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Abstract 1 

1. Phenological shifts in response to changing climatic conditions is a key acclimation process2 

for the persistence of perennial plants in temperate and boreal climates. The optimal time to 3 

leaf-out is the result of an evolutionary processes determined by the trade-off between 4 

minimizing the risk of freezing damages and herbivory pressure while maximizing resource 5 

uptake to increase competitiveness against the other plants.  6 

2. We quantified the penalty exerted by frost exposure at the time of leaf emergence on plant7 

development (reduction in leaf area, canopy duration, and growth) over the potential gains 8 

without frost (increased biomass and non-structural carbohydrate reserves), depending on when 9 

leaf-out occurs. To this purpose, we exposed 960 saplings of four temperate deciduous tree 10 

species with contrasting cold hardiness to two frost intensities shortly after leaf emergence, 11 

which was artificially induced at four occasions to reflect the whole range of natural leaf-out 12 

dates. 13 

3. One year above-ground biomass (AGB) increments following the frost revealed a clear14 

ranking among the species depending on their strategy to cope with damaging frosts. Prunus 15 

avium (-41% of AGB-increment compared to control saplings) resprouted from the stem base, 16 

Quercus robur (-62%) rapidly produced new leaves from dormant reserve buds, Fagus 17 

sylvatica (-98%) showed highest chlorophyll content in autumn and delayed senescence 18 

together with Carpinus betulus (-105%), which overcompensated NSC reserves after the 19 

growing season but showed highest mortality (up to 32%). In all species, NSC reserves 20 

recovered rapidly their initial stage at the expense of growth.  21 

4. The timing of leaf-out (advanced and delayed artificially) significantly affected the22 

performance and recovery (regreening and growth) of both frozen and non-frozen saplings, 23 

with the lowest performance found at the most delayed leaf-out date. We propose that the 24 
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potential to recover from frost damages is an important component of a tree’s performance, 25 

particularly at the juvenile stage. The ability to recover may become even more decisive in the 26 

future with the predicted increase of false springs in many extra-tropical regions. 27 

Keywords: budburst, climate chamber experiments, climate warming, cold hardiness, 28 

forcing, growth, senescence, tree phenology  29 

 30 

 31 

Introduction 32 

In temperate, boreal and alpine regions, the timing of leaf emergence in spring in relation to 33 

climatic fluctuations is one of the most influential events determining the persistence of plants 34 

in their environment (Chuine, 2010). This synchronisation results from long-lasting 35 

evolutionary processes aimed at maximising the acquisition of resources such as light, water 36 

and nutrients, which is essential at juvenile stage to out-compete neighbouring plants, while 37 

minimizing the risk of frost damage of the new sensitive leaves that would negate these 38 

effects (Kollas et al., 2014). To match this specific time window corresponding to optimal 39 

plant performance, temperate trees rely on temperature and photoperiod directly sensed at the 40 

bud level (Zohner & Renner, 2015). Thus, the onset of bud development in spring depends on 41 

a complex interplay between cool and warm temperatures, hereafter termed chilling and 42 

forcing, respectively, further finetuned through photoperiodic signals (Vitasse et al., 2014b; 43 

Way & Montgomery, 2015; Zohner & Renner, 2015; Flynn, D & Wolkovich, E, 2018). 44 

Experiments have demonstrated that increasing exposure to chilling temperatures over the 45 

course of winter dormancy, steadily increases the sensitivity of buds to forcing temperatures 46 

and thus reduces the amount of heat energy required for budburst (Murray et al., 1989; Flynn, 47 

DFB & Wolkovich, EM, 2018; Baumgarten et al., 2021). Chilling requirement to 48 

progressively release winter dormancy has been adopted by most temperate trees to avoid a 49 
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too early leaf-out during unpredictable warm spells in winter and is well reflected by the long-50 

term probability to encounter frost (Lenz et al., 2016a). Even more striking, the timing of 51 

spring phenology occurs at a precision to allow trees to maintain their “safety margins against 52 

frost damages” along elevational gradients (Lenz et al., 2013).  53 

However, with the extremely rapid ongoing rise in temperature due to anthropogenic 54 

greenhouse gas emissions, the optimal time window for balancing resource maximization and 55 

frost avoidance may have shifted outside the range of evolutionary experience. Indeed, while 56 

warmer springs caused by global warming have significantly advanced leaf emergence of 57 

temperate trees worldwide over the recent decades (Vitasse et al., 2022), the occurrence of the 58 

last spring frosts has advanced at a slower rate in most regions in Europe (Ma et al., 2019), 59 

North America (Augspurger, 2013) and worldwide (Zohner et al., 2020). Although dormant 60 

buds of deciduous tree species are well protected against minimum temperatures during 61 

winter, their freezing resistance substantially decreases before and during bud development in 62 

spring (Till, 1956; Weiser, 1970; Vitra et al., 2017). Thus, an earlier development of the 63 

vegetation in spring induced by warming may put plants at a higher risk of being damaged by 64 

frosts, particularly in Europe and Asia where tree species have lower freezing resistances 65 

(compared to North America) and are generally more responsive to temperature (Liu et al., 66 

2018; Zohner et al., 2020). In fact, more damaging spring frosts have been observed in recent 67 

years, precisely because of the increased amount of heat energy that preceded leaf-out 68 

(Augspurger, 2009; Hufkens et al., 2012; Vitasse et al., 2018; Sangüesa-Barreda et al., 2021). 69 

For instance in April 2017, after an extraordinary warm period in Western and Central 70 

Europe, the sudden arrival of cold air masses from the Arctic and the subsequent freezing 71 

events caused dramatic losses in fruit production in Central Europe and the amount of 72 

accumulated heat at the time of the frost was unprecedented in some stations since the 73 

beginning of meteorological records  (Vitasse & Rebetez, 2018). For forest trees, most 74 
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information on recovery from spring frost damages stems from European beech, as this 75 

species forms large dominant forests and canopy defoliations due to frost have been 76 

successfully detected by remote sensing in numerous areas across the southern European 77 

distribution of this species, particularly at higher elevations (Bascietto et al., 2018; Allevato et 78 

al., 2019; Olano et al., 2021). However, to reconstruct the frequency of such frost events 79 

beyond the period where satellite images with high spatial and temporal resolution became 80 

available, dendrochronological methods are currently the only method. Large-scale tree ring 81 

data across southern Europe indeed confirm an increasing frequency of late frost defoliations 82 

in European beech within a larger catchment area (Sangüesa-Barreda et al., 2021). 83 

At the level of the individual tree, damaging frost effects are well reflected in the form of 84 

impaired annual rings. Since damaging spring frosts fall at the beginning of the growing 85 

season, the tree ring losses are usually as significant or even greater than the ones induced by 86 

extreme summer droughts (Vitasse et al., 2019; Rubio-Cuadrado et al., 2021a). Although tree 87 

ring widths of beech are largely reduced during years with damaging spring frosts,  no carry-88 

over effects are generally observed in the following years (Príncipe et al., 2017). Once adult 89 

beech trees got hit by a frost during the critical stage of leaf emergence, new leaves appeared 90 

within one month and the canopy recovery was completed after roughly two months 91 

following the event (Menzel et al., 2015; D'Andrea et al., 2019). Similar recovery times have 92 

been found also for various deciduous tree species in North America with a large range in 93 

maximum canopy recovery depending on species (between 46 and 99% compared to ‘normal’ 94 

canopies; Augspurger, 2009). As a consequence of a delayed canopy greening due to frost 95 

damage, trees may extend their growing season by delaying leaf senescence as it has been 96 

reported for beech, thereby compensating for losses in productivity (Zohner et al., 2019; 97 

Rubio-Cuadrado et al., 2021a).  98 
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The stage of leaf development in spring has been shown to largely determine the extent of 99 

frost damage, reflecting the frost tolerance of a given developmental stage (Allevato et al., 100 

2019). While dormant buds are almost invulnerable to any freezing temperatures, the most 101 

critical stage appears to be around leaf-out (Vitra et al., 2017), before a slight increase in frost 102 

tolerance can be observed with leaf maturation (Taschler et al., 2004). Hence the impact of 103 

the same frost can be less severe when leaf development has passed the point of maturation 104 

(Augspurger, 2011; Kreyling et al., 2012). Independent of the developmental stage, cold 105 

hardiness of buds and developing leaves is build up under cool preceding temperature 106 

conditions (Lenz et al., 2016b; Neuner et al., 2020). While an earlier leaf-out increases the 107 

likelihood of frost damages, it has been reported for European beech that the recovery time to 108 

rebuild the canopy is also shorter (Menzel et al., 2015).  109 

The production of an additional leaf cohort requires an increased use of carbon from storage 110 

tissues (D'Andrea et al., 2019). However, it has been shown that non-structural carbohydrate 111 

concentrations were not reduced in storage tissues after frost- induced defoliation in adult 112 

beeches because storage levels were maintained at the expense of stem radial growth (Rubio-113 

Cuadrado et al., 2021b). The same study could demonstrate that nitrogen content in second 114 

cohort leaves emerging after frost were even higher compared to unfrozen control trees. 115 

Large-scale defoliations due to frost can have a significant impact on forest ecosystem 116 

functioning by affecting carbon uptake (Hufkens et al., 2012), water relations (Bréda & 117 

Granier, 1996) and by altering nutrient cycles (Estiarte & Peñuelas, 2015). In addition, 118 

populations of a vast variety of animal and fungal species, which depend on leaf tissue, fruits 119 

and seeds, may decline when frost damages occur (i.e. moth populations; Greco et al., 2018), 120 

which in turn likely affects other species at higher trophic levels (Augspurger, 2009).  121 
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While increasing effort has been made in recent years to predict potential harmful frost 122 

occurrences, little is known about species-specific responses to frost damages. Particularly, 123 

we lack information on the extend and velocity of recovery of forest tree species (others than 124 

European beech) in the year of the frost event and thereafter. If damaging frost events do 125 

increase in frequency, the cards may be reshuffled in the game of natural selection based on 126 

species responses (Augspurger, 2011). 127 

 128 

Here we aim to investigate how well temperate trees can recover from damaging frosts, 129 

depending on its intensity and on when leaf-out occurs. We tested saplings of four tree 130 

species with different levels of leaf cold hardiness at the time of leaf-out and different timing 131 

of flushing by monitoring their recovery in situ after inducing artificial frosts. Moreover, we 132 

investigated the recovery process of a natural, adult beech population in the Swiss Jura 133 

mountains, that was damaged by a natural frost event in May 2020. 134 

 135 

Growth increments, recovering leaf area and non-structural carbohydrates were monitored 136 

after inducing artificial frosts to estimate the trade-off between frost damage and potential 137 

growth. Specifically, we addressed the following research questions:  138 

1. How fast and to what extent do trees recover after a damaging frost in terms of leaf 139 

area, growth increment and non-structural carbohydrates? 140 

2. Does leaf-out timing influence growth performance of undamaged control saplings 141 

and the recovery of frost-damaged ones? 142 

3. Is recovery potential dependent on species life-history strategies (e.g. pioneer vs. late 143 

successional species)? 144 

 145 

We expect early successional and early flushing species to recover faster from frost damages 146 

compared to more conservative, late successional and late flushing species. We further 147 
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hypothesize that an earlier leaf-out timing leads to higher growth increments when saplings 148 

avoid frost (control) and permits a better recovery after frost damage, that translates into a 149 

higher biomass increment. Moreover, for the frost damaged plants, we expect NSC-reserves 150 

to recover quickly after producing the new cohort of leaves and to reach control levels 151 

(undamaged saplings) at least by the end of the growing season.  152 

 153 

 154 

Methods 155 

 156 

Study species and study site 157 

We selected four dominant deciduous tree species native to Europe with contrasting life 158 

strategies regarding spring phenology and freezing resistance: Prunus avium L. and Carpinus 159 

betulus L. which are early flushing species with very high and rather high freezing resistance 160 

during leaf-out, respectively; Fagus sylvatica L. and Quercus robur L. which are both late 161 

flushing species at the study site with lower freezing resistance of emerging leaves; and  162 

Fagus sylvatica and Carpinus betulus which are both tolerant to shade in contrast to the other 163 

two species (see freezing resistance thresholds and shade tolerance index extracted from Till 164 

(1956) and Vitasse et al. (2014a) and Niinemets and Valladares (2006), respectively 165 

summarized in Table S1). For clarity and brevity, hereafter, we refer to each species by its 166 

genus name.  167 

In autumn 2018, two-year-old saplings were purchased from a local nursery (Wiler, 168 

Switzerland, 455 m a.s.l., 47°09’N, 7°33’E) and transferred to the WSL research institute 169 

situated in north-eastern Switzerland (Birmensdorf near Zurich; 47°21'38"N, 8°27'16"E; 550 170 

m a.s.l.; mean annual temperature 9.3°C, mean annual precipitation 1134 mm, MeteoSwiss 171 

station Fluntern, 1981–2010), where they were exposed to ambient conditions until the start 172 

of the experiment (see Fig. 1).  173 
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 174 

Study design 175 

The whole study design is depicted in Fig. 1. On 22 February 2019, i.e. when chilling 176 

requirements for dormancy release were likely to be satisfied, all saplings except the ones 177 

aiming for the natural leaf-out date, i.e. 144 per species, were moved into a climate chamber 178 

at 3°C. On 6 March 2019 and every second week until 17 April 2019 a cohort of 36 saplings 179 

were transferred to another chamber simulating forcing conditions at 20° C to artificially 180 

advance or delay the date of leaf-out compared to natural leaf-out time (Fig. 1). The 181 

photoperiod in both chambers was set to follow ambient conditions at Zurich (47° N latitude). 182 

For the natural leaf-out date, 36 saplings per species were left outside of the WSL research 183 

institute and were exposed to the ambient temperature conditions as shown in Fig. 1. This 184 

resulted in five different leaf-out dates per species spanning the widest range (but the extent 185 

of the range being species specific) of possible leaf-out timings for the study site (four 186 

artificially induced, one natural, Fig. 2). 32 additional saplings per species were included to 187 

account for destructive NSC measurements (see Tab. S2). 188 

 189 

Monitoring of leaf-out dates 190 

Bud development of every sapling was monitored by the same observer twice a week in 191 

spring 2019 using a four-stage categorical scale (Vitasse et al., 2013): at stage 0 (dormant 192 

bud), no bud development was visible; at stage 1 (bud swelling), buds were swollen and/or 193 

elongating; at stage 2 (bud burst), bud scales were open and leaves were partially visible; at 194 

stage 3 (leaf-out), leaves had fully emerged from the buds but were still folded, crinkled or 195 

pendant, depending on species; and at stage 4 (leaf unfolded), at least one leaf was fully 196 

unfolded. For each sapling the day of year of each stage was recorded as soon as 50% of all 197 

buds reached a new stage. Missing stages between two monitoring dates were estimated by 198 

linear interpolation. 199 



   9 

 200 

Freezing treatment 201 

At the stage of leaf-unfolding (>50% of the buds had at least one leaf fully unfolded), which 202 

is the most vulnerable stage to freezing temperatures (Lenz et al., 2013), both warming-203 

induced and naturally flushing saplings were transferred into a freezing chamber to 204 

experience artificially induced freezing damages. Out of 36 saplings per species, 12 were 205 

exposed to an artificial frost event that killed all leaves (LT100, i.e. lethal temperature killing 206 

100% of the leaves), and 12 others to an artificial frost event that partially damaged them 207 

(LT50 i.e. temperature aiming to damage around 50% of the leaf tissue). The LT50 and LT100 208 

temperature thresholds have been adapted to each species according to their respective 209 

freezing resistance found in the literature (Till (1956); Vitasse et al. (2014a); see Tab. S1). To 210 

apply the frost treatments, 24 saplings were first acclimatized at 4° for 1h. With a freezing 211 

rate of 5° C per hour, temperature gradually decreased until reaching the LT50 target value, 212 

which was then maintained for two hours before to move 12 saplings back into the 4° C 213 

chamber (‘LT50-treatment’). The remaining 12 saplings per species were then further cooled 214 

down until reaching the LT100 target temperature that was again maintained for two hours 215 

before transferring them back to 4° C conditions (‘LT100-treatment’). To prevent any freezing 216 

damages to the roots, the sapling containers were put on top of a warm water bath with 217 

surrounding insulation (Fig. S1) that prevented temperature to drop below 5°C throughout the 218 

freezing treatment (Fig. S2). Finally, the remaining 12 individuals per species served as a 219 

control and were not subjected to a frost treatment (see Tab. S2 for number of replicates for 220 

all treatments).  221 

Shortly after the frost treatment (i.e. within 24 hours), all saplings including the control were 222 

planted outside on a former fertile grassland soil at the WSL research facility organized in 223 

three blocks (4 replicates per block, 30cm distance between saplings) under a shading net that 224 

intercepted ~65 ± 4% PAR (mean ± SE; measured on three days in June and August with a 225 
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LI-COR Li189 quantum PAR light sensor) simulating below canopy light conditions (Fig. 226 

S3). This procedure was repeated five times for all four artificial as well as the naturally 227 

occurring leaf-out date. 228 

After the first growing season the shading net was removed to eliminate light limitation. 229 

Temperatures in all climate chambers were monitored throughout the experiment using 230 

temperature loggers (HOBO MX2203, TidbiT) at a minute interval to track freezing/thawing 231 

cycles in a high temporal resolution. At the experimental site, air temperature at a height of 2 232 

m was recorded under an aluminium shelter every 30 min (EL-USB-2+ sensor, Lascar 233 

Electronics, Salisbury, UK). Saplings were watered at planting and at regular intervals 234 

depending on natural precipitation throughout the experiment to avoid any water limitations.  235 

 236 

Monitoring of recovering leaf area and mortality  237 

Recovering and newly emerging leaf tissue after the freezing treatment was visually estimated 238 

by the same observer for each sapling as the percentage of green leaf area compared to the 239 

control saplings (e.g. 100% equals full recovery) every second week in June and July and 240 

once in August and September, respectively. Saplings were considered dead if they didn’t 241 

produce any new leaves or buds over the course of two growing seasons following the frost 242 

treatment (0% of recovery). Maximum recovery (% to control) was calculated as the mean for 243 

the last three monitoring dates to improve reliability. For better comparison between different 244 

leaf-out timings, results are displayed in growing degree days (GDD, threshold=5°C) after 245 

frost exposure.  246 

 247 

C/N Analysis 248 

To evaluate the capacity of photosynthesis in recovering tissue after the frost treatment, we 249 

sampled leaf material from saplings that were subjected to the intense frost (LT100) and from 250 

the undamaged control saplings (8 replicates each), both from the natural leaf-out timing 251 
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saplings batch. Leaves were harvested in June, when the second cohort leaves from the frost 252 

treatment reached full maturity (i.e. two weeks after leaf-out), dried and ground to fine 253 

powder. 4.0±0.1 mg of leaf material was weighted into 4x8mm tin capsules and processed for 254 

Carbon and Nitrogen content using a CN analyser (NC-2500, CE Instruments, Italy). 255 

 256 

Growth assessment 257 

We measured diameter (2 cm above plant collar) and height of every sapling before budburst 258 

(prior to the treatments) as well as after the first and second growing season (after leaf fall) 259 

using a digital calliper (accuracy ±0.1mm) and a graduated pole (accuracy ± 1mm). Above-260 

ground biomass (g, AGB) was estimated following the allometric equation provided by 261 

Annighöfer et al. (2016):  262 

𝐴𝐺𝐵 = 𝛽1 × (𝑅𝐶𝐷2 ×𝐻)𝛽2 263 

 264 

with RCD = root-collar-diameter (cm); H = height (cm) and β1 and β2 =  species-specific 265 

fitted coefficients provided in Table 4 by Annighöfer et al. (2016). The increments in AGB in 266 

the 2019 and 2020 growing seasons was calculated by subtracting the estimated previous 267 

year's AGB.  268 

Due to the loss of height as a result of the frost treatment in some saplings, increments were 269 

allowed to have negative values. Hence, AGB increments capture both dieback and new 270 

growth. In addition, height as an indicator for light competition was analysed separately.  271 

After the second growing season all saplings were dug out, washed and separated in roots and 272 

shoots for final below and above-ground biomass assessment (drying for 3 days at 80°C). 273 

Calculated and measured AGB revealed a very high correlation (r=0.97 over all species, 274 

p<0.0001; see Fig. S4). 275 

 276 

Monitoring of senescence 277 
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The progress of leaf senescence in autumn 2019 was assessed every second week between 12 278 

September and 15 November (and weekly during accelerated senescence) using a leaf spectral 279 

index (LSI) as a proxy for the remaining chlorophyll content (MC-100, apogee instruments, 280 

mean of 3 representative leaves per replicate). In addition, the percentage of fallen leaves was 281 

monitored at the same occasions and we refined the total LSI of a sapling by assigning an LSI 282 

of 0 to already dropped leaves, following Zohner et al. (2019). For example, a sapling which 283 

already dropped 50% of its leaves and a measured LSI of 20 (remaining leaves) was rated 284 

with a total LSI of 10 (0.5*20). Individual saplings were considered senescent on the day 285 

when the LSI had decreased by 50% relative to the sapling’s maximum LSI in summer.   286 

 287 

NSC measurements 288 

We sampled pencil-thick pieces of the stem (with bark) from the main axis and root (with 289 

cortex) on 4 occasions: during dormancy (February), during first budburst before freezing, 290 

during emergence of second cohort leaves (June) and at the end of the growing season 291 

(November). Samples were taken for the earliest and latest artificial leaf-out timings as well 292 

as for the natural one for both LT100 and control saplings (only occasions in June and 293 

November after treatments have started; see Table S2 for number of replicates). After 294 

harvesting, stem and root materials were placed directly in an oven at 80°C to prevent any 295 

further enzymatic activity and dried for at least 72 hours. Tissue samples were then ground to 296 

fine powder with a ball mill (MM 400, Retsch GmbH, Haan, Germany).  297 

To determine NSC concentrations, we applied the method of Wong (1990) modified by Hoch 298 

et al. (2002). For soluble sugar extraction, approx. 10 mg of the homogenized material was 299 

boiled in 2 ml distilled water for 30 min. After centrifugation a 200 μl aliquot of the extract 300 

was taken and invertase and isomerase (Sigma-aldrich, St. Louis, USA) were added to 301 

degrade sucrose and convert fructose into glucose. The amount of glucose was then 302 

determined photometrically with the glucose-hexokinase assay. In this assay glucose is 303 
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converted via hexokinase in the presence of ATP to glucose-6-P. In a second step, glucose-6- 304 

P and NAD are converted to gluconate-6-phosphate and NADPH by glucose-6-phosphate 305 

dehydrogenase. In the reaction, the concentration of NADPH (equating to the concentration of 306 

glucose) was determined photometrically at 340 nm. The total amount of NSC (soluble sugars 307 

plus starch) was determined by adding amyloglucosidase from Aspergillus niger (Sigma-308 

aldrich, St. Louis, USA) to a 500 μl aliquot of the plants extract and incubating it at 49°C for 309 

15 h for starch digestion. Total glucose was determined as described above and the starch 310 

concentration was calculated as the difference between total NSC and soluble sugars. Pure 311 

starch, glucose, fructose, sucrose and standard plant powder (Orchard leaves; Leco, St Joseph, 312 

MI, USA) were included to control reproducibility of the extraction process. Concentrations 313 

of sugars and starch are expressed on a dry matter basis in mg.g-1. Samples were processed in 314 

a random manner to avoid any analytical bias related to analyses time.  315 

 316 

Natural frost damage in adult beech  317 

In addition to the sapling experiment, we studied the impact of damaging spring frost on adult 318 

trees under natural conditions focusing on ten adult beech trees growing at one of the highest 319 

mountain peaks in the Swiss Jura (Weissenstein, 47°25'79"N, 7°52'64"E; 1'385 m a.s.l.; mean 320 

temperature for July 14.8°C and -0.7°C for January; mean annual precipitation 1’635 mm, 321 

period of 1991-2021; CHELSA-W5E5 v.1.1; Karger et al., 2021). On the 10 and the 11 May 322 

2020 a low-pressure system over Europe brought cold air from the north causing the 323 

temperature at this site to drop to a minimum of around -2.5°C (-1.1°C at the 9 km distant 324 

weather station Bettlachstock; 47°13′28″N 7°25′02″E; 1'100 m a.s.l. adjusted with a lapse rate 325 

of 0.5°C/100 m). As a consequence, the beech population at the highest elevation lost all 326 

newly emerged leaves, with damages visible down to ca. 1'150 m a.s.l (Fig. S5-6). Ten 327 

additional adult beech individuals were selected on the same slope but at lower elevation 328 

(1'085 m a.s.l.), where no freezing damages have been observed. This latter site served as a 329 
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control to compare recovery of the damaged ones. 2 years old, pencil-thick branches were 330 

harvested (including the bark) for NSC analysis on 5 dates throughout the growing season 331 

2020 (18 June, 30 June, 27 July, 3 Sept. and 21 Oct.). On the same dates recovering leaf area 332 

was assessed visually in relation to the unfrozen control trees similar to the sapling 333 

experiment. A camera taking one photo per day (NatureView HD Essential, Bushnell Outdoor 334 

Products) was mounted on a tree at 4-meter height on 30 June in order to monitor the 335 

emergence of the new foliage. No permit was required to conduct the necessary field work. 336 

 337 

Data analysis and statistics 338 

To account for initial differences in sapling stature and for better comparison among species 339 

biomass and height increments were standardized to the sapling’s initial calculated AGB and 340 

height (prior to the experiment) and termed ‘AGB and height increment (% to initial state)’  341 

All dependent variables were analysed within species using linear mixed effect models (lme 342 

function of the R package NLME v.3.1-148). The variable ‘maximum recovery (% to 343 

control)’ was log-transformed to obtain normality of residuals. 344 

Fixed effects included leaf-out timing (days relative to control) as a numeric and frost 345 

treatment as a factorial explanatory variable.  We included block as a random factor to 346 

account for the position of saplings within the experimental plot. Saplings flushing in natural 347 

conditions were excluded from this analysis as conditions prior to and during leaf-out differed 348 

from saplings manipulated in artificial climate chamber conditions. At first, this model was 349 

run for unfrozen control saplings only (without frost treatment as a fixed effect). 350 

Leaf spectral index data were first analysed to test effects of frost and leaf-out timing for all 351 

measurement dates on absolute values using linear mixed effect models with individual 352 

saplings as random factor. In a second step, LSI values were standardized to maximum values 353 

to calculate the day of year at 10, 50 and 90% of senescence for every replicate separately 354 

using a generalized linear model (glm function, package STATS v.4.0.2) with a 355 
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quasibinomial distribution and a logit link function. Finally, a linear model was applied to test 356 

the effect of frost and leaf-out on the day of year at 10, 50 and 90% senescence. 357 

NSC concentrations (% dry weight) and C/N ratio were analysed using linear models adding 358 

leaf-out timing as a factor (for NSC), because this dataset consisted of the earliest and latest 359 

artificial flushing date only. Differences in NSC concentration and C/N ratio between frozen 360 

and unfrozen control groups were additionally analysed using Mann-Whitney U test. 361 

For the additional experiment on adult beech trees at Weissenstein, Switzerland, NSC 362 

concentrations were analysed for each sampling date using linear mixed effect models with 363 

frost damaged trees/undamaged trees (population site) as a fixed and tree ID as a random 364 

effect to account for repeated measurements on the same individual.  365 

All analyses were performed in R (R Development Core Team, 2020), v.4.0.2. 366 

 367 

Results  368 

Artificial and natural budburst timing 369 

Temperature manipulation of saplings in climate chambers resulted in a wide range of 370 

budburst dates but with significant differences among species, spanning 37 days for Prunus, 371 

36 days for Carpinus, 30 days for Quercus and only 22 days for Fagus (Fig. 2). Two long-372 

term series (>38 years) of leaf-out dates for adult cherry and beech (earliest and latest flushing 373 

species) show that this artificially induced range of leaf-out timing fairly reproduces the range 374 

of naturally occurring leaf-out timings observed in Zurich, Switzerland (Fig. 2).  375 

 376 

Induced Freezing damages and mortality 377 

Artificial freezing treatments of both temperature thresholds (LT50 and LT100) caused severe 378 

damage to all leaves and led to a complete defoliation in all saplings and of all species (Fig 379 

S7). Prunus lost substantial parts of the main shoot, especially after the LT100 treatment, and, 380 

as a consequence, reformed a new apical shoot from the stem basis. Frost-induced mortality 381 
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was clearly highest in Carpinus for which 32% of the saplings died after the LT100 and 13% 382 

after the LT50 frost treatment, respectively (Tab. S3). In Fagus mortality was 8% and 12% 383 

(always LT100 and LT50) followed by Prunus (8% and 5%) and Quercus (2% and 3%). 384 

 385 

Short term recovery (first growing season) 386 

How fast do saplings recover their leaf-area from frost damages? 387 

Naturally flushing saplings exposed to the LT100 frost treatment reached close to maximum 388 

recovery values (leaf-area compared to control) in all species already at the first monitoring 389 

campaign on 7 June (green dots in Fig. S8A). While Quercus recovered fully with <280 GDD 390 

(Fig. S8A; or less than 4 weeks, Fig. S9A) using spare buds that weren’t deployed during the 391 

first flush, all other species showed two waves of recovery, the second being around the 392 

second flush of unfrozen control saplings (finished by end of July). Thereafter leaf-area 393 

compared to control remained stable until senescence. 394 

Advanced leaf-out timing caused a lower first recovery wave even after similar GDD (Fig. 395 

S8A). 396 

 397 

How much do saplings recover their leaf-area from frost damages? 398 

Following the LT100 frost treatment, maximum recovery (mean leaf area in summer compared 399 

to control) of naturally flushing saplings was highest in Quercus (83±4%, Mean ± SE; Fig. 3) 400 

and Prunus (81±7%) and only reached 57±10% and 35±3% in Carpinus and Fagus, 401 

respectively. Delayed leaf-out negatively affected maximum recovery, but it was significant 402 

in Fagus (LT 50 and LT100) and Prunus (LT100) only. While the most advanced leaf-out date 403 

did not fit in this pattern in Fagus and Prunus the effect of leaf-out timing was clearly evident 404 

afterwards (Fig. 3; maximum difference in state of recovery among artificial leaf-out dates: 405 

24% in Fagus and Carpinus, 15% in Prunus and 6% in Quercus, respectively). 406 

 407 



   17 

Does maximum recovery depend on frost intensity? 408 

A lower frost intensity (LT50 compared to LT100) resulted in significantly higher maximum 409 

recovery in naturally flushing saplings of Quercus (96±2% vs. 83±4%; Mean ± SE) and 410 

Fagus (48±6% vs. 35±3%) only (Fig. 3 and Tab. S4). Higher maximum recovery after 411 

exposure to reduced frost intensity was also evident in artificial leaf-out dates for all species, 412 

except for Prunus (Fig. 3). In this species, we detected that maximum recovery increased with 413 

delayed leaf-out timing, contradictory to the response of saplings that were exposed to the 414 

LT100 frost treatment (significant frost x leaf-out timing interaction, Tab. S4). 415 

 416 

Do recovering leaves differ in C/N ratios?  417 

Across all species tested (Prunus, Quercus and Fagus) C/N-ratios were significantly lower in 418 

the second cohort of leaves that have emerged after the LT100 frost treatment compared to the 419 

leaves from unfrozen control saplings (overall C/N ratio of 18.8±0.9 vs. 27.3±1.4; Fig. 4 and 420 

Tab. S5). Thus, the new cohort of leaves which have emerged after the frost treatments had 421 

higher N concentrations per g dry weight. 422 

 423 

Is above-ground biomass (AGB) and height increment affected by leaf-out timing in unfrozen 424 

control saplings?  425 

AGB increments during the first growing season following the frost treatment significantly 426 

decreased with delayed budburst in Carpinus only (green dots in Fig 5A and Tab. S6). 427 

However, lowest AGB increments were always found in most delayed leaf-out timings in all 428 

species. When focusing on height only, increments significantly decreased with delayed leaf-429 

out timing by -28% in Fagus, -21% in Carpinus and -13 in Quercus for one week of delay 430 

compared to the natural flushing date, respectively (estimates from linear mixed effect 431 

models; no trend found for Prunus; Fig. S10A and Tab. S7). During the second growing 432 

season following the frost treatment and leaf-out manipulation, Carpinus continued to show a 433 
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trend in the same direction. Fagus on the other hand, compensated by significantly increasing 434 

AGB increments with delayed leaf-out timing (reverse lag effect; Fig. 5B and Tab. S6). 435 

 436 

How much is AGB and height increment affected by frost?  437 

Both LT100 and LT50 frost treatments led to a significant reduction in AGB increment in 438 

naturally flushing saplings of all species (Fig 5A and Tab. 1) during the first growing season. 439 

AGB increment, following the LT100 frost treatment was reduced by -105% in Carpinus, -440 

98% in Fagus, -62% in Quercus and -41% in Prunus compared to unfrozen control saplings, 441 

respectively (for naturally flushing saplings). The LT50 frost treatment caused similar AGB 442 

reductions, except for Quercus which showed moderate reduction compared to the LT100 443 

treatment (-40%; see Tab. 1 for AGB and Tab. S8 for height increments). AGB increments 444 

after the LT100 frost treatments significantly declined with delayed leaf-out timing in Quercus 445 

and Carpinus (Tab. 1 & Fig. 5), with a reduction of -23.6% and -6% per week of delayed 446 

leaf-out, respectively. Lowest increments were always found in the latest leaf-out date in all 447 

species. Similar to maximum recovery, Prunus showed a reverse trend after exposure to the 448 

LT50 frost treatment, increasing AGB increment by +24.8% with delayed leaf-out timing (Tab 449 

1, interaction Frost_LT50 x Leaf-out timing). Reductions in height increments after LT100 frost 450 

treatments followed the same pattern as for AGB increments (Fig. S10, Tab. S8). Lag effects 451 

on AGB and height increments during the second growing season after the frost treatments 452 

are shown below (Long-term recovery). 453 

 454 

Are chlorophyll content and senescence affected by leaf-out timing or frost? 455 

In early September, at the beginning of senescence, chlorophyll content (leaf spectral index; 456 

LSI) was significantly higher in recovering leaves (after LT100 frost treatment) of Fagus 457 

(+15%) and Carpinus (+3.1%) but lower in Quercus (-5.2%) compared to unfrozen control 458 

saplings (no difference detected in Prunus; Fig. S11 and Tab. S9). 459 
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By the end of senescence in late October chlorophyll content of frozen saplings was 460 

significantly higher in all species (+114% for Carpinus, +38% for Fagus and +29% for 461 

Prunus), except for Quercus, in which initial differences vanished (Tab. S9). 462 

Delayed leaf-out timing significantly reduced chlorophyll content in frozen saplings of 463 

Quercus only, with a -55% reduction from earliest to latest leaf-out timing (df = 88, t-value = 464 

-2.8, p = 0.006; in September; Fig. S11), that persisted throughout autumn senescence. Hence 465 

in frozen saplings of Quercus a delayed leaf-out led to a lower chlorophyll content.  466 

 467 

To what extend are NSC-levels impacted by frost? 468 

After an abrupt decrease in total NSC concentration (% dry matter) during the emergence of 469 

the first cohort leaves, NSC levels quickly recovered in unfrozen saplings (Fig. 6). Shortly 470 

after the emergence of a new cohort of leaves for the frozen saplings (June), total NSC 471 

concentrations were significantly reduced in all species (no data for Carpinus) compared to 472 

unfrozen control saplings in shoot as well as in root tissue (Fig. 6 and Tab. S10). Specifically, 473 

total NSC concentration was reduced by -78% in Fagus, -69% in Quercus and -55% in 474 

Prunus, respectively (LT100 compared to control). However, by the end of the growing season 475 

(November) total NSC concentrations of frozen saplings recovered to control levels in both 476 

root and shoot tissues with Carpinus even significantly overcompensating and hence 477 

exceeding control levels by +24% (shoot tissue, Tab. S10). No difference in NSC 478 

concentration was found between earliest and latest leaf-out timing, irrespective of species 479 

(Fig. S12)  480 

 481 

Long-term recovery (lag effect) 482 

Impact of damaging frosts on AGB and height increment during the second growing season 483 

Growth reduction induced by the two frost treatments (LT100 and LT50) during the first 484 

growing season were also significant during the second growing season (Fig. 5B and Tab. 1). 485 
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In naturally flushing saplings AGB increments were still reduced in LT100 treated saplings by 486 

-92% in Carpinus, -87% in Quercus and -78% in Fagus, respectively, except for Prunus 487 

which increased AGB increment by +22% compared to unfrozen control saplings. However, 488 

the LT50 frost treatment still caused a reduction of -18% in this species. Delayed leaf-out 489 

timing during the first year continued to cause decreased AGB increments in Carpinus and 490 

Fagus during the second growing season, enhancing the effect found in the previous growing 491 

season (Tab. 1). The same pattern was found also for height increments (Fig. S10B and Tab. 492 

S8, see therein also effect on both growing seasons). Shoot/root-ratio was only found to be 493 

significantly lower in saplings of Prunus exposed to the LT50 frost treatment (-0.14; t = -2.0, p 494 

= 0.046; Fig. 5C). 495 

 496 

Recovery after a natural frost damage in a mature beech stand 497 

Recovery of foliage 498 

First signs of emerging leaves appeared on 30 June 2020, i.e. 51 days after the frost event (10 499 

May). Then, within 2 weeks, the canopies of the selected trees reached a greenness of around 500 

70% compared to unfrozen control trees located 300m lower in elevation and remained 501 

unchanged until the end of the growing season. 502 

 503 

NSC 504 

Trees that were exposed to the natural frost event showed a significant depletion in shoot 505 

NSC reserves which persisted at least until the end of July (Fig. 7, Tab. S11). On 30 June, 506 

total NSC concentration of frozen trees was reduced by -55% compared to unfrozen control 507 

trees at lower elevation (Fig. 7). However, both starch and sugar concentrations recovered to 508 

control levels by the end of the growing season (Fig. 7). 509 

 510 

Discussion 511 
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This experimental study allowed us to assess the combined effects of leaf-out timing (within a 512 

realistic range) and frost (LT100 and LT50 temperature) on recovering leaf area, growth, 513 

senescence and NSC concentration in saplings of 4 species with contrasting freezing 514 

tolerances and successional strategy (early to late flushing).  515 

Overall, our results showed that recovering leaf tissue appeared within a month, had higher N-516 

content and reached different target values of maximum leaf-area depending on species 517 

(>80% for Prunus and Quercus, <40% for Carpinus and Fagus; naturally flushing saplings 518 

compared to unfrozen control saplings). Chlorophyll content in recovering leaves was 519 

maintained at a higher level in autumn indicating delayed senescence in all species except 520 

Quercus. Above-ground biomass (AGB) increment was significantly diminished after both 521 

frost intensities by c. -100% (Fagus and Carpinus), c. -60% (Quercus) and c. -40% (Prunus), 522 

with shoot growth (apical meristem) being more affected than radial (cambium) growth. 523 

Delayed leaf-out timing caused increments and/or maximum recovery to decrease with the 524 

latest leaf-out date generally showing poorest performance. NSC concentrations were clearly 525 

diminished by at least -55% in June (compared to unfrozen control saplings) but fully 526 

recovered to control levels by the end of the growing season. These NSC patterns on saplings 527 

were corroborated by the assessment of adult beech trees following a natural frost event. 528 

Moreover, we show that delayed leaf-out in unfrozen control saplings led to reduced height 529 

increments, with all species showing lowest increments in the latest leaf-out timing, for which 530 

only Fagus (over-) compensated in the second growing season following the leaf-out 531 

manipulation (lag effect).  532 

 533 

NSC-restoration is prioritized at the expense of growth 534 

As found in many studies manipulating disturbance (drought, shading, defoliation), NSC-535 

reserves were restored quickly after frost at the expense of growth activity (Schönbeck et al., 536 

2018; Weber et al., 2018). Presumably, trees aim to maintain a large safety margin in terms of 537 
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carbohydrate reserves in case of injuries due to extreme biotic or climatic events with frost 538 

being one among them (Klein et al., 2016). The substantial lower NSC concentrations found 539 

in frozen compared to unfrozen saplings (all species, experiment) and adult trees (beech, 540 

Weissenstein) in June is contradictory to the study by Rubio-Cuadrado et al. (2021b), where 541 

no differences were found in stem tissue without bark of adult beech trees. We assume, that 542 

changes in reserve consumption/allocation are more sensitive 1) in twig samples including the 543 

bark (which we measured as pooled samples), 2) in saplings presumably less capable of 544 

compensating and buffering large NSC demands and 3) in shaded compared to unshaded 545 

conditions (Weber et al., 2019). For Carpinus, in which total NSC levels of frozen saplings 546 

exceeded the control by the end of the growing season, it is unclear if NSC levels increased as 547 

a result of an active investment or passively increased with declining growth similar to what 548 

is observed with growth restrictions at the upper treeline (Hoch & Körner, 2012). Although 549 

we could not measure NSC levels for Carpinus in June, we assume, that depleted NSC 550 

reserves contributed to the high mortality observed as was also reported by Weber et al. 551 

(2019) for this species in strongly shaded (6% of full sunlight) and defoliated saplings. 552 

 553 

Non-linear effects of leaf-out timing 554 

Recovery indicators (leaf-area, height and AGB increments) were clearly affected by leaf-out 555 

timing with the latest timing generally causing lowest performance. However, only for 556 

Carpinus and Quercus we could find a negative linear trend with delaying leaf-out timing. It 557 

appears that this relationship is true for all species within a certain range of leaf-out timing 558 

only. Prunus and Fagus could not profit or even performed less under most advancing leaf-559 

out scenarios (indicating a non-linear relationship). We assume that other trade-offs such as 560 

an increasing herbivory pressure and/or temperature near the freezing tolerance may have 561 

led to this lower performance in early spring. Indeed, an increased infestation of aphids 562 

(Phyllaphis fagi L. and Myzus cerasi F.) was found in saplings with most advanced leaf-out 563 
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timing, for Fagus and Prunus, respectively (personal observation). In addition the strong 564 

photoperiodic control known for Fagus (Vitasse & Basler, 2013) may have slow down 565 

further leaf-development and hence recovery. Menzel et al. (2015) also reported a shorter 566 

recovery time of earlier flushing adult beech trees, although this effect could be the result of 567 

enhanced freezing resistance after leaf maturation (Allevato et al., 2019).  568 

 569 

Presumably higher photosynthetic capacity in second cohort leaves 570 

The higher N-content per g dry weight in second cohort leaves emerging after the frost 571 

treatment indicates that theses saplings had sufficient access to critical nutrients and the new  572 

investment might compensate for their reduced canopy foliage by higher rates of 573 

photosynthesis (Reich et al., 1995). This is in line with results from Rubio-Cuadrado et al. 574 

(2021b) who found increased N concentrations in recovering leaves of frozen compared to 575 

unfrozen adult trees of Fagus sylvatica. Hence, even in natural conditions, where trees are 576 

likely strongly competing for nutrients, adult trees seem to allocate increased amounts of 577 

nitrogen to the recovering leaf tissue. There are strong indications, that beech uses stored N 578 

early in the season to support growth emerging leaves (when low soil temperature prevents 579 

substantial N uptake by roots) whereas later in the season newly taken up N strongly 580 

contributes to the nitrogen pool allocated in the tree and supporting the demand of 581 

aboveground organs (Gessler et al., 1998). We therefore conclude that saplings as well as 582 

adult trees are neither carbon nor nitrogen limited and dispose of enough reserves to build up 583 

an entire canopy.  Consistently, substantially higher chlorophyll content in frozen Fagus 584 

saplings compared to unfrozen ones was found at the beginning of autumn, in agreement with 585 

the higher N-content in recovering leaves.  586 

 587 

Species-specific strategies to cope with damaging frost events 588 
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We observed a clear ranking of recovery performance among the species investigated, that 589 

was not related to successional stage. Both pairs of early and late flushing species showed 590 

contrasting responses with rather species-specific responses:  591 

Fully frozen saplings (LT100) of Prunus lost their main shoot down to the stem basis and 592 

resprouted from there, forming a new apical shoot (Fig. S13), that, surprisingly, reached the 593 

final height of control saplings after the second growing season. Partly frozen (LT50) saplings 594 

recovered less but still considerably reflecting the high growing potential of this species.  595 

Quercus showed minor losses and a fast recovery after frost treatments. Second cohort leaves 596 

emerged quickly from dormant buds which amount to c. 60% of total buds (personal 597 

observation also on adult trees), barely showing any visible impact of the frost treatments 598 

comparable to findings of other studies (Rubio-Cuadrado et al., 2021b; Vander Mijnsbrugge 599 

et al., 2021).  600 

Fagus resprouted from adventive buds and produced smaller leaves (personal observations) 601 

and a visibly reduced canopy found also by (Menzel et al., 2015; Rubio-Cuadrado et al., 602 

2021a). Higher chlorophyll content of frozen leaves, which remained longer in autumn 603 

presumably compensated for assimilation losses to some extent (Zohner et al., 2019; Vander 604 

Mijnsbrugge et al., 2021). Such stress related delay in senescence and compensation of 605 

assimilation losses has been also observed in beech recovering from drought (Hagedorn et al., 606 

2016) and other studies on frost events (Zohner et al., 2019). 607 

Frost-related dieback of the apical meristem may lead to a more shrub-like stature (‘stem 608 

forking’; Rosique-Esplugas et al., 2022) with increasing frequency of frost damages. Beech 609 

trees at the high elevation site in the Jura mountains appeared to have indeed several main 610 

axes with more frequent branching (personal observation). It seems that the strong 611 

photoperiodic control over leaf-out in Fagus sylvatica triggers earlier leaf-out at higher 612 

elevations than could be expected from temperature alone (Vitasse & Basler, 2013). This 613 

results in a higher risk of frost damage during late spring often observed at higher elevations 614 
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for this species (Bascietto et al., 2018). In some cases frost-damaged trees occur within an 615 

elevational belt (Allevato et al., 2019) depending on frost intensity, leaf-out timing and state 616 

of leaf maturation (Menzel et al., 2015). 617 

Carpinus suffered from high mortality after the LT100 frost treatments. Saplings with a very 618 

low recovering leaf area appeared to die mainly in the following growing season. Such a 619 

cascading mortality effect was also observed in saplings of Aesculus glabra after a natural 620 

frost event (Augspurger, 2011) and highlights the importance to assess frost effects beyond 621 

the first growing season. Otherwise, Carpinus overcompensated NSC reserves presumably as 622 

a result of diminished growth and delayed senescence. 623 

 624 

Limitations of the study 625 

To assess the isolated effect of leaf-out timing on the speed and the extent of recovery after 626 

frost, one needs to control for environmental conditions, which will otherwise largely 627 

determine the growth responses after leaf-out. Hence, part of the effects of leaf-out timing 628 

reported in this study reflect the weather conditions after plantation in the field. Nevertheless, 629 

by doing so, we simulated a variety of realistic ‘starting scenarios’ that introduced variability 630 

to capture more reliable plant responses within a single year. While saplings do not 631 

necessarily reflect responses of adult trees (e.g. advanced leaf-out timing; Vitasse, 2013), they 632 

are often more sensitive to stress conditions and are therefore the bottleneck of long-term 633 

persistence of a species through the critical phase of recruitment and establishment (Bolte & 634 

Ibisch, 2007). Bianchi et al. (2019) found indeed very high mortality rates in seedlings of 635 

deciduous trees most likely related to spring frost events because of their opportunistic 636 

behaviour. The pronounced lag effect of frost on growth increments (during the second 637 

growing season) reflects mainly the difference in saplings’ stature caused by the frost 638 

treatments during the first growing season. It is likely, that such a carry-over effect diminishes 639 

with increasing tree size and maturation as indicated by the high resilience to frost found in 640 



   26 

tree ring studies (Príncipe et al., 2017; Vitasse et al., 2019), though this carry over effect has 641 

been also found in adult beech population in central Spain (Rubio-Cuadrado et al., 2021a). 642 

 643 

Earliest flushing sapling benefit from more light as the canopy is still open under natural 644 

conditions during this time of year. Thus, by planting saplings directly under a shading net 645 

(simulating canopy closure), we may have underestimated the advantage of earlier flushing, 646 

especially in shade intolerant species like cherry.  647 

Frost as well as drought events are expected to increase in frequency with an increasing 648 

possibility that both events occur in the same year, which may cause a tipping point for tree 649 

resilience Future experiments should therefore aim at assessing the effect of multiple frosts in 650 

several subsequent years as well as combined effects of other stressors like drought events 651 

within the same growing season. Besides, it remains unknown to what extent trees in natural 652 

stands could profit from lower competition, when neighbouring trees are damaged by a spring 653 

frost. 654 

 655 

Conclusion 656 

Our study demonstrates that recovery from frost events involves a relatively fast (saplings) 657 

but slower (adult trees) regreening with leaves of presumably higher photosynthetic 658 

efficiency, that are maintained longer in autumn. NSC reserves recover always at the expense 659 

of growth and overall recovery performance declines with delayed leaf-out timing. However, 660 

we observed large differences in recovery performance among the tested species, that were 661 

not related to their life history strategy (pioneer vs. late successional species). Species’ 662 

strategies to cope with frost are various and included the deployment of reserve buds (oak), 663 

the ability to resprout from the stem base (cherry), higher N-content in recovering leaves (all 664 

species), overcompensation of NSC-reserves (hornbeam) and delayed senescence (hornbeam 665 

and beech). 666 
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A common explanation to optimize leaf-out timing is the trade-of between freezing damage 667 

and competition through a shorter growing season. Here we propose another key trait, the 668 

recovery potential, that enables a species to take greater risks even at the cost of losing the 669 

whole leaf tissue of first cohort buds in some years. In an evolutionary perspective, this means 670 

that fast and well recovering trees are selected to leaf-out earlier thereby consistently taking 671 

more risk than could be expected from performance of avoiding frost damages alone. Such 672 

competitive advantages may reshuffle the cards of evolution with increasing frequency of 673 

damaging frost events and (combined with) other stressors. 674 

 675 

 676 
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 SUPPORTING INFORMATION  860 

Additional supporting information may be found in the online version of this article. 861 

Table S1 Freezing resistance, shade tolerance and initial stature of the saplings used. 862 

Table S2 Number of replicates per treatment and for different variables 863 

Table S3 Frost related mortality 864 

Table S4 Model output: effects of leaf-out timing and frost intensity on maximum recovery 865 

Table S5 Model output: effects of frost on C/N-ratio 866 

Table S6 Model output: effects of leaf-out timing on AGB increment 867 

Table S7 Model output: effects of leaf-out timing on height increment (control) 868 

Table S8 Model output: effects of leaf-out timing and frost intensity on height increment 869 

Table S9 Model output: effect of frost on leaf spectral index (senescence) 870 

Table S10 Model output: effect of frost on total NSC concentration 871 
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Table S11 Model output: effect of frost on total NSC concentration (natural beech population) 872 

 873 

Figure S1 Packing of saplings to prevent frost damages to the roots during the freezing 874 

Figure S2 Temperature curves during the artificial freezing treatments 875 

Figure S3 Experimental setup at the WSL research facility near Zurich, Switzerland 876 

Figure S4 Pearson collrelation between calculated and measured AGB 877 

Figure S5 Experimental site at Weissenstein with visible frost damages 878 

Figure S6 Canopy defoliation of European beech at Weissenstein 879 

Figure S7 Example of frozen and unfrozen hornbeam saplings 880 

Figure S8 Recovering leaf area in relation to growing degree days after frost exposure 881 

Figure S9 Recovering leaf area in relation to days after frost exposure 882 

Figure S10 Height increments in relation to artificial and natural leaf-out dates and frost 883 

treatments 884 

Figure S11 Leaf spectral index during autumn 2019 885 

Figure S12 NSC concentrations in relation to most advanced and delayed leaf-out timings 886 

Figure S13 Resprouting from the stem base (Prunus avium) 887 
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Main  891 

Tables 892 

Tab. 1: Fixed terms of the linear mixed effect model testing the effect of leaf-out timing (LT) 893 

and frost (LT100 and LT50) on calculated and standardized above-ground biomass increment 894 

(% to initial state) during the 1. and 2. growing season (and both). Interactions are only shown 895 

if they significantly improved the model. 896 

Spec. 

 1. Growing season 2. Growing season Both Growing seasons 

Treatments DF t-value p DF t-value p DF t-value p 

P
ru

n
u

s 

Leaf-out Timing (LT) 136 -1.58 0.12 122 2.37 0.019 116 2.22 0.029 

Frost LT50 136 -5.89 <0.0001 122 -2.56 0.012 116 -3.00 0.003 

Frost LT100 136 -4.41 <0.0001 122 -0.75 0.45 116 -0.55 0.58 

LT x Frost LT50 136 2.52 0.013 - - - - - - 

LT x Frost LT100 136 0.51 0.61 - - - - - - 

C
a

rp
in

u
s 

Leaf-out Timing (LT) 133 -3.69 0.001 121 -4.41 <0.0001 101 -4.77 <0.0001 

Frost LT50 133 -12.33 <0.0001 121 -4.87 <0.0001 101 -5.70 <0.0001 

Frost LT100 133 -12.29 <0.0001 121 -5.69 <0.0001 101 -5.63 <0.0001 

LT x Frost LT50 - - - - - - - - - 

LT x Frost LT100 - - - - - - - - - 

Q
u

er
cu

s 

Leaf-out Timing (LT) 134 -3.76 0.001 122 -2.24 0.027 119 -2.46 0.015 

Frost LT50 134 -3.83 0.001 122 -1.68 0.096 119 -2.25 0.026 

Frost LT100 134 -6.76 <0.0001 122 -3.64 0.001 119 -4.39 <0.0001 

LT x Frost LT50 - - - - - - - - - 

LT x Frost LT100 - - - - - - - - - 

Fa
g

u
s 

Leaf-out Timing (LT) 132 -1.29 0.19 123 3.91 0.001 109 3.69 0.001 

Frost LT50 132 -6.85 <0.0001 123 -6.83 <0.0001 109 -6.05 <0.0001 

Frost LT100 132 -8.19 <0.0001 123 -8.08 <0.0001 109 -7.60 <0.0001 

LT x Frost LT50 - - - 123 -3.13 0.002 109 -2.27 0.025 

LT x Frost LT100 - - - 123 -3.91 0.001 109 -3.50 0.001 

 897 
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Figures 898 

 899 

Fig. 1 Daily mean (black line), minimum and maximum (shaded area) air temperature at the 900 

study site near Zurich, Switzerland from February to July 2019. The blue area corresponds to 901 

the daily minimum and maximum temperature in the cooling chamber with the mean as blue 902 

thick line in between. The red curve follows the hourly mean temperature of the forcing 903 

chamber with day and night fluctuations. Simulated daylength in the forcing chamber followed 904 

the increasing photoperiod at the study site, hence day-time temperature increasingly 905 

contributed to the mean (red line in between). Vertical lines indicate the transfer days from 906 

outside into the cooling chamber (blue) and from the cooling into the forcing chamber (red).  907 

 908 

 909 

 910 

 911 
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 912 

Fig. 2 Leaf-out occurrences (day of year; DOY) of the four study species in response to artificial 913 

(blue to red points) and ambient (green points) spring conditions. Advanced and delayed leaf-914 

out timings were induced by transferring saplings from a cool to a forcing chamber (indicated 915 

are the respective dates of transfer). Naturally flushing saplings experienced ambient condition 916 

at the research facility near Zurich, Switzerland. Each dot represents the mean ± 1 SD of 12 917 

replicates. The violin diagrams represent the leaf-out time series of an adult cherry (light green, 918 

provenance from Bovenden, Germany, 38 record years) and beech (dark green, provenance 919 

from Denmark, 43 record years) tree that were recorded at the research facility. Shaded areas 920 

indicate the month for better readability. 921 
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 924 

Fig. 3 Maximum recovery (mean leaf area in summer compared to control) after fully (LT100, 925 

A) and partly (LT50, B) frozen saplings compared to unfrozen control saplings in relation to 926 

leaf-out timing (days) relative to the natural event (doy; day of the year). Dots represent the 927 

mean ± 1 SE of 12 replicates. Note the different scales on the y-axis.  928 

 929 

 930 

 931 

 932 



   40 

 933 
Fig. 4: C/N-ratio of second cohort leaves after the LT100 frost treatment compared to leaves 934 

from unfrozen control saplings. Mean ± 1 SE of 8 replicates. No data were collected for 935 

Carpinus betulus due to poor recovery (insufficient replicates). 936 
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 938 
 939 

Fig. 5: Calculated and standardised above-ground biomass increments (% to initial state) after 940 

artificial frost events (LT100 and LT50 freezing target values) and control treatment during first 941 

(A) and second (B) growing season as well as the final shoot/root ratio (C) in response to leaf-942 

out timing. The four artificial leaf-out dates are indicated as days relative to the natural leaf-943 

out date (doy, day of year, right site on each panel), e.g. 0 corresponds to natural leaf-out 944 

timing. 91=1. Apr; 109=19. Apr; 113=23. Apr; 141=21. May. N=12 replicates. Dots represent 945 

the median ± 1 SE. Note the different scales on the y-axis.  946 

 947 

 948 
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 949 

Fig. 6 NSC concentration over the season 2019 in shoot (a) and root tissue (b). In June and at 950 

the end of season also saplings from the LT100 freezing treatments (blue rectangles) were 951 

sampled in addition to unfrozen control saplings (green rectangles). No saplings were harvested 952 

in June for Carpinus due to limited number of replicates. Error bars indicate ± 1 SE around the 953 

mean of 4 replicates. Note the different scaling of the y-axis for shoots and roots. 954 
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 958 

Fig. 7 Shoot NSC concentration in adult trees at Weissenstein (SO, Switzerland) that were 959 

either exposed to a damaging natural spring frost event (10/11 May 2020; blue rectangles) or 960 

not (control located 300m below; green rectangles) over the course of the season 2020. Dates 961 

indicate the respective sampling occasion. On 30 June second cohort leaves started to emerge 962 

after the canopy dieback. Error bars indicate ±1SE around the mean of 10 replicates. 963 
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