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Abstract: The current state of knowledge on bud dormancy is limited. However, expanding such 16 

knowledge is crucial in order to properly model forest responses and feedback to future climate. 17 

Recent studies have shown that warming can decrease chilling accumulation and increase dor- 18 

mancy depth, thereby inducing delayed budburst in European beech (Fagus sylvatica L). Whether 19 

fall warming can advance spring phenology is unclear. To investigate the effect of warming on en- 20 

dodormancy of deciduous trees, we tested the impact of mild elevated temperature (+ 2.5-3.5 °C; 21 

temperature on average kept at 10 °C) in mid- and late autumn on bud dormancy depth and spring 22 

phenology of beech. We studied saplings by inducing periods of warming in greenhouses during 23 

two years. Even though warming reduced chilling in both years, we observed that the response of 24 

dormancy depth and spring budburst were year-specific. We found that warming during endodor- 25 

mancy peak could decrease bud dormancy depth and therefore advance spring budburst. This effect 26 

appears to be modulated by factors such as the date of senescence onset and forcing intensity during 27 

endodormancy. Results from this study suggest that not only chilling, but also forcing controls bud 28 

development during endodormancy, and that extra forcing in autumn can offset reduced chilling.  29 

 30 

Keywords: Warming; Bud Dormancy; Fagus sylvatica; Chilling; Forcing; Endodormancy. 31 

Abbreviations:  32 

BB50 50% of open buds  

BB90 90% of open buds  

BB Budburst 

CCI Chlorophyll Content Index 

DOY Day Of Year 

BB01 First Bud open 

GDD Growing Degree Day 
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W Warming temperature treatment 

N Normal ambient temperature treatment 

Exp 1 Experiment 1, Year 2019-2020 

Exp 2 Experiment 2, Year 2020-2021 

 33 
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Introduction 35 

Temperate forests represent 6% of the global land surface and contribute to 13% of the annual terrestrial carbon fixation 36 

(Pan et al., 2013; Saugier et al., 2001). Understanding the effect of climate change on temperate forest trees is therefore 37 

crucial in increasing our ability to project forest responses and feedbacks to the future climate.  38 

Phenology is the study of recurring biological phenomena of living organisms on an annual basis (Dantec et al., 2014). 39 

Accordingly, it is a reliable indicator of interannual and interdecadal environmental changes such as climate change 40 

(Morin et al., 2009; Schwartz, 2003). For example, warming due to climate change has advanced the start of the growing 41 

season in many plant species (e.g. Menzel et al., 2006; Rötzer et al., 2004; Zohner and Renner, 2014). However, an earlier 42 

budburst (spring leaf-out) can also have a negative impact on the water cycle, as it induces earlier plant transpiration 43 

and soil moisture reduction, thereby increasing the probability of water deficiency (Lian et al., 2020).  44 

Buds that produce the current year’s leaves are made in the summer of the previous year. After completing growth, 45 

buds enter paradormancy in early autumn (Horvath et al., 2003). Subsequently, in late autumn, due to various environ- 46 

mental factors such as temperature and photoperiod, buds enter the endodormancy or “winter dormancy” stage (Singh 47 

et al., 2017). In order for endodormancy to end, a cold exposure known of as the “chilling requirement” is needed. In 48 

plants of the temperate zone, chilling occurs between -3.5 °C and 10 °C, but it seems to be most effective between 3.5 49 

and 7.2 °C for various temperate tree species, including fruit trees (Čufar et al., 2012; Darbyshire et al., 2011; Sunley et 50 

al., 2006). Baumgarten et al. (2021) recently showed that temperatures from -2 to 10 °C are equally efficient for chilling 51 

beech. Moreover, some authors have suggested that the timing of senescence onset might also affect dormancy with a 52 

species-specific pattern (Fu et al., 2013; Marchand et al., 2020; Root et al., 2003). Early senescence, for instance, might 53 

allow earlier chilling accumulation and, indirectly, earlier endodormancy release in spruce and Quercus robur L. (pe- 54 

dunculate oak) (Dantec et al., 2014; Delpierre et al., 2017, 2016; Søgaard et al., 2008). Finally, in late winter, buds enter 55 
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the ecodormancy phase and start to accumulate heat (also called forcing), when temperature is above 5°C (Fu et al., 56 

2013). Therefore, chilling corresponds to the cold exposure and forcing corresponds to heat exposure. 57 

Dormancy depth is defined as the amount of heat needed for a tree under optimal growth conditions to release dor- 58 

mancy (Panchen et al., 2014; Vitasse et al., 2014). Dormancy depth is species dependent but, in general, increases pro- 59 

gressively from fall (paradormancy) and achieves a peak between October and December (endodormancy) (Boyer and 60 

South, 1989; Calme et al., 1994; Malyshev, 2020). A high dormancy depth means that buds need more time (thus more 61 

heat accumulation) to burst (Dantec et al., 2014; Malyshev, 2020; Søgaard et al., 2009). Conversely, a low dormancy 62 

depth indicates that a tree is close to budburst (ecodormancy).  63 

The chilling requirement generally describes cold exposure that is necessary for budburst of temperate forest trees 64 

(Arora et al., 2003; Calme et al., 1994; Harrington and Gould, 2015; Koo et al., 2014; Man et al., 2021, 2017). Lack of 65 

chilling during a warm winter delays budburst in many temperate trees. Interestingly, it has been shown that when the 66 

chilling requirement is not fulfilled it might be compensated by extra forcing accumulation (Campoy et al., 2019; Fu et 67 

al., 2013; Olsson et al., 2013; Olsson and Jönsson, 2014) that would allow the completion of bud development in the next 68 

spring. Forcing has typically been associated with ecodormancy. However, alternative assumptions have been proposed, 69 

for example that chilling and forcing accumulation are not separate, but play parallel roles in bud development, even 70 

during endodormancy (Chuine, 2000; Hänninen, 1990; Landsberg, 1974). In other words, chilling requirement and forc- 71 

ing requirement might work together to ensure that dormancy is broken timely in spring.  72 

The impact of warming in late winter - early spring (ecodormancy) on budburst of temperate deciduous forest trees has 73 

been investigated extensively (Beil et al., 2021; Delpierre et al., 2017; Gordo and Sanz, 2005; Yang and Rudolf, 2010). 74 

Research has even been done on the effect of winter-spring warming on the budburst of the following year (Fu et al., 75 

2012a; Liu et al., 2018; Malyshev, 2020; Root et al., 2003). Some experiments induced warming towards the end of 76 
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endodormancy in winter (e.g. December) (Dantec et al., 2014; Fu et al., 2012a, 2013; Heide, 2003) or in early autumn. For 77 

example, Malyshev (2020) showed that a warming of 10 days (+10 °C compared to ambient) in October increased dor- 78 

mancy depth in beech and birch, and delayed spring budburst in beech. Heide (2003) also showed that a warmer tem- 79 

perature in late summer - early autumn (August-October) of 10-20 °C increased the depth of dormancy and delayed 80 

budburst in birch and Alnus glutinosa L. Gaertn (alder). Beil et al. (2021) observed a delayed budburst for beech after a 81 

warming treatment of +2 °C in October. However, much less is known about the effect of warming during endodor- 82 

mancy only, i.e. mid-late autumn.  83 

Using two years of experiments, we tested the impact of moderate (2.5 – 3.5 °C) autumnal warming on the dormancy 84 

depth and spring phenology of saplings of European beech. Our main hypothesis was that warming during endodor- 85 

mancy in mid- and late autumn, by decreasing the chilling accumulation, would delay the release of dormancy depth 86 

and induce a later budburst as observed in other warming experiments conducted in early autumn and with more 87 

intense warming. We studied key phenological and ecophysiological variables (e.g. onset of senescence, dormancy 88 

depth, timing of budburst) relevant before and after the temperature treatment (control and warming) during mid-late 89 

autumn. Additionally, we studied chilling and forcing accumulation before and during the warming treatment.  90 
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Materials and Methods 91 

Study area and plant material 92 

The study was conducted during 2 dormant seasons (2019-2020, experiment 1 (Exp1) and 2020-2021, experiment 2 93 

(Exp2)) at an experimental site at the Drie Eiken Campus of the University of Antwerp, Belgium (51.161841N, 4.407150E). 94 

The location has a temperate climate, with maritime and subcontinental influences. In the last four decades, the mean 95 

annual precipitation was 840 mm (852 and 732 mm in 2019 and 2020, respectively) and the annual mean temperature 96 

was 11 °C (for both experimental years) (RMI 2019 ; RMI 2020; RMI 2021). Winters are cold but temperatures rarely 97 

drop below the freezing point and summers usually stay relatively cool. The coldest month is January (3 °C), whereas 98 

the warmest month is July (19 °C) (data from 1981-2020, RMI 2021).  99 

According to the records from local meteorological stations, the mean temperature of November was 6.5 °C and 9.1 °C 100 

in 2019 and 2020, respectively, whereas the mean temperature of December was 5.8 °C in both years (Figure 1; Table 101 

S1). The temperature in the three weeks before the warming treatment was lower in 2019 than in 2020, with six and one 102 

nights with sub-zero temperatures, respectively. In addition, ambient temperature after temperature treatment was 103 

markedly different between the first and the second experiments. During the first year (2020), temperatures rarely 104 

dropped below 0 °C, only during four nights in January and two nights in February (with a minimum of -2 °C). During 105 

the second year (2021), subzero temperatures were measured on 8 nights in January and 9 nights in February (with a 106 

minimum of -8.8 °C). Moreover, February 2021 was on average 2.1 °C colder than February 2020 (Figure 1). 107 

We bought beech saplings (80 cm to 1 m in height; 2 years old) from a local nursery. The official registration number of 108 

the provenance from the Institute for Nature and Forest Research (INBO) is 5WB0366 and the origin is Bois d’Hé / Coco. 109 

In February 2019 and 2020, the beech saplings were planted in 50 L pots with a soil composition of 10% peat and 90% 110 

sand (volume percentage). These pots were placed in climate controlled small greenhouses (see below). During the 111 
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growing season, all trees were watered three times a week. In both years, trees had an optimal amount of fertilizer, with 112 

a total of 70 g NPK (De Ceuster Meststoffen DCM Ecor NPK 8-5-6) and 3.6 g of micronutrients (DCM micro-mix) added 113 

per pot. 114 

Senescence onset before manipulative treatment 115 

The timing of leaf senescence onset was derived from weekly measurements of chlorophyll content decline (chlorophyll 116 

degradation) between late August and mid-November (Mariën et al., 2022, 2019). The chlorophyll content index (CCI) 117 

was measured using a chlorophyll content meter (CCM-200 plus; Opti-Sciences Inc., Hudson, NH, USA). We measured 118 

CCI on 9 randomly selected leaves, of which three where located at the top, three at the middle and three at the bottom 119 

part of each individual crown, on 8 trees and 38 trees in 2019 and 2020, respectively (Figure 1; Figure 2). 120 

The senescence onset was derived from two parameters: (i) the 50% reduction of maximal CCI (50% CCI), and (ii) the 121 

breakpoint of the CCI decline series. The 50% CCI indicates the date (along the seasonal decline of CCI) when 50% of 122 

the maximal CCI value (measured at the start of the seasonal monitoring) is achieved. This determination is straight- 123 

forward, but 50% CCI indicates an advanced stage of senescence rather than its onset (Mariën et al., 2019). Therefore, 124 

the time series of CCI data were also used to derive the date of senescence onset using a breakpoint analysis (Mariën et 125 

al., 2019). Before this analysis, extremely high (> 15 CCI units) and extremely low (<1 CCI units) data of CCI were con- 126 

sidered as outliers and removed (0.70% of the complete data-set). The bulk of the CCI data were then analyzed sepa- 127 

rately per individual tree in each year with a piecewise regression model (R package ‘segmented’)(Muggeo, 2016). Fol- 128 

lowing this procedure, we calculated two different linear models that fitted two different segments of the CCI pattern: 129 

one with a smaller slope, in absolute values, in late summer (slow degradation of chlorophyll before senescence) and 130 

one with a larger slope in early autumn (fast degradation of chlorophyll during senescence). The intersection of the two 131 

linear models (breakpoint) corresponded to the date on which there was a change in CCI trend, i.e. onset of leaf 132 
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senescence. However, of the total of the trees studied in both years (42), four had to be discarded from the final analyses 133 

because of anomalies in the CCI pattern or in the breakpoint identification procedure (e.g. no clear decline of CCI in 134 

autumn). In total, we were able to use 8 trees in 2019 and 34 trees in 2020. Analyses done with all trees (including 135 

extreme high and extremely low CCI values) are also reported (Table S2), but they had to be done on aggregated data 136 

(combination of all trees) and thus do not allow for standard statistical comparisons. 137 

Climate-controlled greenhouses  138 

We used 12 climate-controlled greenhouses, covering an area of ~1.5 m x 1.5 m, with the back of the structure 1.5 m high 139 

and the front 1.2 m high (Figure S1A). The roof was made of colorless polycarbonate (~4 mm thick plate). This type of 140 

material reduces the incoming light only by 20% and modifies the light spectrum only in the UV range (Kwon et al., 141 

2017). The rear of the greenhouses could not be opened, whereas the three other lateral sides could be opened (before 142 

and after the experiment) or closed with transparent plastic foil (during the experiment). Each greenhouse was equipped 143 

with a sensor (QFA66, Siemens, Erlangen, Germany) to monitor the relative humidity (RH) and air temperature (Ta). In 144 

2020, the height of the greenhouses was increased by 70 cm to better accommodate the trees, but the roof material 145 

(colorless polycarbonate) was retained (Figure S1B). A more detailed description of the setup of the greenhouses can be 146 

found in the literature (De Boeck et al., 2012; Mariën et al., 2021). None of these studies reported any effect of the green- 147 

house unit on the treatment. 148 

Both temperature treatment experiments started approx. 1 month after the onset of senescence, when all trees had 100% 149 

fall/brown leaves, meaning that the senescence process had been completed at the start of the experiment (Dox et al., 150 

2020; Mariën et al., 2019). However, as the end date for both experiments was set at 18 December, Exp1 was conducted 151 

for 28 days (20/11/2019-18/12/2019; 613 hours), while Exp2 was conducted for 38 days ( 10/11/2020-18/12/2020; 916 hours; 152 

complete senescence occurred earlier in 2020 than in 2019). We applied two different treatments: control or ambient 153 
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normal temperature (N) and warm temperature treatment (W). In N, the greenhouse temperature was set to automati- 154 

cally match the outside temperature, so as to have normal chilling and forcing. In W, we applied warming to reduce 155 

chilling.  156 

The temperature treatments reported in the experimental design were repeated twice, in two separate experiments 157 

(Exp1: 2019; Exp2: 2020). In Exp1, temperatures were manually adjusted (3-7 times per day) to remain at 10 °C; in Exp2, 158 

this was automatized. For Exp1, on average, the warming applied was +3.6 °C, with a mean temperature for the W 159 

greenhouses of 10.4 °C (SE ± 0.06 °C) and a mean temperature for the N greenhouses of 6.8 °C (SE ± 0.06 °C) (Figure 1, 160 

Figure S2). In Exp2, we automatically maintained a constant temperature of 10 °C, to have more accurate constant tem- 161 

perature. On average in Exp2 the warming applied was +2.6 °C, with a mean temperature for the W greenhouses of 162 

10.9 °C (SE ± 0.01 °C) and a mean temperature for the N greenhouses of 8.1 °C (SE ± 0.03 °C) (Figure 1, Figure S2). With 163 

this treatment, the chilling hours between – 3.5 and 7 °C were reduced by 88% and 83% in 2019 and 2020, respectively 164 

(Figure S3). Overall, for both experiments, the temperature during the majority of the hours (62% in 2019 and 78% in 165 

2020) was > 10 °C, and thus not considered able to chill the buds (Baumgarten et al., 2021; Čufar et al., 2012; Sunley et 166 

al., 2006) (Figure S2, Figure S3). 167 

In 2019, we had two greenhouses for N and two for W, with each greenhouse containing 8 trees. In 2020, we had six 168 

greenhouses for N and five for W (there were originally six W greenhouses, but one unfortunately failed), with each 169 

greenhouse hosting 16 trees. In addition to the experimental trees in the greenhouses, extra trees were kept under am- 170 

bient conditions outside (about 70 in 2019-2020 and 190 in 2020-2021). These untreated trees were used to compare 171 

spring dynamics between the two years and check for the effect of the greenhouses on spring phenology dynamics.  172 

Dormancy depth analysis  173 
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To study the effect of temperature on the phenology of plants, Growing Degree Days (GDD) is one of the most fre- 174 

quently “heat unit” used. The concept of heat units resulted from observations that plants do not grow below a thresh- 175 

old temperature (Esparza et al., 2007; Kesner and Anderson, 1986). Dormancy depth was measured as the accumulated 176 

GDD (see below) needed to induce budburst (dormancy release) when trees were placed in growth rooms at optimal 177 

growth conditions (16h of light (CDM-TP Elite MW; D-Papillon 315W, Light interaction Agro) from 6.00 till 22.00, ap- 178 

prox. 22 °C day and night; 40-60% relative humidity) (Beil et al., 2021; Malyshev, 2020). Values of air temperature and 179 

humidity were logged in the chambers twice per hour. The accumulated GDD (see below) was recorded for the first bud 180 

to burst (BB01), when 50% of the buds had opened (BB50) and when 90% of the buds had opened (BB90). We used the 181 

bud developmental stages from Davi et al., (2011) (Figure S4). Dormancy depth was measured for trees in three condi- 182 

tions: (i) before temperature treatment, (ii) after temperature treatment and (iii) trees kept outside (no experimental 183 

trees) during the whole winter season.  184 

After temperature treatment. Immediately after the temperature treatment (18 December), we placed experimental trees 185 

in the growth rooms to measure dormancy depth of the buds. In 2019, we analyzed 6 and 3 trees from N and W treat- 186 

ments, respectively. In 2020, 7 trees were used per treatment. 187 

Before temperature treatment. Moreover, in order to verify the absence of significant greenhouses artifact effects, in 2020, 188 

dormancy depth was also measured (as described above) for W and N trees before the warming treatment had begun. 189 

These tests showed no relevant difference between greenhouses (see Figure S5). 190 

Seasonal pattern. To determine the dormancy depth changes under ambient conditions of the study provenance during 191 

autumn-winter, we used potted trees kept outside (with the same fertilization level as the experimental trees). From 192 

December to March of 2019-2020 and from September to February of 2020-2021, every two or three weeks, three trees 193 



 11 of 53 
 

 

were defoliated and put in the growth chambers at optimal growth conditions. Also for these trees, relative dormancy 194 

depth was estimated by the heat accumulated till BB01, measured as reported above.  195 
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Growing Degree Days 196 

Dormancy depth was measured in Growing Degree Days (GDD, °C) required for a tree to open its buds under the 197 

optimal and standardized growing conditions of our growth chambers (Cannell and Smith, 1983; Halbritter et al., 2020; 198 

Heide, 1993; Murray et al., 1989). To determine GDD, we used the following formula: 199 

𝐺𝐷𝐷 =  ∑ ( 0 𝑇𝑥 ≤ 5𝑇𝑥 − 5 𝑇𝑥 > 5)𝐵𝐵𝑑𝑎𝑡𝑒𝑡0       Eq (1) 200 

Where 5°C is the temperature threshold used in Fagus sylvatica L. phenological studies in temperate regions (Beil et al., 201 

2021; Dantec et al., 2014; Fu et al., 2012a, 2013; Hänninen and Kramer, 2007; Murray et al., 1989); BBdate is the date of 202 

BB01, BB50 or BB90; and Tx is the daily mean temperature in the chamber and t0 is the date when trees were placed in 203 

the growth chambers. The GDD accumulation occurred thus from t0 till BB01, BB50 and BB90. Using the same formula, 204 

GDD was also calculated for the W and N trees before (from senescence onset), during and after the temperate treatment 205 

till budburst to estimate the forcing requirement for spring budburst.  206 

Spring budburst after manipulation 207 

After the temperature treatment in 2019, the trees (n=7-8) of Exp1 that were not used for the dormancy depth study 208 

were put outside of the climate-controlled greenhouses and studied during the next spring to determine the timing of 209 

leaf out (also characterized by BB01, BB50 and BB90). On the other hand, in 2020, after the manipulation, the trees of 210 

Exp2 (n=16) not used for the dormancy depth analysis were kept till spring inside the greenhouses, automatically setting 211 

the temperature as the ambient temperature and exposing the trees only to LED lamps (Venntis Technologies, Total 212 

Grow Mezzo 85W, 47" Light Bar). The LED lights simulated the natural photoperiod regime, but their intensity and 213 

spectrum were different than that of the natural light. This setup was necessary in 2020 due to a parallel running exper- 214 

iment. The timing of budburst can thus not be compared between the two years. Nonetheless, as both N and W 215 
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treatments (in both years) were exposed to the exact same conditions (except temperature during November-December), 216 

the impact of the different warming treatments on spring budburst can be studied without bias.  217 

Chilling  218 

The chilling accumulation was calculated using three modelling approaches: the Sequential Model (SM), the Utah model 219 

(Utah) and the Unified Model (UM). As these models have different structure and parameterization, their comparison 220 

strengthens the estimated chilling patterns and trends. 221 

(1) The Sequential Model (SM) derives from the Chilling Rate Model, developed by Sarvas (1974) and reformulated by 222 

Hänninen (1990) and Kramer (1994). The SM was found to be the most accurate model for predicting budburst dates of 223 

deciduous trees when chilling was considered (Fu et al., 2012b), even in experiments in which chilling and forcing were 224 

manipulated separately (Fu et al., 2012a). In this model, the chilling range is between -3.5 and 10.4 °C. We applied the 225 

SM parameterization used in previous studies for the same beech provenance used here following Fu et al. (2013): 226 

𝐶ℎ𝑖𝑙𝑙𝑖𝑛𝑔 (𝑒𝑛𝑑 𝑑𝑎𝑡𝑒) =  ∑ ( 00 𝑇𝑥 ≤ −3.4𝑇𝑥 ≥ 10.40.159 ∗ 𝑇𝑥 + 0.505−0.159 ∗ 𝑇𝑥 + 1.621 −3.4 < 𝑇𝑥 ≤ 3.53.5 < 𝑇𝑥 < 10.4)𝑒𝑛𝑑 𝑑𝑎𝑡𝑒𝑡0  Eq (2) 227 

Where Chilling (end date) represents the accumulated chilling over the analyzed period (in Chilling Units, CU) and Tx 228 

represents the average temperature per day. 229 

(2) The Utah model (also known as Richardson model) is mostly used for observations in the field, for both crops and 230 

trees. The chilling range is between 1.4 and 12.4 °C. In contrast to the other two models, the Utah model reduces the 231 

chilling by high temperatures (>16 °C) and at an hourly, rather than daily, time intervals. The model equations are as 232 

follows with parameterization for peaches (Prunus persica L. Elberta and Redhaven (Richardson et al., 1974)):  233 
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𝐶ℎ𝑖𝑙𝑙𝑖𝑛𝑔 (𝑒𝑛𝑑 𝑑𝑎𝑡𝑒) = ∑
{   
   0              𝑇𝑥𝑖 ≤ 1.4 0.5 1.5 < 𝑇𝑥𝑖 < 2.4 1    2.5 < 𝑇𝑥𝑖 < 9.1 0.5 9.2 < 𝑇𝑥𝑖 < 12.40  12.5 < 𝑇𝑥𝑖 < 15.9 −0.5 16 < 𝑇𝑥𝑖 < 17.9−1             𝑇𝑥𝑖 > 18

𝑒𝑛𝑑 𝑑𝑎𝑡𝑒𝑡0      Eq (3) 234 

Note that for the Utah model, Txi represents the hourly temperature in °C. 235 

(3) The Unified Model was proposed by Chuine (2000) as an integration of the approaches used in other bud-burst 236 

models (Fu et al., 2012b). For the UM, we use the parameterization reported in Chuine et al. (2016). While it is not based 237 

on the studied species (beech) but on walnut (Juglans regia L.), this parameterization has the advantage of having been 238 

calibrated not only against bud-burst data (as the other models) but also against dormancy depth data (Table 1). The 239 

equation for the UM is as follows:  240 

𝐶ℎ𝑖𝑙𝑙𝑖𝑛𝑔 (𝑒𝑛𝑑 𝑑𝑎𝑡𝑒) = ∑ ( 11+𝑒𝑎(𝑇𝑥−𝑐)2+𝑏(𝑇𝑥−𝑐))𝑒𝑛𝑑 𝑑𝑎𝑡𝑒𝑡0   Eq (4) 241 

Where a, b and c are species dependent constants.  242 

For both the SM and the UM, different parameterizations were also tested (e.g. based on different species or, for UM, 243 

considering or not dormancy depth data in the model calibration). Whereas the absolute chilling unit values were dif- 244 

ferent, these tests showed that the estimated chilling trends between W and N trees did not vary significantly when 245 

applying different parameterizations. Therefore, the results of these tests were only reported in Supplementary Data 246 

(Table S3) and not discussed further. Finally, note that in this study both the chilling scheme (see above in this paragraph) 247 

and the forcing scheme (see above in paragraph GDD) were used to provide simulations of chilling and forcing units 248 

for the whole dormant season, from senescence onset to budburst.  249 

Statistical analysis  250 

All statistical analyses were performed using the R software program environment (RStudio Inc, R version 4.2.0, GNU 251 

Affero General Public License v3). Packages ChillR (Luedeling, 2020) and ChillModel (Pertille et al., 2019) were used to 252 
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the model analysis based on Utah and UM model, respectively. We used one-way ANOVA (Exp1 and Exp2; factor: 253 

warming) to compare differences in dormancy depth (measured as GDD, in °C) and spring budburst (in DOY) following 254 

the warming treatments. Both analyses were repeated three times, considering as response variable BB01, BB50 and 255 

BB90. All analyses met the assumptions of normality (evaluated with the Shapiro test) and homoscedasticity (tested 256 

with Non-Constant Error Variance (ncvTest)) (Fox and Weisberg, 2019). We performed tests with mixed models (nlme 257 

package, (Pinheiro and Bates, 2000)) to analyze the effect of greenhouse as random factor on dormancy depth and spring 258 

budburst. As this effect was not significant, these results are presented only in Supplementary Data (Table S4). Moreover, 259 

we used a one-way ANOVA (factor: warming) to compare the number of hours with mean temperature between -3.5 260 

and 3.5 °C, between 3.5 and 7 °C, between 7 and 10 °C, 10 and 12°C, and > 12 °C for the two warming treatments. 261 

Another one-way ANOVA with year as a factor was performed to compare 50% CCI and onset of senescence between 262 

2019 and 2020. In all these cases, the normality and homoscedasticity requirements were met. Differences in budburst 263 

timing between N trees and potted trees kept outside were also determined for BB01 by means of a one-way ANOVA 264 

(Table S5).   265 
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Results 266 

Analysis on untreated trees 267 

Senescence dynamics. The progressive decline of the CCI of the outdoor plants over time and the onset of senescence, i.e. 268 

the point at which the degradation of chlorophyll started to accelerate, are shown in Figure 2. The senescence onset 269 

occurred significantly (ANOVA, p=0.005) earlier in 2019 (DOY 292, SE ±4) compared to 2020 (DOY 274 (±3)) (Figure 1, 270 

Figure 2). Also, the 50% CCI was significantly earlier (ANOVA, p<0.001) in 2020 compared to 2019 (DOY 306 and 299, 271 

respectively). For both years, the dates of senescence onset obtained with the single tree analysis were comparable to 272 

the dates of senescence onset determined on the aggregated data for all trees (Table S2).  273 

Dormancy dynamics. Figure 3 shows the dormancy depth (in GDD, °C) of trees growing outside in ambient conditions. 274 

In 2020-2021, data were available for six months. Dormancy depth increased from the beginning of September until the 275 

end of October, when it stabilized till mid-December. Afterwards, the dormancy depth progressively decreased until 276 

the end of the analysis in mid-February. The data from the previous year 2019-2020 (available from December till March) 277 

confirmed the pattern of 2020-2021. Additionally, these data indicated that the temperature treatment occurred when 278 

trees were at their maximal dormancy depth (early November – mid-December), i.e. endodormancy.  279 

Spring dynamics. By monitoring the untreated trees (always outside), we observed that BB01 occurred significantly later 280 

in 2021 (DOY 119 ± 0.4) compared to 2020 (DOY 112 ± 0.3 ) (p<0.05) (Table S5). The budburst of N trees was on DOY 113 281 

± 0.3 and DOY 123 ± 0.7 in spring 2020 (Exp1) and 2021 (Exp2), respectively (Table S5). These data indicates that, for 282 

each individual year, budburst in trees kept in controlled climate greenhouses was slightly, but significantly delayed 283 

compared to trees kept outside (p<0.001).  284 

Temperature treatment 285 
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Chilling. During the temperature treatment, the W trees were subjected to less chilling. This was indicated consistently 286 

by all three chilling models used. However, the chilling dynamics were simulated differently across models. According  287 

to the SM, the reduction in chilling was smaller in the first than the second year (36% and 74%, respectively). On the 288 

other hand, N trees in 2019 received 1.5 time more chilling than N trees in 2020 (Table 1). Contrary to the SM, the Utah 289 

model simulated larger chilling reduction in the first than the second year (83% and 22%, respectively) but, like the SM, 290 

it also simulated larger chilling in 2019 than 2020 for the N trees (Table 1). The UM simulated smaller chilling reductions 291 

(approx. 15%) and smaller chilling in 2019 than 2020 for the N trees (Table 1). The models showed also different patterns 292 

of daily chilling accumulation during the warming period (Figure S6). The SM presented for W trees little chilling ac- 293 

cumulation, and limited to few days, but increasing chilling for almost whole treatment period for N trees. On the other 294 

hand, the UM showed a very different pattern, with very constant chilling accumulation for the entire period for both 295 

W and N trees. The Utah model presented an intermediate behavior, with chilling simulations in 2019 similar to the SM 296 

and in 2020 more similar to the UM.  297 

Dormancy depth. The depth of bud dormancy after the warming treatment is shown in Figure 4. In Exp1, the warming 298 

did not have any effect on the dormancy depth when this was assessed upon the first bud opening (BB01, p=0.47). 299 

However, the trees in the warming treatment required substantially more heat to fully open their crown, i.e. opening 300 

50% or 90% of their buds (p<0.01). Thus, bud dormancy appeared to be delayed in W trees compared to N trees when 301 

it was assessed as BB50 and BB90. The direction of the warming effect in Exp2 was opposite than in Exp1, as in 2020- 302 

2021 trees subjected to W treatment needed less heat to release dormancy compared to trees in N treatment, thus with 303 

a smaller dormancy depth. This was valid when assessing bud dormancy depth with both BB01, BB50 and BB90 (p<0.05) 304 

(Figure 5, Table S4). 305 
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Spring phenology. Figure 5 reports on the spring phenology in the year following the autumnal temperature treatment. 306 

For Exp1, we observed that warming did not delay opening of the first bud, but it delayed budburst when 50% and 90% 307 

of the buds were considered (BB50, BB90; p<0.05). In fact, Exp1 showed that W treatment delayed BB50 by ~4 days and 308 

BB90% by ~6 days. For the Exp2, trees under W treatment had consistently an advanced spring phenology compared to 309 

N trees (BB01: p < 0.001; BB50: p < 0.05; BB90: p < 0.05). More precisely, Exp2 showed that the W treatment advanced the 310 

opening of the first bud by ~13 days, the opening of 50% of the buds by ~9 days and the opening of 90% of the buds by 311 

~7 days.  312 

Chilling and forcing from senescence onset till budburst  313 

We investigated the effect of temperature treatment on W and N trees by analyzing forcing and chilling from the senes- 314 

cence onset until spring for both years using the SM model. To make the data interpretation easier, we present the 315 

chilling and forcing analysis in four phases: (1) from onset of senescence (breakpoint in CCI) till DOY 310 (early October 316 

to mid-November; period with low chilling); (2) from DOY 311 till DOY 325 (mid- to late November) when we can 317 

observe a progressive increment of the chilling accumulation, (3) from DOY 326 till DOY 353 (early to mid-December; 318 

period of warming experiment) (Figure 6) and (4) from DOY 353 till end of next May, after full completion of budburst 319 

(Figure S7). 320 

Chilling. In the first phase, the buds did not accumulate a large amount of chilling in either year (Figure 4A) due to the 321 

outside temperature which was similar in both years and relatively warm (see October data in Table S1). In the second 322 

phase, a relatively large amount of chilling was accumulated in 2019 (approx. 15 chilling units, or CU), while in 2020 323 

the chilling accumulation was much lower (approx. 3-4 CU). In fact, in the second phase the ambient temperature was 324 

colder in 2019 than in 2020 (a daily mean of 4.5 °C and 10.1 °C, respectively). In the third phase, the experimental 325 

warming was applied to impose a difference in CU between the temperature treatments. For both years, in fact, the N 326 
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trees obtained an higher amount of chilling than the W trees did (Table 1). In the last phase, chilling accumulation was 327 

higher in 2020 (57 CU in 2019 and 74 CU in 2020), as 2019 was warmer between mid-December and May (Table S6, 328 

Figure 4A, Figure S7 A and B). 329 

Forcing. In the first phase, less forcing was accumulated in the first year than in the second year (110 °C vs. 250 °C). Also 330 

during the second phase, there was less forcing accumulation in the first (<10 °C) than the second year (~80 °C). In the 331 

third phase, in both years, the W trees accumulated a higher total amount of forcing (268 °C and 491 °C in 2019 and 332 

2020, respectively), while the N trees accumulated, as expected, less forcing (182 °C and 394 °C in 2019 and 2020, re- 333 

spectively). Thus, in autumn 2020 the trees were subjected to less chilling (as shown previously) and more forcing (ap- 334 

prox. 2 times more for both temperature treatments) (Figure 4B). In the last phase, as for the chilling, the forcing was 335 

rather gradual and similar between temperature treatments. During this period, the total forcing accumulation for W 336 

trees was 726 °C and 471 °C in the first and second year, respectively. These data match with the previous findings, as 337 

the period from December to May was warmer in 2019 than in 2020 (Table S6, Figure 4B, Figure S7 C and D).  338 
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Discussion 339 

We applied here a warming treatment on Fagus sylvatica where temperature was kept on average at 10 °C during peak 340 

dormancy, the period during which warming effects on bud dormancy and phenology were unclear. Our experiments 341 

demonstrated that a relatively modest warming (+2.5 / +3.5 °C) in late autumn, during the dormancy peak, can signifi- 342 

cantly affect bud dormancy and spring phenology (budburst). In the first year the spring budburst was delayed and in 343 

the second year it was advanced by late autumn warming. Despite the relatively low number of replicates available (see 344 

details below), the results were consistent, showing e.g. a deeper dormancy depth associated with a later spring budburst 345 

and a lower dormancy associated with earlier spring budburst.  346 

Based on previous research, it was expected that a warming treatment that reduced chilling in autumn would have 347 

increased bud dormancy and delayed budburst or alternatively have no effect (Caffarra and Donnelly, 2011; Campbell 348 

and Sugano, 1975; Fu et al., 2018; Malyshev, 2020; Root et al., 2003). In particular, Beil et al., (2021) showed that a warm- 349 

ing during November and December had no effect on spring budburst in beech, pedunculate oak, birch and alder. While 350 

the general pattern described in the literature was observed during the first year of our study, in the second year we 351 

observed the opposite response, where warming reduced the dormancy depth and resulted in advanced budburst.  352 

Two characteristics of the forcing conditions that occurred only in the second year might have induced the observed 353 

difference in impact of warming on endodormancy. First, because of the earlier senescence, forcing could have started 354 

earlier in 2020, allowing more forcing accumulation in early autumn. The connection between earlier senescence and 355 

early budburst has been recorded in previous studies (Delpierre et al., 2017; Marchand et al., 2020; Root et al., 2003). 356 

However, these authors postulated that earlier senescence would have allowed more chilling accumulation, while we 357 

show here that earlier senescence allows more forcing accumulation. It should be noted, however, that the relationship 358 

between the timing of senescence and peak dormancy is not clear. The second difference between both years was the 359 
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much greater forcing in mid- to late autumn in the second than in the first year, due to the warm conditions in November 360 

2020. Thus, during endodormancy, more intense forcing might be needed to compensate for the lack of chilling in the 361 

same period. Moreover, we noticed that for the W trees of the second year, the amount of forcing accumulated from the 362 

senescence onset till the end of the warming treatment in mid-December was even larger than the amount of forcing 363 

accumulated between mid-December and May. Phytohormones can modulate dormancy and, in fact, applying exoge- 364 

nous phytohormones has an effect on dormancy release or entrance (e.g. Li et al., 2018; Molmann et al., 2005; Ophir et 365 

al., 2009; Rinne et al., 2011). For example, abscisic acid (ABA) maintains endodormancy whereas Gibberellins (GA) 366 

promote the dormancy release (e.g. Cooke et al., 2012; Molmann et al., 2005). Moreover, it has been shown that warming 367 

advances ecodormancy by reducing ABA concentration (Chmielewski and Götz, 2022; Larkindale et al., 2005). A similar 368 

mechanism might occur with warming during endodormancy. However, to clearly detect the mechanisms behind the 369 

advance of spring phenology following autumn warming and the exact role of phytohormones, molecular (e.g. tran- 370 

scriptomic) analyses should be performed. Note that the Fagus sylvatica genome was recently obtained and chromoso- 371 

mally annotated (Mishra et al., 2022, 2018) and a transcriptomic analysis of buds material from Exp1 and Exp2 is planned.  372 

Earlier phenology models assumed that the endodormancy of temperate deciduous trees is also sensitive to forcing 373 

accumulation (Hänninen, 1990; Kramer, 1994). For instance, the Parallel Model proposed by Landsberg (1974) assumes 374 

that forcing takes place even if the critical chilling accumulation value is not yet achieved. This model allows thus that 375 

chilling and forcing can increase together in time during endodormancy. More recent models, such as the UM, also 376 

consider concurrent chilling and forcing during endodormancy (Chuine, 2010; Chuine et al., 2016). Chilling and forcing 377 

are working simultaneously in buds, so temperatures can, in principle, both reduce and increase the dormancy depth 378 

(Malyshev, 2020, Harrington & Gould, 2015). However, to the best of our knowledge, there are no experimental reports 379 

on advancing of spring budburst as the result of autumn warming, thus of lower chilling and more forcing during 380 
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endodormancy. We already knew that more forcing can compensate for reduced chilling during ecodormancy in spring 381 

(Beil et al., 2021; Harrington et al., 2010; Malyshev, 2020; Pope et al., 2014). Here, we show that this compensation mech- 382 

anism can also happen during endodormancy.  383 

Another finding of the study is that the impact of a warming treatment on spring budburst (or on a variable measured 384 

through budburst dynamics, such as the dormancy depth) can be different when studied only on the opening of the 385 

first bud or when 50% of the buds are considered (Delpierre et al., 2017; Harrington and Gould, 2015; Malyshev et al., 386 

2022). We additionally studied when trees had fully budburst (BB90) by calculating the exact percentage of bud bursting 387 

per trees. As spring phenology of the whole crown is more important than the spring phenology of a single bud, an 388 

important take-home message here is to also consider crown level measurements of spring leaf phenology as a response 389 

variable in manipulative experiments of leaf phenology dynamics, as shown by e.g. Campoy et al. (2019). The different 390 

bud dormancy dynamics triggered by autumn warming in the two years resulted also in a larger difference between 391 

BB50 and BB90 in the second year than the first year (see Figure 5). However, the possible reason for this difference 392 

remains unexplained. 393 

We realize that our methodology had three drawbacks. (i) First, the design of the first year experiment was not ideal, 394 

with a minimal amount of replicates for some tests and without information on the seasonal variation of dormancy 395 

between September and November (a difference in the timing of peak dormancy in 2019 compared to 2020 cannot be 396 

ruled out). However, the results of the first year’s experiment confirmed previous studies showing that autumn warm- 397 

ing increases dormancy depth and delays bud burst in spring. Therefore, our overall conclusions are sound, as the 398 

unexpected and novel findings are from the second year’s experiment, which was more complete and based on a larger 399 

amount of replicates. (ii) Second, the warming regime was slightly different between Exp1 and Exp2. In fact, in the 400 

second year’s experiment, we introduced an automatic control of the temperature, with the result of having more stable 401 
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conditions (a constant temperature of 10 °C) than in the first year. Despite the fact that a constant autumn temperature 402 

(as in the warming treatment of 2020) does not occur in natural conditions, chilling typically varies between years, with 403 

years colder than others, with colder periods in different weeks of the winter or with years that feature more stable 404 

conditions than others. Nevertheless, chilling in years with very different temperature conditions can be compared by 405 

using the concept of chilling accumulation, considering different efficiency for chilling according to temperature and 406 

other modulators. Therefore, based on our current knowledge of these processes, the difference in warming treatment 407 

between years has been accounted for in the models used for the chilling calculation. The duration of the warming 408 

treatment was also different between years because we decided to use a phenological date (i.e. complete senescence, 409 

approx. 1 month after senescence onset) as a reference rather than a fixed date (e.g. 1/11). A fixed date would have made 410 

the experiments more comparable but it would have not taken into account the “real plant calendar”. (iii) Third, caution 411 

should be taken when extrapolating our results to mature trees, as young trees have a lower chilling requirement and 412 

shallower dormancy than mature trees (see Fu et al., 2013 for data on beech). Measurements on both mature trees and 413 

young trees should be performed. Notwithstanding the methodological drawbacks indicated, the reliability of our re- 414 

sults can be demonstrated by a detailed comparison with the literature. For example, the data of CCI and onset of leaf 415 

senescence for the experimental saplings in 2019 and 2020 are comparable with the same data recorded at our experi- 416 

mental platform in 2018 (Mariën et al., 2021) and for local stands of mature beech trees (Mariën et al., 2022). On the other 417 

hand, the observed seasonal dormancy pattern was very similar to the one recorded by Beil et al. (2021) on two-year- 418 

old European beech. Our values of peak dormancy depth were slightly larger than the ones reported by Beil et al. (2021), 419 

but of a comparable extent (approx. 900-1000 vs 750-800 GDD °C, respectively). Regarding budburst dates, estimates 420 

for the saplings kept outside (DOY 112 in 2020; for BB01) matched observations on trees from a local stand (DOY 111 in 421 

2020; Dox et al. (2022)). 422 
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The chilling models applied in the study are widely used, but, due to their different structure, parameterization and 423 

chilling range, they provided different values of chilling rate and chilling accumulation over time and years. However, 424 

all models consistently indicated that warmed trees experienced lower chilling than the control trees for both years. 425 

In conclusion, autumn warming can reduce dormancy depth and advance spring budburst. This phenomenon likely 426 

depends on the timing of autumn senescence, autumn temperature and potentially peak dormancy timing, all of which 427 

affect the forcing accumulation during autumn. The effect of these factors can, however, be subtle, as contrasting results 428 

have been found for different years. While more experiments involving multiple species and both young and mature 429 

trees (cutting) will be needed, our findings show previously unknown interactions between environmental conditions 430 

and tree seasonal dynamics and deepen our understanding of the functioning of temperate deciduous trees. Moreover, 431 

our results can serve as an important improvement to the budburst models used in, amongst others, the climate models. 432 

For instance, the use of dormancy depth data like those we presented should become a standard procedure in parame- 433 

terizing bud burst schemes. 434 

  435 
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Figures and tables: 683 

Table 1 : Modeling of chilling units. Chilling units calculated with different models during the experimental period. 684 

W: warming treatment and N: normal temperature treatment.  685 

 686 

Model 
Key reference 

model 

Parameterization da-

taset 

Time 

step 

Chilling units 

2019 

Chilling units 

2020 

N W N W 

SM 

Sarvas (1974),  

Hänninen (1990) Kra-

mer (1994) 

Budburst of beech (same 

provenance as in this 

study)  

(Fu et al., 2013) 

daily 28.2 18.0 18.1 4.7 

Utah 
Richardson et al. 

(1974) 

Budburst of peach (Rich-

ardson et al., 1974) 
hourly 6465 1076 2334 1817 

UM 
Chuine (2000; Chuine 

et al.  (2016) 

Budburst and dormancy 

depth of walnut  

(Chuine et al.,2016) 

daily 21.2 17.6 25.9 22.7 

 687 

  688 
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 689 

Figure 1: Average, minimum and maximum daily temperature in 2019– 2020 and 2020-2021 during October – March 690 

for outside and experimental conditions. Daily temperature, outside, with bars indicating the minimum and maximum 691 

temperature daily recorded between October and March of 2019-2020 and 2020-2021 (grey). Blue line (N, normal tem- 692 

perature treatment) and red line (W, warming temperature treatment) indicate the temperature inside the climate con- 693 

trolled greenhouses for 28 days (20/11/2019-18/12/2019) in 2019 (Exp1) and for 38 days (10/11/2020-18/12/2020) in 2020 694 

(Exp2). The orange vertical dashed line represents the senescence break point (or senescence onset), while the dark 695 

yellow vertical dashed line represents the complete senescence and start of the temperature treatment.  696 

  697 
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 698 

Figure 2: Senescence dynamics and senescence onset before temperature treatment based on the chlorophyll content 699 

index (CCI) seasonal decline and breakpoint analysis. The lines (red for Exp1 and blue for Exp2) connect mean values 700 

of CCI (± SE) across trees (in 2019 n=8, in 2020 n=38). The vertical dotted lines represent the dates of ‘onset of senescence’ 701 

(breakpoint), while the shaded areas indicate their uncertainty (± SE). Arrows: date of 50% of CCI decline.  702 
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 703 

Figure 3: Dormancy depth in September – March for potted young trees in outside ambient conditions. Growing 704 

degree days (GDD, °C) needed to break the dormancy of trees grown at ambient temperature outside and placed in 705 

growth chambers at 22°C and 16 h light. Means are represented by triangles for December 2019 to March 2020 and 706 

circles for September 2020 to February 2021 (± SE, n=3). Dark grey represents the warming period for Exp 1, while light 707 

grey represents the warming period for Exp 2.  708 
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 709 

Figure 4: Dormancy depth after temperature treatment. Bud dormancy depth after temperature treatments (N: normal 710 

ambient temperature; W: warming temperature) in the 2019-2020 (A) and in the 2020-2021 (B) experiments. The dor- 711 

mancy depth was measured as the heat (growing degree days or GDD, in °C) needed to open the first bud (BB01), 50% 712 

of the buds (BB50) and 90% of the buds (BB90). Statistics: NS : non-significant (p>0.05); * : p≤0.05, and ** : p≤0.01. The 713 

number of replicates (n) is also reported at the bottom. 714 
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 715 

Figure 5: Spring budburst after temperature treatment. Spring budburst after the temperature treatment (N: normal 716 

ambient temperature; W: warming temperature) in the 2019-2020 (A) and in the 2020-2021 (B) experiments. BB01 rep- 717 

resents the date when the first bud was opened, BB50 when 50% of buds were opened and BB90 when 90% of buds 718 

were opened. Statistics: NS: non-significant (p>0.05); *: p≤0.05; **: p≤0.01, and *** p≤0.001. The number of replicates (n) 719 

is also reported at the bottom.  720 

  721 
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 722 

Figure 6: Forcing and chilling from the senescence onset until the end of the experiment. Chilling (A) and forcing 723 

(B) accumulation from senescence onset until the end of the warming experiment determined with the Sequential 724 

Model. The blue lines represent normal ambient temperature treatment (N), for 2019 (light blue) and 2020 (dark blue). 725 

Warming treatments (W) are shown in dashed red (2019) and dashed orange (2020). The warming took place between 726 

20/11/2019 (DOY 324) and 18/12/2019 (DOY 352) in the 2019 experiment and between 10/11/2020 (DOY 314) and 727 

18/12/2020 (DOY 353) in the 2020 experiment. The study period has been divided into three phases: (1) from onset of 728 

senescence till DOY 310 (black vertical line); (2) from DOY 311 till DOY 325 (black vertical dashed line) and (3) from 729 

DOY 326 till 353. 730 

  731 
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Supplemental data 732 

Table 1 S1: Average, minimum and maximum daily temperature during the months of October till March of 2019 – 733 

2020 and 2020-2021. 734 

Year Month Exp mean (°C) min (°C) max (°C)  

2019 October exp1 12.3 8.9 17.6 

2019 November exp1 6.5 2.9 11.8 

2019 December  exp1 5.8 2.7 9.5 

2020 January exp1 6.2 3.5 9.5 

2020 February exp1 7.3 3.7 11.6 

2020 March exp1 7.5 3.0 13.1 

2020 October exp2 11.8 8.5 16.5 

2020 November exp2 9.1 5.3 14.3 

2020 December exp2 5.8 3.2 8.9 

2021 January exp2 3.6 1.1 7.1 

2021 February exp2 5.2 1.3 10.1 

2021 March exp2 7.6 2.8 13.0 

  735 
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Table S2: Senescence onset date: This table reports the average date of senescence onset (DOY) determined from data 736 

of single tree chlorophyll content index (CCI) or aggregated data of CCI for all trees, for 2019 and 2020. 737 

 738 

 Senescence onset ± SD 

 
Mean of single tree data 

with interindividual uncertainty 

Aggregated data 

with method uncertainty 

2019 292 ±11.3  292 ± 4.3  

2020  274 ±16.7  277 ±2.7  

  739 
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Table S3: Comparison of chilling models with different parameterizations. Model results obtained from the stand- 740 

ard model parameterization of Sequential Model and Unified Model used in the main analysis and from alternative 741 

parametrizations for trees under warming (W) and normal temperature treatment (N). 742 

 

Chilling units 

for N 

Chilling unit 

for W 

Simula-

tion pe-

riod 

parameteri-

zation spe-

cies 

Reference parame-

terization 
2019 2020 2019 2020 

Sequential model 

Version reported in 

main text 
28 18 18 5 

1/11 to 

31/12 

Fagus sylvatica 

L. 
Fu et al., 2012b 

Version Gala 43 34 32 22 
1/11 to 

31/12 

Malus domestica 

Borkh 

Pertille et al., 2019 

Guak and Neilsen, 

2013 

Version Cherry 49 39 37 25 
1/11 to 

31/12 

Prunus avium 

L. 

Guak and Neilsen, 

2013 Pertille et al., 

2019 

Unified model 

Version reported in 

main text 
73 70 70 66 

1/09 to 

31/12 
Juglans regia L. 

Chuine et al., 2016; 

 Pertille et al., 2019 

Version apricot  

(calibrated against 

dormancy depth)  

66 63 62 58 
1/09 to 

31/12 

Prunus armeni-

aca L. 

Chuine et al., 2016; 

 Pertille et al., 2019 

Version willow  

(not calibrated against 

dormancy depth) 

49 29 31 13 
1/09 to 

31/12 

Salix matsudana 

 

Pertille et al., 2019; 

 Xu and Chen, 2013 
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Table S4: Statistical result of the impact of warming on dormancy depth and spring budburst when using different 744 

approaches. Statistical significance value (p) of the warming on dormancy depth and spring bud-burst for Exp2 when 745 

considering (in mixed models) or not (in ANOVA analysis) the random effect of greenhouse unit. 746 

 747 

  748 

 Mixed models ANOVA analysis 

 Dormancy depth Spring bud-burst Dormancy depth Spring bud-burst 

BB01 0.01  0.04  0.03 0.0006 

BB50 0.01  0.01  0.02 0.008 

BB90 0.01  0.04  0.008 0.01 
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Table S5: Observational date of spring budburst per experimental year and temperature treatments . W: warm tem- 749 

perature treatment, N: normal ambient temperature treatment, and “outside” as untreated trees kept always outside. 750 

 751 

Year Condition 
OBERVATION (BB01) 

DOY SE 

2020 N  113 0.3 

2020 W  115 1.0 

2020 outside 112 0.3 

2021 N  123 0.7 

2021 W  109 2.0 

2021 outside 119 0.4 

  752 
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Table S6: Chilling and forcing accumulation from senescence until budburst. Chilling and forcing for four different 753 

phases: (1) from onset of senescence till beginning November (DOY 310); (2) from beginning till end of November (DOY 754 

311-325); (3) from end November till end of the experimental warming (DOY 326-353) and (4) from the end of temper- 755 

ature treatment until end of May. The total accumulation represents the accumulation from phase 1 to phase 4.  756 

 757 

 Chilling 2019 (CU) Chilling 2020 (CU) Forcing 2019 (°C) Forcing 2020 (°C) 

 N W N W N W N W 

Phase 1 3 3 2 2 110 110 250 250 

Phase 2 12 12 2 1 7 7 77 86 

Phase 3 13 3 15 0 65 151 67 155 

Phase 4 57 57 74 74 726 726 471 471 

Total 

Accumulation 
85 75 93 77 908 993 865 962 

 758 

  759 
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 760 

 761 

Figure S1: Climate controlled greenhouses. A: set-up used during experiment 1 in winter 2019 - 2020; B: set up used 762 

during experiment 2 in winter 2020- 2021.  763 

  764 
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 765 

Figure S2: Temperature data per greenhouse. Each greenhouse in the same temperature treatment followed the same 766 

temperate pattern. W: trees under warming treatment; N: trees under normal ambient temperature treatment. 767 
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 768 

 769 

Figure S3: Chilling hours per temperature range. In 2019-2020 we applied a warming treatment of 613h and in 2020- 770 

2021 a warming treatment of 916h. This graph represents the timing in hours per temperature range. In orange, we 771 

represented the warming temperature treatment (W) and in green the normal temperature treatment (N). The mean 772 

temperature per hours between -3.5 and 3.5°C, between 3.5 and 7°C, between 7 and 10°C,  between 10 and 12 °C, 773 

and >12°C, is represented by thick lines with vertical bars indicating their uncertainty (± SE). For each specific temper- 774 

ature range, numbers of hours are always significantly different between W and N at p<0.01.  775 

  776 
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 777 

Figure S4: Bud development scale. Bud developmental stages of Fagus sylvatica L., based on Davi et al., 2011. Stage 2 is 778 

considered as budburst.  779 

  780 
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 781 

 782 

Figure S5: Bud dormancy before the temperature treatment. This graph represents the bud dormancy before the tem- 783 

perature treatment measured as GDD (°C) needed to open the first bud (BB01), 50% of the buds (BB50) and 90% of the 784 

buds (BB90) in 2020-2021. W indicates trees that were subsequently used for high temperature treatment, while N trees 785 

that were subsequently used for normal ambient temperature treatment. No significant difference was recorded be- 786 

tween pairs of tree groups (test done was ANOVA n=3, p>0.5).  787 

  788 
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 789 

Figure S6: Chilling simulations. Chilling calculation based on SM (A, B), Utah model (C,D) and UM (E,F) for 2019-2020 790 

and 2020-2021 respectively. In red warmed temperature treatment and in blue normal temperature treatment. 791 
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 792 

Figure S7: Chilling and forcing from 18/12 to end of May: Calculation based on SM model for Exp1 (A and C) and 793 

Exp2 (B and D) for chilling and forcing. Warming treatments (W) are in dashed red (2019) and dashed orange (2020). 794 

The study period correspond to the phase 4 (from 18/12 until 31/05). 795 

  796 
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