
Title: Spring predictability explains different leaf-out strategies in the Northern 1 

Hemisphere woody floras 2 

 3 

Authors: Constantin M. Zohner1*, Blas M. Benito2, Jason D. Fridley3, Jens-Christian Svenning2, 4 

and Susanne S. Renner1 5 

 6 

Affiliations: 7 

1Systematic Botany and Mycology, Department of Biology, Munich University (LMU), 80638 8 

Munich, Germany. 9 

2Section for Ecoinformatics and Biodiversity, Department of Bioscience, Aarhus University, 10 

Aarhus 8000 C, Denmark.  11 

3Department of Biology, Syracuse University, Syracuse, NY 13244, USA.  12 

 13 

*Correspondence to: E-mail: constantin.zohner@t-online.de  14 

 15 

Words: 216 (abstract), 1901 (text), 2998 (methods), 570 (legends)  16 

References: 28 17 

Figures: 3 18 

Tables: 1 19 

 20 

 21 

 22 

 23 



Abstract: Temperate zone trees and shrubs have species-specific requirements for winter 24 

duration (chilling) and spring warming that are thought to optimize carbon gain from leaf-out 25 

after significant frost risk has passed1,2. Climate-driven changes in bud break times should 26 

therefore depend on the historical frequency of frost occurrences in a given region. To date, 27 

however, regional differences in frost predictability have been largely ignored in phenology 28 

studies. We quantified continental-scale differences in spring temperature variability (STV) and 29 

species’ leaf-out cues using chilling experiments in 215 species and leaf-out monitoring in 1585 30 

species from East Asia, Europe, and North America grown under common climate conditions. 31 

The results reveal that species from regions with high STV and unpredictable frosts have higher 32 

winter chilling requirements, and, when grown under the same conditions, leaf out later than 33 

related species from regions with lower STV. Since 1900, STV has been consistently higher in 34 

North America than in Europe and East Asia, and indeed experimentally long or short winter 35 

conditions differentially affected species from the three regions, with North American trees and 36 

shrubs requiring 84% more spring warming for bud break, European ones 49%, and East Asian 37 

ones only 1% when experiencing a short winter. Such strong continental-scale differences in 38 

phenological strategies underscore the need for considering regional climate histories in global 39 

change models. 40 

 41 

 42 

 43 
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 45 



Main text: Rising spring temperatures have advanced the onset of the growing season in many 46 

deciduous species3–5, affecting plant productivity and global carbon balance6–8. As shown by 47 

experiments and monitoring data, however, species differ greatly in the extent to which they rely 48 

on winter and spring temperatures to regulate leaf unfolding9–12. The two temperature signals 49 

interact, with species that need extended chilling unable to react to spring warming if winters are 50 

too short11–13. Hence, unfulfilled chilling requirements may halt the advance of spring leaf-out, as 51 

is already happening in seven European species analysed in this regard14. Previous work on the 52 

budbreak phenology of temperate species has largely ignored the potential contributions of local 53 

climate history (but see Lechowicz15), despite the fact that such histories will likely constrain the 54 

response of vegetation to ongoing climatic change. 55 

 Temperate woody plants face a trade-off between early carbon gain (early leaf 56 

expansion) and avoidance of frost damage (late leaf expansion)1. In regions with high spring 57 

temperature variability (STV) and unpredictable frosts, plants might have evolved ‘safe’ 58 

strategies and delay leaf unfolding until the risk of late frost damage has passed15. To test for 59 

possible regional differences in spring frost predictability we compiled STV throughout the 60 

Northern hemisphere, by computing a global map of the standard deviation of minimum spring 61 

temperatures over the past 100 years, using the Climatic Research Unit (CRU) time-series 62 

dataset16. Our analysis revealed marked continental-scale variation in STV, with peaks in eastern 63 

North America and northeastern Europe. STV was lowest in East Asia (EA).  64 

To test whether regional differences in STV have led to different phenological strategies 65 

of the woody floras of North America (NA), Europe (EU), and EA, we combined experimental 66 

and monitoring data for a representative set of species. Species’ winter chilling requirements 67 

were inferred from twig-cutting experiments in 215 species from 92 genera in 46 families from 68 



throughout the Northern Hemisphere. Leaf-out dates for 498 species (145 genera in 60 families) 69 

were collected over four years (2012 to 2015) in the Munich Botanical Garden, including the 215 70 

species used in the experiments. We additionally analysed leaf-out dates from 1458 species (281 71 

genera in 99 families) observed in 2012 at five other Northern Hemisphere gardens17. We first 72 

linked a species’ leaf-out behaviour to its biogeographic region (NA, EU, EA), and then tested 73 

for effects of STV on leaf-out dates and chilling requirements. 74 

Phenological traits in species from throughout the Northern Hemisphere are influenced 75 

by species’ shared evolutionary history17. We therefore constructed a phylogeny that included all 76 

1593 species for which experimental and monitoring data were available (Extended data Fig. 1). 77 

To estimate the phylogenetic signal in leaf-out dates (Munich data) and chilling requirements, we 78 

constructed two further phylogenies based on DNA sequences for 374 and 180 species, 79 

respectively (Extended Data Figs. 2 and 3). There was a strong phylogenetic signal in leaf-out 80 

dates (Pagel’s λ = 0.81), and we therefore applied phylogenetic hierarchical Bayesian (HB) 81 

models to account for phylogenetic autocorrelation. Because trees tend to leaf-out later than 82 

shrubs and evergreen species later than deciduous species (see Panchen et al.17 and our Extended 83 

Data Fig. 4b), we also included growth habit and leaf persistence in our HB models. The results 84 

showed that these two life-history traits do not statistically effect chilling requirements 85 

(Extended Data Fig. 4a,c,d). 86 

Leaf-out strategies differed strongly by continent, with EA species having much lower 87 

requirements for winter chilling than NA species, and EU species intermediate (Figs. 1 and 2). In 88 

our experiments, 57% of the 73 NA species had high chilling requirements, whereas only 30% of 89 

the 48 EU and 5% of the 94 EA species had high chilling requirements (Extended Data Fig. 5). 90 

Under short winter conditions (C1 treatment), the forcing requirements (degree days >0°C until 91 



budburst) of NA species increased by 84% (median degree days C1/C3 treatment = 792/430), 92 

those of EU species by 49% (568/392), and those of EA species by only 1% (360/355), 93 

compared to long winter conditions (Fig. 1). An ANCOVA that included chilling treatments 94 

(C1–C3), habit (shrubs vs. trees), and continent (NA, EU, and EA) as predictor variables for 95 

species’ forcing requirements revealed a significant (P <0.001) interaction between species’ 96 

chilling requirements and continent, i.e., chilling treatment had a greater effect on NA species 97 

than on EU and EA species (Fig. 1a, Extended Data Fig. 6, Extended Data Table 1). The effect 98 

of continent on chilling requirements remained significant when controlling for phylogenetic 99 

autocorrelation of phenological traits and when incorporating fixed effects for growth habit and 100 

leaf persistence in the HB model (Extended Data Fig. 5b). In line with this, in 12 (75%) of 16 101 

families containing both NA and EA species, NA species had lower chilling requirements than 102 

EA species, while the opposite was true for only 2 (13%) of the 16 families (Extended Data Fig. 103 

7a). Similarly, in 9 (53%) of 17 genera containing both NA and EA species, NA species had 104 

lower chilling requirements than EA species, while the opposite was only true for Fraxinus 105 

(Extended Data Fig. 7b). Results of the chilling experiment were unaffected by photoperiod 106 

treatment (Extended Data Fig. 8). 107 

The leaf-out data for 1585 species show that across all gardens (each with a different 108 

subset of species), NA species flushed 5±2 and 9±2 (mean ± SD) days later than EU and EA 109 

species, respectively (Fig. 2a). This continent effect had a similar magnitude in shrubs, trees, 110 

evergreens, and deciduous species (Fig. 2a and Extended Data Table 2). For all gardens, our HB 111 

models controlling for shared evolutionary history, growth habit and leaf persistence revealed a 112 

significant difference between NA and EA species (Fig. 2b and Extended Data Fig. 5c). 113 

Accordingly, in 13 (46%) of 28 families containing both NA and EA species, NA species leafed 114 



out later (> 5 days) than EA species, while the opposite was true for only 2 (7%) of the 28 115 

families (Extended Data Fig. 9). 116 

To test our hypothesis that the observed continental-scale differences reflect species’ 117 

adaptation to STV, we inferred the native climate conditions of 1137 species for which both leaf-118 

out dates and experimental data were available, by querying over a million geo-referenced 119 

records from the Global Biodiversity Information Facility (GBIF) against climate grids for STV, 120 

mean annual temperature (MAT), and temperature seasonality (TS). We used MAT to test our 121 

expectation that species from cold climates are adapted to lower energy/temperature resources 122 

and therefore leaf-out earlier than species from more southern locations when grown together in 123 

a common garden5 and TS to test for possible phenological differences between species from 124 

continental and oceanic climates18,19. To test for associations between species’ leaf-out strategies 125 

and climate factors, we applied spatial and HB models (Fig. 3c,d). For the HB models, we 126 

determined the climate optimum for each species by calculating its 0.5 quantile (median) for the 127 

respective climate variable. 128 

As expected under the hypothesis, species from areas with high STV had late bud break 129 

and high chilling requirements. In a partial correlation analysis that controlled for effects of 130 

MAT, STV was positively correlated with chilling requirements and leaf-out dates (partial r2 = 131 

0.35 and 0.20, respectively, see Fig. 3c,d). Recursive partitioning analyses yielded similar 132 

results: of the 91 species from regions with high STV (>1.4), 50% had high chilling 133 

requirements, while only 9% of the 92 species from low STV had such requirements (Fig. 3b). 134 

The mean leaf-out date (day of the year; DOY) of the 97 tree species from regions with high 135 

STV (>1.2) was DOY 111, while the mean leaf-out date of 78 trees from regions with low STV 136 

was DOY 104—on average 7 days earlier. Similarly, in shrubs, the 158 species from regions 137 



with lower STV on average leafed out 7 days earlier than the 44 species from regions with high 138 

STV (DOY 95 and 102, resp.; Extended Data Fig. 10a). For both chilling requirements and leaf-139 

out dates, the effect of STV remained significant when controlling for phylogenetic (HB models) 140 

and spatial autocorrelation (SAR models; Fig. 3c and Table 1). The effect of STV on leaf-out 141 

dates was consistent across all locations for which we had leaf-out data, i.e., in four gardens 142 

species from high STV leafed later than species from low STV (Extended Data Fig. 10b).  143 

We also asked whether MAT and TS might explain the dissimilar leaf-out strategies 144 

among North American, European, and East Asian species. In accordance with earlier studies5,20, 145 

there was a positive association between MAT and leaf-out dates (Table 1, inset Fig. 3c, and 146 

Extended Data Fig. 10b). This, however, does not explain the observed early leaf-out of East 147 

Asian species; on average these species experience warmer MAT than European and North 148 

American species (as shown in Extended Data Fig. 11). With respect to chilling requirements, 149 

MAT had little predictive power (Table 1 and inset Fig. 3c), and the continent effect on leaf-out 150 

strategies also remained significant when controlling for MAT in HB models (Extended Data 151 

Fig. 5b,c). Another possible explanation for the continental-scale differences in leaf-out 152 

phenology could be that modern-day North America, and especially its eastern part from which 153 

most (86%) of our 419 American species originate, has a high TS (Extended Data Fig. 11). 154 

However, TS had little effect on both leaf-out dates and chilling requirements (Fig. 3, Extended 155 

Data Fig. 10b, and Table 1). This leaves STV as the best explanation for the different flushing 156 

strategies and suggests that leaf-out phenology in the modern North American woody flora is the 157 

result of high interannual fluctuations in spring temperatures that have selected for conservative 158 

growth strategies. 159 

The west coast of North America, especially at low elevations, experiences less STV than 160 



does the eastern part (Fig. 3a). Hence, our STV hypothesis predicts that species restricted to 161 

western North America should have more opportunistic (earlier) leaf-out strategies. To test this, 162 

we contrasted the leaf-out dates of western North American species against eastern North 163 

American, European, and East Asian species. The results matched our prediction. On average, 164 

the leaf-out dates of western North American species preceded those of eastern North American 165 

species by 12 days (Extended Data Fig. 12a and Extended Data Table 3). In phylogenetic HB 166 

models, western North American species leafed out significantly earlier than eastern ones and 167 

did not differ from the leaf out times of European and East Asian species (Extended Data Figure 168 

12b). 169 

Previous work has emphasized the importance of latitudinal variation in phenological 170 

strategies5; this is the first study to report longitudinal differences in the leaf-out strategies of 171 

woody floras of the Northern Hemisphere. The finding that species from East Asia require 172 

significantly less chilling before leaf out than their North American relatives suggests that these 173 

continents’ forests will react differently to continuing climate warming: earlier leaf-out in North 174 

American trees and shrubs will be constrained by unmet chilling requirements as winters get 175 

warmer, whereas East Asian woody species, lacking such winter requirements, may 176 

opportunistically benefit from increased carbon gain and nutrient uptake6,7,21. Hence, with 177 

continuing climate warming, the conservative growth strategies in many North American species 178 

might have adverse consequences for them and cause greater openness to invasion by pre-179 

adapted exotics. This may help explain the invasive capacities of introduced Asian and European 180 

woody species in eastern North America22–25. Surprisingly little is known so far about long-term 181 

changes in spring frost damage (but see Augspurger26) or hail frequency27,28, but our results 182 

underscore the need for considering regional climate histories and the evolutionary effects on 183 



species pools in global change models. 184 

 185 

 186 

 187 

 188 

Methods 189 

 190 

Phenological monitoring and experiments 191 

Multi-annual observational data on leaf-out 192 

Observations and experiments were carried out between January 2012 and June 2015 in the 193 

botanical garden of Munich. Leaf-out dates of 498 woody species (from 840 individuals; on 194 

average two individuals per species were monitored) growing permanently outdoors without 195 

winter protection in the botanical garden of Munich were monitored in spring 2014 and 2015 and 196 

combined with leaf-out data for 2012 and 2013 for the same species available from our earlier 197 

study5. As in Zohner and Renner5, a plants’ leaf-out date was defined as the day when at least 198 

three branches on that plant had leaves pushed out all the way to the petiole. To obtain our 199 

response variable (species leaf-out date), we first calculated the mean of all individual flushing 200 

dates for the respective species and year (2012–2015) and then calculated the average over the 201 

four years. Twig cutting experiments (next section) were conducted on 144 of the 498 species 202 

(listed in Table S4). To cross validate our results obtained from the Munich leaf-out data, we 203 

used leaf-out data from 1487 species observed at five Northern hemisphere gardens available 204 

from Panchen et al.17 (Fig. 2, Extended Data Table 2).  205 

 206 



Twig cutting experiments to test the effects of chilling on leaf-out 207 

To study the relative importance of chilling in a broad range of temperate woody species, we 208 

carried out twig cutting experiments under controlled conditions, which can be used as adequate 209 

proxies for inferring phenological responses of adult trees to climatic changes13,29. Twig-cutting 210 

experiments were newly conducted on 144 of the 498 temperate woody species for which we had 211 

leaf-out data (see Extended Data Table 4 and Extended Data Fig. 13 for species selection). Data 212 

from the same type of experiments for 71 further species are available from the literature and 213 

were later added (see below). To investigate species-specific chilling requirements we 214 

implemented a climate chamber experiment with three chilling treatments. In winter 2013/2014, 215 

c. 40 cm-long twigs were collected three times for each species (10 replicate twigs per species 216 

and collection). Twigs were cut on 21 Dec (referred to as short chilling treatment ‘C1’), 10 Feb 217 

(intermediate chilling treatment ‘C2’), and 21 March (long chilling treatment ‘C3’) [Extended 218 

Data Table 5]. Temperatures in the climate chambers ranged from 18°C during the day to 14°C 219 

at night. We standardized photoperiod throughout the experiment by applying a constant day 220 

length of 16 h. To test for a possible effect of short-day conditions we also ran the experiment 221 

under a day length of 8 h (see Extended Data Fig. 8). Immediately after cutting, we cleaned twigs 222 

with sodium hypochlorite solution (200ppm active chlorine) and placed them in water bottles 223 

enriched with the broad-spectrum antibiotics gentamicin sulfate (40 microg/l; Sigma–Aldrich, 224 

Germany)13,30. Water was changed twice a week, and twigs were trimmed weekly by about 2 cm. 225 

Bud development was monitored every third day. The leaf-out dates of the first 8 twigs that 226 

leafed out were recorded, and a twig was scored as having leafed out when three buds had their 227 

leaves pushed out all the way to the petiole. 228 

 229 



Assignment of species to chilling categories 230 

Results of our own twig cutting experiments were used to categorize the 144 species in terms of 231 

their chilling requirements. We therefore assessed the effects of the treatments on the forcing 232 

requirements of species (sum of growing degree days [GDD] from 21 Dec until budburst using 233 

0°C as base temperature). Climate data outside and in the climate chambers were obtained from 234 

Hobo data loggers (Onset Computer Corp., Bourne, MA, USA). 235 

 If the median forcing requirements under C1 treatment (collection date = 21 Dec; see 236 

Extended Data Table 5) were less than 75 GDDs higher than under C3 (Collection date = 21 237 

March), a species was assigned to the category no chilling requirements. If the difference was 238 

higher than 75 GDDs, a species was scored as intermediate chilling. If the forcing requirements 239 

under C2 (Collection date = 10 Feb) were more than 75 GDDs higher than under C3, a species 240 

was scored as high chilling. Information on the chilling requirements of 71 additional species 241 

came from studies, which used the same experiment to detect species’ chilling requirements11,12, 242 

and we applied the same definition for chilling categories to their data. This resulted in chilling 243 

data for a total of 215 species (Extended Data Table 4 and Extended Data Fig. 13). 244 

 245 

Continental effect on phenological traits 246 

To obtain information on the native distribution area for our 1593 species, we used floristic 247 

information available from the USDA PLANTS database31, eflora32,33, 248 

http://linnaeus.nrm.se/flora/welcome.html, and http://www.euforgen.org/distribution-maps/ and 249 

grouped species according to their main geographic region: North America (NA), South America 250 

(SA), Europe (EU), West Asia (WA) and East Asia (EA). The Ural Mountains were defined as 251 

the right border of Europe; Europe and Asia were separated by the Turgai Sea throughout the 252 



Paleocene and into the Eocene34. Species that do not occur in one of the defined regions were 253 

excluded from analysis. 254 

To detect a possible continent effect on species-level chilling requirements, we tested 255 

for differential effects of chilling treatments among species from NA, EU, and EA using 256 

ANCOVA (Fig. 1a and Extended Data Table 1). SA and WA were not included in the analysis 257 

because of the few species available from these regions (chilling data for 1 SA, and 5 WA 258 

species; see Extended Data Table 4). We included chilling treatments (C1–C3), growth habit 259 

(shrubs vs. trees), and continent (NA, EU, and AS) as predictor variables of species’ forcing 260 

requirements (GDD >0°C until leaf-out) and found a highly significant (P <0.001) interaction 261 

between species’ chilling requirements and continent, i.e., chilling treatment had a greater effect 262 

on NA than on EU and EA species (Fig. 1, Extended Data Table 1). Extended data Fig. 6 shows 263 

the results when using days to leaf-out after collection instead of GDDs as response variable. 264 

Extended Data Fig. 8 compares the results obtained when exposing twigs to long-day (16-h) and 265 

short-day (8-h) conditions in the greenhouse. 266 

To detect effects of biogeographic origin on species-specific leaf-out dates, for each 267 

garden, we contrasted the leaf-out dates of NA, EU, and EA species against each other, when 268 

using all available species or including only certain functional categories, i.e., trees, shrubs, 269 

deciduous, and evergreen species (Fig. 2). Contrasts with sample sizes below 20 species per 270 

continent are not shown (grey fields in heat maps). For a summary of leaf-out dates in NA, EA, 271 

and EU species monitored at six gardens see Fig. 2a and Extended Data Table 2. 272 

To further validate the results we applied a hierarchical Bayesian (HB) approach, which 273 

accounted for the phylogenetic structure in our data and allowed us to control for the effect of 274 

growth habit (trees vs. shrubs), leaf persistence (evergreens vs. deciduous species; see Panchen et 275 



al.17 and our Extended Data Fig. 4) and modern climate association (see Zohner & Renner5 and 276 

our Fig. 3 and Extended Data Fig. 10) on species-specific leaf-out strategies; for explanation of 277 

the HB model see section on “Trait analysis using the Phylogenetic Comparative Method in a 278 

HB model”. To additionally test if the biogeographic differences in leaf-out strategies are 279 

consistent within different phylogenetic clades, we analysed continental-scale differences in leaf-280 

out strategies and chilling requirements on the genus and family level (Extended Data Figs. 7 and 281 

9). 282 

 283 

Species ranges and climate characteristics 284 

We obtained species’ native distribution ranges, by extracting species location data from the 285 

Global Biodiversity Information Facility (GBIF; http://www.gbif.org/) using the gbif function of 286 

the dismo R-package35. To exclude unreliable records and reduce spatial clustering cleaning 287 

scripts in R were applied using the following criteria: (i) Only records from a species’ native 288 

continent were included; (ii) coordinate duplicates at a resolution of 2.5-arc minutes were 289 

removed; (iii) records based on fossil material, germplasm, or literature were removed; and (iv) 290 

records with a resolution >10 km were removed. After filtering only species with more than 30 291 

records within their native continent were included, resulting in data for 1137 species (1,411,996 292 

presence records), of which we had leaf-out data for 1130 species and chilling information for 293 

183 species. 294 

To estimate the climatic range of each species, georeferenced locations were queried 295 

against grid files for mean annual temperature (MAT), temperature seasonality (TS), and inter-296 

annual spring temperature variability (STV). MAT and TS were based on gridded information 297 

(2.5-arc minute spatial resolution data) from the Worldclim dataset (BIO 1 and BIO 7)36,37. STV 298 



was calculated as the standard deviation of mean minimum temperatures from March until May 299 

over the past 100 years (1901 – 2013). Gridded data on monthly minimum temperatures during 300 

this period were available from the Climatic Research Unit (CRU) time-series dataset16 (version 301 

3.00 with a spatial resolution of 5-arc minutes38). For each species, we determined the climate 302 

optimum by calculating its 0.5 quantile for the respective climate variable. 303 

 304 

Relationships between climate parameters and species-specific leaf-out times and chilling 305 

categories 306 

We tested for multicollinearity of our predictor variables by using a variance inflation factor 307 

(VIF) analysis, implemented in the R function “vif”, from the package “HH”39. All VIF were 308 

smaller than 5 (threshold recommended by Heiberger39), indicating sufficient independence 309 

among predictor variables. We then ran random forest models (randomForest R library)40,41, 310 

applied a hierarchical Bayesian approach (see section on “Trait analysis using the Phylogenetic 311 

Comparative Method in a HB model”) to allow for phylogenetic autocorrelation in our dependent 312 

variables, and applied Simultaneous autoregressive (SAR) models controlling for spatial 313 

autocorrelation in the residuals (see section on “Spatial regression between leaf-out strategies 314 

and bioclimatic parameters”; Table 1). For analysis of leaf-out times we included only gardens 315 

with more than 200 species for which both leaf-out and climate data was available, i.e., the 316 

Arnold Arboretum, the Berlin Botanical Garden, the Munich Botanical Garden, and the Morton 317 

Arboretum (see Extended Data Fig. 10b). To study the set of ecological conditions determining 318 

species’ chilling requirements and leaf-out dates, we carried out recursive partitioning analyses 319 

(R library “rpart”42; Fig. 3b and Extended Data Fig. 10a). We allowed three climate variables 320 

(MAT, TS, and STV), growth habit (trees vs. shrubs), and leaf persistence (evergreens vs. 321 



deciduous species) as potential split points and set the minimum node size to 30 (minimum 322 

number of species contained in each terminal node). 323 

 324 

Validation: the eastern – western North American contrast 325 

To further validate our conclusion that conservative growth phenologies are more abundant in 326 

regions with high STV, we examined contrasts between species restricted to eastern North 327 

America and western North America. Western North America is characterised by lower STV 328 

(Fig 3a) and we therefore expected species from there to display earlier leaf-out than eastern 329 

North American species. Because there was a high bias in coniferous species in our western-330 

eastern North American comparison (25% conifers in western and only 4% conifers in eastern 331 

North America) we excluded them in the analysis of mean leaf-out dates (see Extended Data Fig. 332 

12a and Extended Data Table 3). In a HB model we included conifers but controlled for this bias 333 

by including a gymnosperm effect (Extended Data Fig. 12b). 334 

 335 

Trait analysis using the Phylogenetic Comparative Method in a HB model 336 

Generating an ultrametric phylogenetic tree  337 

To estimate the phylogenetic signal in species-level leaf-out dates and chilling requirements we 338 

created a phylogenetic tree for our 498 target species and used Pagel’s λ43 and Blomberg’s K44, 339 

with the ‘phylosig’ function in the R package ‘phytools’ v0.2-145. To build the tree we used 340 

MEGAPTERA46 and BEAST47. We gathered sequence information for four plastid genes (atpB, 341 

matK, ndhF, and rbcL) and included all species for which at least one of the four genes was 342 

available from GenBank (atpB: 107 species available, matK: 353 species, ndhF: 145 species, and 343 

rbcL: 264 species). This resulted in a concatenated matrix of 377 species and a total length of 344 



6395 bp. We performed divergence time estimation under a strict clock model of molecular 345 

substitution accumulation, the GTR+G substitution model, and the Yule process as tree prior, 346 

implemented in BEAST (v1.8.0)47. To calibrate our tree we set the crown age of angiosperms to 347 

185 Ma48; since absolute ages are not used in this study, we did not run our analyses with 348 

alternative calibrations. The phylogeny is presented as Extended Data Fig. 2. A reduced 349 

phylogeny of 180 species illustrating the phylogenetic signal of species’ chilling requirements is 350 

shown in Extended Data Fig. 3. 351 

The initial tree used to account for shared evolutionary history when testing for 352 

associations between leaf-out dates and biogeographic/climate parameters came from Panchen et 353 

al.17 and had been assembled using the program Phylomatic49 (Extended Data Fig. 1). Its 354 

topology reflects the APG III50 phylogeny, with a few changes based on the Angiosperm 355 

Phylogeny Website51. We manually added missing species, which led to a total of 1630 species 356 

included in the tree. Branch lengths of the PHYLOMATIC tree are adjusted to reflect divergence 357 

time estimates based on the fossil record48,52. 358 

 359 

Analysis of phenological characters (leaf-out dates and chilling requirements) 360 

We applied a hierarchical Bayesian (HB) approach (see Fridley & Cradock53) for testing effects 361 

of continental origin (NA, EU, EA; Fig. 2b and Extended Data Figs. 5b,c and 12b) and climate 362 

parameters (Fig. 3c,d and Extended Data Fig. 10b) on species-level differentiation in spring leaf-363 

out dates and chilling requirements. This approach allows estimating species-level differences in 364 

leaf-out phenology while controlling for phylogenetic signal λ43 of phenological traits. In 365 

addition it allowed us to test for effects of continental origin (NA, EU, and EA) on species’ leaf-366 

out dates and chilling requirements while controlling for (i) species’ life history strategy by 367 



including growth habit (shrubs vs. trees) and leaf persistence (evergreen vs. deciduous species; 368 

see Fig. 2b) and (ii) species’ modern climate association by including variables reflecting 369 

species’ native climate conditions (MAT; see Extended Data Fig. 5b,c) in the model. Slope 370 

parameters across traits are estimated simultaneously without concerns of multiple testing or P-371 

value correction. To incorporate phylogenetic autocorrelation across all relationships a common 372 

correlation matrix (Σ) based on shared branch lengths in the PHYLOMATIC tree was 373 

incorporated in the model54. The resulting posterior distributions of the relationships between 374 

biogeographic/climate parameters and phenological traits are a direct statement of the influence 375 

of each parameter on species-level differentiation in chilling requirements and leaf-out dates. 376 

To examine relative effect sizes of climate variables on species-specific leaf-out times 377 

and chilling requirements, we standardized all climate variables by subtracting their mean and 378 

dividing by 2 SD before analysis55. When using leaf-out times (continuous character) as response 379 

variable (Pagel’s λ value of leaf-out dates = 0.81; see Extended Data Fig. 2), the phylogenetic 380 

structure of the data was incorporated in the HB model using the Bayesian phylogenetic 381 

regression method of de Villemereuil et al.54, by converting the 1630-species ultrametric 382 

phylogeny into a scaled (0–1) variance–covariance matrix (Σ), with covariances defined by 383 

shared branch lengths of species pairs, from the root to their most recent ancestor56. We 384 

additionally allowed correlations to vary according to the phylogenetic signal (λ) of flushing 385 

dates, fitted as a multiple of the off-diagonal values of Σ54. The phylogenetic variance–386 

covariance matrix was calculated using the ‘vcv.phylo’ function of the ape library57. When using 387 

chilling requirements (ordinal data) as response variable we accounted for phylogenetic structure 388 

in our data by incorporating genus and family random effects in the model because λ estimation 389 

is not possible for ordinal (or logistic) models. 390 



We parameterized our models using the JAGS58 implementation of Markov chain 391 

Monte Carlo methods in the R2JAGS R-package59. We ran three parallel MCMC chains for 392 

20,000 iterations after a 5,000-iteration burn-in, and evaluated model convergence with the 393 

Gelman and Rubin60 statistic. We specified non-informative priors for all parameter 394 

distributions, including normal priors for fixed effect α and β coefficients (mean = 0; variance = 395 

1000), uniform priors between 0 and 1 for λ coefficients, and gamma priors (rate = 1; shape = 1) 396 

for the precision of random effects of phylogenetic autocorrelation53,54. 397 

 398 

Spatial regression between leaf-out strategies and bioclimatic parameters 399 

To determine if between-region differences in leaf-out strategies (leaf-out dates and chilling 400 

requirements) are attributable to between-region differences in STV we carried out a spatial 401 

regression analysis. We only included cells occupied by at least five species with existing 402 

phenological data. For each cell, the mean trait value was calculated and used for subsequent 403 

analyses. (For the calculation of mean chilling requirements in each cell, the chilling categories 404 

were treated as numerical characters: no chilling requirements = 0, intermediate = 1, high = 2.) 405 

We then aggregated all response and predictor variables to a spatial resolution of 2.5° x 2.5°; 406 

initially, the resolution of climate grids and species distribution data was 2.5-arc minutes 407 

(~0.05°). Next, we regressed the aggregated response variable against aggregated predictor 408 

variables. 409 

As a first step, we applied partial regression analysis (to remove the covariate effects of 410 

MAT) and multiple ordinary least squares regression (OLS) between each response and all 411 

predictor variables. In the OLS models there was considerable spatial autocorrelation in the 412 

residuals (Moran’s I test for leaf-out dates: I = 0.38, P <0.001; Moran’s I test for chilling 413 



requirements: I = 0.30, P <0.001), potentially biasing significance tests and parameter 414 

estimates61. To remove the autocorrelation we applied simultaneous autoregressive (SAR) 415 

models62,63 using the R-package spdep64,65. We used a spatial weights matrix with 416 

neighbourhoods defined as cells within 3,000 km of the focal cell. For all response variables the 417 

SAR models effectively removed autocorrelation from the residuals (Moran’s I test for leaf-out 418 

dates: I = 0.001, P = 0.52; Moran’s I test for chilling requirements: I = 0.001, P = 0.43). See 419 

Table 1 for parameter estimates and P-values inferred from the OLS and SAR models. Next, we 420 

examined all subsets of the full SAR models and selected the model with the lowest AIC score 421 

(for parameter estimates of the reduced models see SARreduced in Table 1). As an additional 422 

statistical measure to evaluate the SAR models we calculated Akaike weights for all predictor 423 

variables by comparing AIC scores of models containing the focal variable with models omitting 424 

the focal variable (see WeightAIC in Table 1). 425 

 426 

All statistical analyses relied on R66.   427 

 428 

 429 

 430 
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Figure 1 | Contrasting responses of North American (NA), European (EU), and East Asian 595 

(EA) species to experimentally reduced winter chilling. a, Median forcing requirements 596 

(accumulated degree days >0°C outdoors and in a climate chamber) ± 95% CI until leaf-out 597 

under different chilling levels for NA (N = 72 species), EU (N = 48), and EA (N = 88) species. 598 

b–d, Leaf-out probability curves for NA, EU, and EA species calculated as their forcing 599 

requirements until leaf-out under different chilling treatments: (b) long chilling, (c) intermediate 600 

chilling, and (d) short chilling. Dashed lines indicate median forcing requirements for NA, EU, 601 

and EA species. 602 
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Figure 2 | Contrasting leaf-out dates of North American (NA), European (EU), and East 614 

Asian (EA) species. a, Heat maps for the difference in species-level leaf-out dates between NA 615 

and EA species (left panel), NA and EU species (middle panel), and EU and EA species (right 616 

panel) monitored at six gardens when all species, or only trees / shrubs / deciduous / evergreen 617 

species were included (see Extended Data Table 2). AA: Arnold Arboretum, Boston, MA, USA; 618 

Berlin: Botanical Garden and Botanical Museum Berlin-Dahlem, Berlin, Germany; Morton: 619 

Morton Arboretum, Lisle, IL, USA; Munich: Munich Botanical Garden, Munich, Germany; 620 

Ottawa: Ottawa Arboretum, Ottawa, Canada; and USNA: US National Arboretum, Washington, 621 

DC and Beltsville, MD, USA. Sample sizes for each continent at the respective garden are shown 622 

below garden names. Contrasts with sample sizes below 20 species per continent are not shown 623 

(grey fields in heat map). b, Coefficient values (effective posterior means and 95% credible 624 

intervals) for differences in leaf-out dates between NA and EA species, NA and EU species, and 625 

EU and EA species. Models include phylogenetic autocorrelation and fixed tree and evergreen 626 

effects. Values reflect standardized data and can be interpreted as relative effect sizes. 627 
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and EA species (left panel), NA and EU species (middle panel), and EU and EA species (right 597 
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species were included. Leaf-out dates for Munich are species means from 2012 to 2015. Leaf-out 599 
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 629 

Figure 3 | The effect of spring temperature variability on leaf-out strategies in Northern 630 

Hemisphere woody plants. a, Inter-annual spring temperature variability (STV) calculated as 631 

SD of minimum temperatures between March and May from 1901 to 2013. b, Recursive 632 

partitioning tree for the relationship between climate parameters and species-specific chilling 633 

requirements in temperate woody species. STV, mean annual temperature (MAT), temperature 634 

seasonality (TS), growth habit, and leaf persistence were evaluated as potential split points. 635 

Number of species contained in each terminal node shown below graphs. c,d, The relationship 636 

between global STV and proportional mean chilling requirements (c) and mean Munich leaf-out 637 

times (d) within 2.5° × 2.5° regions as shown by partial-regression plots after controlling for 638 

MAT (see Table 1). Insets show estimated coefficient values (means and 95% credible intervals) 639 

from phylogenetic hierarchical Bayesian models for relationships between three climate 640 

variables (STV, MAT, and TS) and species’ (c) chilling requirements (N = 183 species) and (d) 641 

Munich leaf-out dates (N = 366 species). Values reflect standardized data and can be interpreted 642 

as relative effect sizes. 643 
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Figure 3 | The effect of spring temperature variability on leaf-out strategies in Northern 684 
hemisphere woody plants. a, Inter-annual spring temperature variability (STV) calculated as 685 
SD of minimum temperatures between March and May from 1901 to 2013. b, Recursive 686 
partitioning tree for the relationship between climate parameters and species-specific chilling 687 
requirements in temperate woody species. STV, mean annual temperature (MAT), temperature 688 
seasonality (TS), growth habit, and leaf persistence were evaluated as potential split points. 689 
Number of species contained in each terminal node shown below graphs. c,d, The relationship 690 
between global STV and proportional mean chilling requirements (c) and mean Munich leaf-out 691 
dates (d) within 2.5° × 2.5° regions as shown by partial-regression plots after controlling for 692 
MAT (see table 1). Insets show estimated coefficient values (means and 95% credible intervals) 693 
from phylogenetic hierarchical models for relationships between three climate variables (STV, 694 
MAT, and TS) and species’ chilling requirements (upper panel, N = 183 species) and Munich 695 
leaf-out dates (lower panel, N = 366 species). Values reflect standardized data and can be 696 
interpreted as relative effect sizes. To account for phylogenetic autocorrelation, we inserted 697 
genus and family random effects for ordinal chilling categories or incorporated the phylogenetic 698 
structure using the Bayesian phylogenetic regression method for leaf-out dates. 699 
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Figure 3 | The effect of spring temperature variability on leaf-out strategies in Northern 856 
hemisphere woody plants. a, Inter-annual variability of minimum temperature in spring (STV) 857 
calculated as SD of the minimum temperature between March and May from 1901 to 2013. b, 858 
Recursive partitioning tree for the relationship between three climate parameters and species-859 
specific chilling requirements in temperate woody species. STV, mean annual temperature 860 
(MAT), temperature seasonality (TS), growth habit, and leaf persistence were evaluated as 861 
potential split points. Number of species contained in each terminal node shown below graphs. c, 862 
The relationship between STV and proportional mean chilling requirements (upper panel) and 863 
mean Munich leaf-out dates (lower panel) at a global scale within 2.5° × 2.5° regions as shown 864 
by partial-regression plots after controlling for MAT (see table 1). Insets show estimated 865 
coefficient values (means and 95% credible intervals) for relationships between three climate 866 
variables (STV, MAT, and TS) and species’ chilling requirements (upper panel, N = 178 species) 867 
and Munich leaf-out dates (lower panel, N = 365 species). Values reflect standardized data and 868 
can be interpreted as relative effect sizes. To account for phylogenetic autocorrelation, we 869 
inserted genus and family random effects for ordinal chilling categories or incorporated the 870 
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Table 1 | Relationships between climate variables and global patterns of leaf-out times and 644 

chilling requirements. MAT, mean annual temperature; TS, temperature seasonality; STV, 645 

spring temperature variability. Five comparative measures were used: the coefficient of 646 

determination from bivariate partial regression (partial r2), standardized regression coefficients 647 

from multivariate ordinary least-squares regression (OLS), standardized regression coefficients 648 

from simultaneous autoregressive models (SAR), Akaike weights based on SAR models, mean 649 

decrease in accuracy values (MDA) from random forest analysis, and coefficient estimates 650 

(effective posterior means and 95% credible intervals) from a hierarchical Bayesian (HB) model 651 

controlling for phylogenetic autocorrelation. 652 
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 662 

 partial r2 OLS SAR SARreduced WeightAIC MDA HB 
Leaf-out times (Munich, N = 366 species) 

MAT 0.19***  0.43***  0.37*** 0.39*** 1.00 40.2  6.3 ± 1.3 
TS 0.01 -0.01 -0.08  0.34 23.0  2.8 ± 1.2 
STV 0.20***  0.51***  0.36*** 0.33*** 1.00 42.9  5.2 ± 1.2 

Chilling (N = 183 species) 
MAT 0.07***  0.22***  0.06  0.49 14.5  1.1 ± 1.1 
TS 0.01* -0.37*** -0.18** -0.22*** 0.97 39.0  1.2 ± 1.0 
STV 0.35***  0.70***  0.28***  0.29*** 0.99 85.0  2.3 ± 0.9 
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