to be more appropriate than the other models in mild winter regions (Luedeling, 2012; Luedeling 312 

and Brown, 2011; Guo et al., 2015). Using phenological observations from 2004 to 2019, 313 

effective chilling and forcing periods for apple trees in the SERIDA institute occurred from 314 

November 12th to February 9th (88 days) and from March 15th to May 4th (50 days), 315 

respectively (Fig. 6). Chilling and forcing phases were delineated very clearly, with the large 316 

majority of days during the chilling phase and every single day during the forcing phase showing 317 

negative model coefficients and a VIP score above 0.8. These two criteria indicate significant 318 

effects of the rates of chill and heat accumulation, respectively, on flowering dates, but variation 319 



in VIP scores and model coefficients during both periods imply that not every date of these 320 

periods has an equally strong effect. The greatest responsiveness to chill was found between 321 

mid-December and mid-January, and the greatest responsiveness to heat occurred during the 322 

first half of April.  323 

The delineation of chilling and warming phases differed slightly between the models selected to 324 

obtain the outputs. We did not find evidence of a significant period of overlap between chilling 325 

and forcing periods in this region, where winters are moderately cold and springs are mild. 326 

According to the delineation of the chilling period obtained by applying the Dynamic Model, the 327 

average chill accumulation during the identified period was 809 CH, 1128 CU or 59.5 CP, 328 

respectively. For all three models, the year with the lowest chill accumulation was 2015/2016, 329 

yet the highest-chill year varied according to the model. The average heat accumulation was 330 

8647 GDH. Interannual variability was greater for heat accumulation (17%) than for chill (7% 331 

with the Dynamic Model).  332 

 333 
 334 

Fig. 6. Results of the Partial Least Squares (PLS) regression analysis for bloom of local apple 335 

cultivars in Villaviciosa, northwestern Spain, between 2004-2019, using the Dynamic Model and 336 

the GDH Model for chill and heat accumulation, respectively. Blue bars in the top row indicate 337 

that VIP scores are above 0.8. Red bars mark negative model coefficients, which represent an 338 

important correlation between flowering and daily chill and heat accumulation. GDH stands for 339 



Growing Degree Hours; CP for Chill Portions; VIP for Variable Importance in the Projection. Blue 340 

shading indicates the chilling phase, red shading represents the forcing phase, grey shading 341 

shows the range of bloom dates, with the dashed lines marking median flowering dates.   342 

For the purpose of distinguishing the effects of air temperature during chilling and forcing 343 

periods identified by the PLS procedure, flowering records of the study cultivars were plotted in 344 

relation to mean temperatures during both periods (Fig. 7). Based on the graphical presentation, 345 

we observed approximately diagonal contour lines, which means that the local apple cultivars 346 

showed similar sensitivity to temperatures during both periods. Hence, advances in spring 347 

phenology in the whole set of local apple cultivars may arise from cooler temperatures during 348 

the chilling period and/or warmer temperatures during the forcing period.  349 

 350 

Fig. 7. Response of the average bloom date of eleven apple cultivars to mean temperatures 351 

during the chilling and forcing periods delineated by PLS regression (November 12th – February 352 

9th and March 15th – May 4th, respectively). Black dots represent observed apple flowering 353 

dates and colors and contour lines indicate the timing of flowering dates expressed in Julian 354 

dates (days of the year; DOY). The color spectrum represents a gradient between early and late 355 

flowering dates. 356 



3.5.  Chill and heat requirements of local apple cultivars  357 

Chilling and forcing periods were delineated for each cultivar (Fig. 8), and the specific 358 

requirements were calculated according to chill and heat accumulation during the effective 359 

periods (Table 2). The cultivars ‘Perezosa’, ‘Verdialona’, ‘Xuanina’, ‘Clara’ and ‘Coloradona’ 360 

showed some periods with high VIP values and negative coefficients before the dates chosen as 361 

the beginning of the chilling phase (Fig. 8). These days at the beginning of October were 362 

discarded for biological reasons, since trees were still bearing fruit at that time. 363 

The length of the chilling period ranged from 89 days (‘Collaos’ and ‘Verdialona’) to 108 days 364 

(‘Perico’ and ‘Raxao’). The end of the chilling period was quite similar for all of the cultivars 365 

ranging between February 5th and February 10th, with the exception of ‘Perico’ and ‘Raxao’, 366 

which finished their chilling phase on February 28th. The onset of the forcing phase was similar 367 

for most of the cultivars and only differed significantly for ‘Clara’, ‘Coloradona’ and ‘Verdialona’. 368 

The length of the forcing phase varied more strongly than the chilling phase, but this variation 369 

was largely driven by variation in flowering dates rather than by the onset of ecodormancy.  370 

For most cultivars, the forcing period started after the end of the chilling period. The only 371 

cultivars for which we detected a small overlap between the chilling and forcing phases were 372 

‘Clara’ (9 days) and ‘Verdialona’ (6 days). For all other cultivars, the gap between chill and heat 373 

accumulation phases among the different cultivars lasted between 7 and 20% of the period 374 

between the first day of the chilling phase and the last day of the forcing phase in each cultivar. 375 



 376 

Fig. 8. Model coefficients of Partial Least Squares (PLS) regression between daily chill and heat 377 

accumulation and flowering dates of eleven local apple cultivars in Villaviciosa, northwestern 378 



Spain between 2004-2019, using the Dynamic Model and the GDH Model for chill and heat 379 

accumulation, respectively. See caption of Fig. 6 for more details. 380 

Table 2. Bloom dates, chilling and forcing periods of 11 local apple cultivars in Villaviciosa 381 

(northwestern Spain) between 2004 and 2019. The range of bloom dates represents the 382 

difference (in days) between the earliest and the latest full bloom date for each cultivar in our 383 

dataset. 384 

Cultivars 
Bloom date Chilling period Forcing period  

First Last Median 
Range 
(Days) Start End 

No. of  
days Start  End 

No. of 
days 

‘Clara’ 11-Apr 4-May 21-Apr 23 4-Nov 9-Feb 97 31-Jan 21-Apr 80 

‘Coloradona’ 11-Apr 7-May 23-Apr 26 29-Oct 5-Feb 99 17-Feb 23-Apr 65 

‘Perezosa’ 15-Apr 10-May 26-Apr 25 24-Oct 5-Feb 104 11-Mar 26-Apr 46 

‘Verdialona’ 19-Apr 16-May 1-May 27 8-Nov 5-Feb 89 31-Jan 1-May 90 

‘Blanquina’ 19-Apr 18-May 1-May 29 7-Nov 10-Feb 95 14-Mar 1-May 48 

‘De la Riega’ 19-Apr 14-May 2-May 25 11-Nov 10-Feb 91 15-Mar 2-May 48 

‘Teorica’ 22-Apr 26-May 4-May 34 4-Nov 10-Feb 92 13-Mar 4-May 52 

‘Xuanina’ 25-Apr 20-May 7-May 25 7-Nov 9-Feb 94 11-Mar 7-May 57 

‘Collaos’ 26-Apr 20-May 8-May 24 12-Nov 9-Feb 89 15-Mar 8-May 54 

‘Perico’ 29-Apr 26-May 11-May 27 12-Nov 28-Feb 108 15-Mar 11-May 57 

‘Raxao’ 29-Apr 4-Jun 15-May 36 12-Nov 28-Feb 108 15-Mar 15-May 61 

 385 

Chilling requirements (CR) for endodormancy release did not vary significantly among most of 386 

the cultivars (Table 3). ‘Verdialona’ had the lowest CR (59.4 CP), whereas ‘Perico’ and ‘Raxao’ 387 

had the highest CR (72.7 CP). Heat requirements (HR) ranged between 7,326 GDH (for 388 

‘Perezosa’) and 11,917 GDH (for ‘Verdialona’), indicating that HR were slightly more variable 389 

among cultivars than CR.  390 

Table 3. Cultivar-specific CR and HR (± standard deviation) for local apple cultivars in Asturias, 391 

Spain. Chill and heat requirements were estimated with the Chilling Hours (CH), Utah (CU), 392 

Dynamic (CP) and GDH models (GDH). Chilling-Forcing overlap (%) is the percentage of time of 393 

the total period between the beginning of chilling phase and the end of forcing phase with an 394 

overlap between phases.  395 

 396 



Cultivars 
Chill requirements Heat requirements 

(GDH) 
Chilling-Forcing 

overlap (%) CP CU CH 

‘Clara’ 63.9 ± 5.2 1,296 ± 149 842 ± 123 9,921 ± 1,554 5% 

‘Coloradona’ 63.5 ± 5.5 1,263 ± 157 815 ± 120 8,909 ± 1,406 - 

‘Perezosa’ 64.4 ± 6.2 1,267 ± 173 826 ± 126 7,326 ± 1,182 - 

‘Verdialona’ 59.4 ± 4.7 1,213 ± 132 789 ± 111 11,917 ± 1,799 3% 

‘Blanquina’ 63.3 ± 5.0 1,292 ± 142 847 ± 122 7,940 ± 1,369 - 

‘De la Riega’ 61.3 ± 4.5 1,260 ± 135 830 ± 116 8,022 ± 1,419 - 

‘Teorica’ 61.7 ± 4.5 1,266 ± 135 833 ± 117 8,646 ± 1,479 - 

‘Xuanina’ 62.6 ± 5.1 1,278 ± 143 836 ± 120 9,570 ± 1,547 - 

‘Collaos’ 60.3 ± 4.5 1,240 ± 135 818 ± 113 9,585 ± 1,495 - 

‘Perico’ 72.7 ± 5.1 1,495 ± 167 1,005 ± 148 10,156 ± 1,594 - 

‘Raxao’ 72.7 ± 5.1 1,495 ± 167 1,005 ± 148 11,111 ± 1,657 -  

 397 

4. Discussion 398 

4.1. Temperature response of bloom dates and chill and heat accumulation  399 

The observed temperature changes have important consequences for apple cultivation, because 400 

temperature is the primary driver of phenological development (Walther et al., 2002; 401 

Chmielewski et al., 2004). Temperatures at SERIDA (Villaviciosa) have been increasing at a faster 402 

rate (+0.30°C) than the mean global land surface temperature, which has only risen by 403 

approximately 0.18°C per decade since 1981 (NOAA 2019, Global Climate Summary). Our 404 

analysis also revealed that the pace of temperature increase was faster for minimum 405 

temperatures than for maximum temperatures, confirming earlier reports that have indicated 406 

greater sensitivity to climate change for the lowest than for the highest temperatures of the day 407 

(Luedeling et al., 2009). The average temperature during the phenological season in Asturias 408 

showed a positive trend of +0.29°C/decade since 1978. Nevertheless, the resulting increase by 409 

1.16°C for temperatures between November and March during this 41-year period has not led 410 

to a statistically significant reduction in winter chill accumulation. Even though winters in 411 

Villaviciosa have not been particularly cold during recent decades (mean temperature of 8.5°C 412 

between 1978 and 2019), chill accumulation was high, at an average of 96 CP per year. This 413 

observation indicates that current winter conditions at this location are favorable for chill 414 



accumulation (according to the Dynamic Model) and have apparently been cool enough for 415 

recent warming to have no negative impacts on this agroclimatic metric. 416 

A major driver of the timing of phenological events in temperate regions of the Northern 417 

Hemisphere is variability in mean air temperature from February to April (Chmielewski and 418 

Rötzer, 2001). In Asturias, air temperature during these three months increased by 419 

approximately 1.16°C over the past four decades, with the most remarkable warming, by 1.71°C, 420 

occurring in April. Temperature during this month, which immediately precedes full bloom in 421 

most of the local cultivars, has been identified as the strongest driver of flowering time (Lu et 422 

al., 2006). Significantly warmer mean temperatures in the month responsible for almost half of 423 

the heat accumulation have thus led to a faster fulfillment of HR, which particularly impacted 424 

late-flowering cultivars. 425 

Declining winter chill has been reported for several regions (Baldocchi and Wong, 2008; 426 

Luedeling et al., 2009; Atkinson et al., 2013), and the relationship between winter chill and spring 427 

events in the context of global warming has been widely studied (e.g., Luedeling et al., 2011; 428 

Campoy et al., 2011; Luedeling, 2012; Bartolini et al., 2019). For apple trees, previous reports 429 

have reported advances in spring events over the past few decades in France (Legave et al., 430 

2008), Germany (Chmielewski et al., 2004), Japan (Fujisawa and Kobayashi, 2010), northern Italy 431 

(Eccel et al., 2009), Australia (Darbyshire et al., 2013), China (Yong et al., 2016) and Belgium 432 

(Drepper et al., 2020). Only a few authors found a delay in flowering dates in mild winter areas, 433 

resulting from a delayed onset of the dormant season, which subsequently delayed winter 434 

events and the fulfillment of CR and HR (Legave et al., 2013; Legave et al., 2015; Guo et al., 2019).  435 

It is important to note that the impacts of global warming vary across countries and regions. In 436 

central Italy, for instance, Bartolini et al. (2019) found a significant reduction in chill unit 437 

accumulation, with a loss of a third of the initial accumulation over approximately the same 438 

forty-year period as considered in our study. 439 



In Asturias, the lack of a clear shift in mean bloom dates over the past 30 years likely resulted 440 

from a later onset of chill accumulation, a longer time to accumulate enough chill to meet 441 

cultivar-specific chilling requirements and a shorter duration of the forcing phase. A delay in the 442 

accumulation of the first Chill Portions due to a significant temperature increase in November 443 

may have contributed to later fulfilment of cultivar-specific CR, especially in high-chill cultivars. 444 

In this context, and assuming a sequential transition between phases, the ecodormancy phase 445 

may have been shortened in recent years, but local cultivars may have reached their heat needs 446 

faster than before as a result of the marked warming trend observed in April. The occurrence of 447 

the highest year-to-year variation in the latest-blooming cultivar may have resulted from the 448 

combination of high chill and heat requirements. Cultivars with high CR and HR values (as 449 

appears to be the case for ‘Raxao’) are particularly sensitive to year-to-year variation in climatic 450 

conditions and may thus exhibit a wide range of bloom dates. On the other hand, winter chill is 451 

not a limiting factor in early-blooming cultivars. This may explain the low variation in flowering 452 

dates found in ’Clara’, which is largely a result of different heat levels during the ecodormacy 453 

phase. 454 

The lack of a strong phenological response to warming also indicates that local apple cultivars in 455 

Asturias are well adapted to the particular climatic setting of this region and resilient to some 456 

variation and change in winter temperatures. Overall, a tendency towards advancing flowering 457 

dates was found for most of the study cultivars, whereas early-blooming cultivars tended 458 

towards later bloom dates. This is in agreement with previous reports that early-blooming 459 

species and cultivars are particularly prone to showing delayed flowering in response to warming 460 

(Doi et al., 2008). 461 

Our results of only minor phenology changes in response to warming have potential agronomic 462 

implications. Hazardous spring frost events, which may increase in frequency due to flowering 463 

advances, do not seem to present a major risk in Asturias, since the number of frost days in April 464 

is currently small and appears to be decreasing further. Temperature increases in spring may 465 



have favorable effects on apple cultivation, in particular during flowering, when temperature 466 

may positively affect pollen quality, pollen viability and pollinator activity.  467 

4.2. Temperature response phases and chill and heat requirements 468 

Through the selection of a reasonably long series of flowering records, PLS regression allowed 469 

clear identification of the days of the year when the accumulation of chill or heat had a 470 

significant impact on flowering dates. Luedeling et al. (2013b) stated that delineation of the 471 

phases is clearer in areas where freezing temperatures are rare, an observation that is confirmed 472 

by our analysis, in which all cultivars showed almost uninterrupted periods of negative model 473 

coefficients. Several authors have shown that in a cool winter location, where chilling 474 

requirements are easily satisfied and variability in chill accumulation does not greatly influence 475 

flowering dates, the PLS approach can be a useful tool to determine the chilling and forcing 476 

periods (Guo et al., 2014; Darbyshire et al., 2017). Using this statistical approach, other authors 477 

have reported an overlap between the chilling and forcing periods in Prunus spp. (Guo et al., 478 

2015; Benmoussa et al., 2017a; Martínez-Lüscher et al., 2017) and apple (Guo et al., 2019). 479 

Under the fairly mild winters of northwestern Spain, we did not find an overlap between phases 480 

for the set of eleven apple cultivars. For the period between February 9th and March 15th, we 481 

did not identify a consistent pattern of negative coefficients. We suspect that the PLS procedure 482 

is unable to clearly assign these days to one of the phases, as they can be part of the endormancy 483 

phase in some years and be associated with the ecodormancy phase in others. It also seems 484 

possible that, in some years, chilling requirements have already been fulfilled at this time for the 485 

bulk of the local cultivars, but temperatures during this early part of the forcing period are too 486 

cool to have a significant impact on spring phenology. On the other hand, the beginning and the 487 

end of the chilling period fell on the exact same days for several of the cultivars, resulting in 488 

similar or even identical estimates of their chilling requirements. The studied cultivars were 489 

selected in the study region, and to date, they are only cultivated in northern Spain, so that no 490 

estimates of their chill requirements are available from other locations. The calculated chill 491 



requirements between 59 and 73 CP are consistent with the designation of these local cultivars 492 

as medium-high chill cultivars (Dapena, 1996). Given the wide range of flowering dates across 493 

the eleven apple cultivars, with a maximum difference in mean bloom dates of 30 days, we are 494 

somewhat surprised by the relatively low variation in estimated chilling requirements across the 495 

eleven cultivars. Such similar estimates across multiple cultivars, also determined with the PLS 496 

approach, have been reported previously for almonds and pistachios in Tunisia (Benmoussa et 497 

al., 2017a, b). It is of course possible that cultivars selected in the same region have similar 498 

agroclimatic needs. On the other hand, the delineation of chilling and forcing phases may also 499 

be responsive to typical local temperature dynamics, with temperatures usually rising or 500 

dropping at certain times, which may produce PLS coefficient patterns that are not directly 501 

related to tree physiology. To resolve this question, comparisons of statistically and 502 

experimentally derived cultivar-specific chilling requirements should be undertaken. 503 

In general, the delineated chilling and forcing periods, as well as the estimated chill and heat 504 

requirements, appear plausible, especially when based on the Dynamic Model, which has been 505 

found superior to alternative models, particularly in warm environments (Luedeling and Brown, 506 

2011). We note, however, that we used the Dynamic Model with predefined parameters that 507 

were initially obtained from experimental work with peach (Fishman et al., 1987a,b). These 508 

parameters should ideally be calibrated for apple, or even for each cultivar, as recently 509 

suggested for apricot by Egea et al. (in press). 510 

Compared to the chilling period, the heat accumulation phase varied strongly in length across 511 

the 11 cultivars, lasting between 46 and 90 days. Assuming that the climatic requirements we 512 

derived are accurate, this finding indicates that variation in bloom dates among these locally 513 

selected cultivars derives primarily from genetic differences in heat requirements, while chill 514 

needs are relatively similar.  515 

Several studies have presented CR estimates for apple cultivars, with most of them based on 516 

laboratory experiments, where shoots were forced in a growth chamber (e.g., Hauagge and 517 



Cummins, 1991; Guak and Neilsen, 2013; El Yaacoubi et al., 2016; Parkes at al., 2020). Only a 518 

few analyses so far have estimated CR and HR using the PLS procedures (Darbyshire et al., 2017; 519 

Diez-Palet et al., 2019; El Yaacoubi et al., 2020). Comparisons between experimentally and 520 

statistically derived CR estimated in mild winter regions showed considerable differences, with 521 

PLS regression consistently reporting lower requirements for the same cultivar and geographical 522 

location. For example, in southern Australia, the cultivar-specific chilling requirements for the 523 

cultivar ‘Cripps Pink‘ varied from 52 CP according to the PLS regression analysis (Darbyshire et 524 

al., 2017) to 73 CP using a forced bud method (Parkes et al., 2020). Similar variation was found 525 

for the cultivar ‘Gala‘ in northern Morocco where El Yaacoubi et al. (2016) reported 61 CP in a 526 

controlled environment experiment, contrasting with 44 CP found by applying the PLS approach 527 

(El Yaacoubi et al., 2020). 528 

Of particular interest for the present analysis is a study by Diez-Palet et al. (2019), who evaluated 529 

apple cultivars in Girona (northeastern Spain). Similar to our results, they reported the presence 530 

of gaps between chilling and forcing phases, as well as only small differences in CR among apple 531 

cultivars (Diez-Palet et al., 2019). The beginning of the chilling period at our study site on 532 

November 12th seems to be in accordance with previous studies on apple in the Mediterranean 533 

climates of southern France (El Yaacoubi et al., 2014) and northeastern Spain (Diez-Palet et al., 534 

2019). Studies from colder regions, in contrast, have reported earlier onset dates, as well as later 535 

end dates for the chilling phase. Guo et al. (2019) identified a chilling period between September 536 

24th and February 19th in northwestern China, and the chilling phase was found to last until the 537 

last week of February in Belgium (Drepper et al., 2020). Diez-Palet et al. (2019) identified a 538 

similar onset of the chilling phase in dessert apple cultivars, although the length of the period 539 

was shorter than in our study, possibly because the specific chilling requirements of dessert 540 

apple cultivars are lower. 541 

The bloom timing responses to temperature vary considerably across regions (Menzel and 542 

Sparks, 2006). In warm regions, bloom dates have been reported not to be very responsive to 543 



temperatures during the forcing phase (Benmousa et al., 2017b). In colder locations, in contrast, 544 

it is conditions during the chilling phase temperatures that barely affect bloom dates (Guo et al., 545 

2015; Martínez-Lüscher et al., 2017). The tree responses to temperature during the delineated 546 

phases obtained by applying the PLS procedure indicate that for apple cultivars grown in a typical 547 

oceanic climate location, where temperatures are mild all year round, bloom dates are 548 

controlled in equal measure by temperatures during both the chilling and the forcing phases. In 549 

such locations, both processes need to be equally considered for developing climate-resilient 550 

apple cultivars. 551 

5. Conclusions 552 

Our results represent an advance in assessing the possible influence of climate change on apple 553 

phenology in mild humid climates such as that of northwestern Spain. Under local climate 554 

conditions, winter chill accumulation did not show a significant decrease despite temperature 555 

increases by 0.30°C per decade since 1978. Our results indicate that local apple cultivars have 556 

shown a high degree of phenotypic plasticity to respond to gradual changes in the 557 

environmental conditions. However, their resilience to warming winters appears to vary across 558 

cultivars. The early-blooming cultivars showed a slight tendency towards a flowering delay, 559 

whereas slight advances in flowering dates were generally observed in intermediate/late and 560 

late-blooming cultivars. This information suggests that the local apple breeding program should 561 

prioritize the use of locally maintained germplasm in the process of obtaining environmentally 562 

adapted new cultivars. Finally, our results confirm that the amount of winter chill available in 563 

coastal areas in northern Spain has not been significantly affected by recent warming. An 564 

average chill accumulation of 96 CP implies that a transition to cultivars with lower chilling 565 

requirements and/or geographical shifts to other suitable cultivation areas is not currently an 566 

urgent priority.  567 
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