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Abstract


Climate warming is impacting vegetation productivity and plant leaf phenology, but the precise climate drivers and windows of key leaf phenological phases, such as emergence and fall, are still not well understood. Recent intensive computational approaches based on pinpointing the optimal climate window of leaf phenophases by maximizing the signal could help to advance in this question. In this study, we assess the climate variables, the climate windows, and the type of relationship (linear or nonlinear) that drive leaf emergence and fall in 21 deciduous and 13 evergreen woody plant species inhabiting two sites in Mediterranean Spain. We used precipitation, solar radiation, and different temperature measures, including forcing and chilling, as climate variables. We found that forcing variables were the best predictors of leaf phenology, but other temperature variables, as well as precipitation and radiation, were also important. However, chilling was not a good predictor. Most selected models showed nonlinear relationships. The best thresholds for calculating forcing were different from those commonly used. In addition, the best climate window for leaf phenology was species-specific and contingent on climatic and phenological conditions. This optimum climate window often covered longer periods than those usually considered in phenology studies. Our approach could be used to assess and better forecast future plant phenological responses to climate warming.
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1. Introduction


The study of plant phenology, i.e., the recording of recurring events or phenophases, has gained increasing attention over the past decades as a tool to monitor the impacts of climate warming on terrestrial ecosystems [1,2,3]. For instance, several studies have documented an earlier leaf onset in response to climate warming, either using direct observations [4] or indirect remote-sensing data [5]. Direct relationships were found between the timing of budburst and secondary growth cessation in spring and the timing of the previous senescence onset [6]. Leaf flushing and senescence have also been found to be related to the onset and cessation of xylem growth and carbon sink limitations [7,8]. In the case of forests, the relationships between phenology and environmental variables have been shown to be complex and involve the interactions between the photoperiod and temperature, as triggers of budburst in some tree species [9,10,11].



Understanding the key climate drivers of leaf emergence and fall in woody plant species is critical to assess the impacts of phenological changes on ecosystem productivity and to model the feedbacks between the biosphere and the climate system [12,13]. However, determining which climatic variables determine the timing of key phenological phases in woody plants, such as leaf emergence or leaf fall, is challenging because of the complexity of the physiological processes involved. In order for leaf flushing to occur, dormancy must first be overcome, which is divided into three phases: dormancy induction; endo-dormancy, controlled by plant-endogenous factors and characterized by the inability to grow, even under favorable environmental conditions; and eco-dormancy, a period during which emergence occurs if environmental conditions are suitable [14]. Each of these periods is affected by different factors. Although dormancy induction is generally associated with the photoperiod and decreasing temperatures, a minimum period of low temperatures (chilling) is required for overcoming endo-dormancy, and an increase in temperature (forcing) is required for overcoming the eco-dormancy phase [14]. However, the different phases of dormancy are interdependent so that a greater exposure to chilling may result in less forcing required for leaf emergence, and, conversely, greater forcing may compensate for less exposure to chilling [15,16]. Likewise, chilling and forcing requirements may be fulfilled simultaneously, indicating that there is no temporal separation between these two phenophases [17]. Furthermore, these patterns of climate–dormancy relationships may vary widely among species and climate types [2,18]. The complexity of these relationships has led to sometimes contradictory results. For example, an advance or a delay in the leaf emergence because of climate change has been predicted, depending on the weight given to forcing or chilling, respectively [2,19]. There are also different ways to measure these variables, which can lead to different results [2]. Compared to leaf’s spring phenology, the analysis of the variables behind leaf senescence or fall is even more difficult because the processes underlying it are still poorly understood [20]. Therefore, additional efforts are needed to better understand the variables that drive leaf phenology in trees and shrubs.



Nowadays, large amounts of data can be analyzed because of the rapid development of computational power. This increased data-processing capacity allows us to study phenology–climate relationships, using intensive data analysis methods. Among the more recently developed methods, one that stands out is the one that focuses on finding the temporal window with daily resolution, during which the relationship between a phenological variable and the climate is the maximum. This type of analysis reduces the noise and maximizes the climate signal, which can allow us to better understand the variables that drive phenology. Among the programs developed for such analyses is the R [21] package climwin [22,23], which allows the comparison of thousands of alternative models, with the goal of finding the climate window, usually with daily temporal resolution, that maximizes the relationships (both linear and nonlinear) between phenological events (e.g., the date of the leaf emergence) and climatic variables (including chilling and forcing effects).



Leaf phenology studies generally use absolute (fixed) climate windows [17,24]. However, because phenology responds to climate cues and other environmental signals and not to a particular calendar date, a relative approach, i.e., finding the relative climate window that maximizes the phenology–climate relationship, is an analysis that can help to pinpoint the climate windows of key leaf phenological events. Whereas the absolute approach seeks to identify the start and end dates of the climate window, the relative approach seeks to identify the time separating the start or end of the climate window from the phenological event under consideration.



In this work, we analyzed the relationships of two leaf phenological phases (emergence and fall) with the climate, using both relative and absolute approaches (finding the most suitable climate window of each phenological event), in 34 woody species inhabiting two Mediterranean sites. The species studied are of both agricultural and forestry interests and include 21 deciduous and 13 evergreen tree, vine, and shrub species. We conducted an intensive analysis, testing different climatic variables (the mean, maximum, and minimum temperatures; radiation; precipitation; and accumulation of forcing and chilling by employing different thresholds), relationships (linear or nonlinear), and climate windows, to find the best-fitted models of leaf phenology. Our specific objectives are (I) to detect the main climate variables that drive leaf phenology; (II) to pinpoint the climate windows in which the relationship between the climate and phenology is maximized; (III) to discern if the type of relationship between the climate and leaf phenology is linear or nonlinear, which will have clear implications for the impacts of climate warming on the vegetation’s aboveground productivity; and (IV) to compare the results obtained from the relative and absolute climate window approaches.




2. Materials and Methods


2.1. Leaf Phenology Data


Long-term phenological series from Roquetas (40°49′ N, 00°31′ E; 50 m a.s.l.) and Cardedeu (41°34′ N, 2°21′ E; 193 m a.s.l.), both located in northeastern Spain, were used. In Roquetas, the data were collected by the “Observatorio del Ebro”, a research institute, founded in 1904, that has been collecting phenological information since 1908, although it was not until 1943 that the acquisition of phenological information was systematized by the Spanish Meteorological Agency (AEMET) and has been obtained continuously since that year to the present [25]. From this database (for the period 1950–2001), previously re-analyzed by Gordo and Sanz [25] and Camarero et al. [26], we have used two phenophases: leaf emergence (the appearance of the first leaves in at least 50% of the individuals of the same species) and leaf fall (branches that have lost half of their leaves in at least 50% of the individuals of the same species; for evergreen plants, this leaf loss refers to the oldest leaf cohort, i.e., the set of leaves belonging to the previous year for species with leaf lifespans of less than 24 months, or to the oldest year for leaves with longer lifespans). Given the number of species measured, the different longevities of the species, and the length of the period in which phenology measurements were made, sampling conditions vary between species and years (e.g., the age and number of individuals are not constant between species), but in general, phenology was measured for at least 3–5 individuals, taking the dominant phenological state among all the individuals as the phenology value. Wherever possible, the same individuals were sampled across years, although the reduced longevity of some species means that dying individuals had to be substituted. We have used the leaf emergence data of 26 plant species (13 cultivated and 13 native) and the leaf fall data of 20 plant species (10 cultivated and 10 native; Table S1). The climate is Mediterranean, with a strong influence of the sea (the coast is located 15 km from the study site). The average total annual precipitation was 544 mm, and the average annual temperature was 17.4 °C (climate diagrams in Figure S1).



In Cardedeu, the long-term phenological data were recorded by one person (Pere Comas) from 1952 to 2000. They were obtained from AEMET and were previously analyzed by Peñuelas et al. [27] in a study focused on analyzing the effects, on animal and plant phenologies, of the rise in temperature that has occurred here in recent decades. Here, the data were collected from 1953 to 2000. From this database, we have used only the leaf emergence data of 7 plant species, 2 cultivated and 5 native. The climate is Mediterranean, with the coast located 8 km from the study site. The average total annual precipitation was 658 mm, and the average annual temperature was 14.8 °C (see climate diagrams in Figure S1). Therefore, Cardedeu is cooler and wetter than Roquetas.




2.2. Climate Data


For the Roquetas site, we used the daily precipitation (Prec) and daily average, maximum, and minimum temperature (Temp, Tmax, and Tmin, respectively) data taken from “Observatorio del Ebro” (data available at http://www.obsebre.es, accessed on 21 February 2022). For the Cardedeu site, because of the lack of long and complete series of local meteorological data from weather stations located in the study area, we used daily climate series (Prec, Temp, Tmax, and Tmin data) from the 0.1°-gridded Spain02-v5 dataset [28,29]. This dataset faithfully reproduces climatological features, including weather extremes, thanks to the dense network of weather stations used and covers from 1950 to the present. More than 3000 precipitation stations and over 250 temperature stations located across Spain were used to build the Spain02-v5 dataset. Because of the lack of daily radiation (Rad) data at the two study sites, this variable was obtained from the 0.1°-gridded E-OBS v23.1e dataset [30].




2.3. Statistical Analyses


For each phenological variable (leaf emergence and fall) of a given plant species, different types of relationships (linear, quadratic, cubic, or logarithmic) were tested with the different climatic variables, using the climwin R package [22,23] (R version 4.2.1). Temp, Tmax, Tmin, and Rad were used as climatic variables. Chilling and forcing accumulation variables were also tested. Chilling variables were calculated as the sum of days (of the climate window considered) when the temperature (calculated separately for Temp, Tmax, and Tmin) was lower than 0, 5, 10, or 15 °C [17]. For the calculation of the chilling variables, in addition to the upper threshold given, a lower threshold of 0 °C is usually set so that only those days with a temperature within the range defined by the two thresholds were summed [10,31]. However, this was not necessary for our study sites, where freezing temperatures are rare. As forcing variables, the degree-days were calculated for temperatures (also separately for Temp, Tmax, and Tmin) higher than 5, 10, 15, or 20 °C (base temperature), i.e., the difference between the base temperature and the daily value of the temperature variable considered was summed for all the days of the period considered (the climate window) [17]. A total of 12 chilling and 12 forcing variables were used, one for each temperature threshold (0, 5, 10, or 15 °C and 5, 10, 15, or 20 °C, for chilling and forcing, respectively) and type of temperature (Temp, Tmax, or Tmin) considered.



We calculated, for each species, phenological variable, climate variable, and type of relationship, the time period in which the phenology–climate relationship is maximal (the best climate window). To select the best climate window between a phenological species series (leaf emergence and fall) and a given climate variable (Temp, Tmax, Tmin, Rad, chilling, and forcing) separately for each type of relationship (linear, quadratic, cubic, or logarithmic), all the possible models were first fitted. In each model, a different climate window with a daily temporal resolution was tested (Figure S2).



Then, for each species and phenological variable, the model (with a given climate variable, climate window, and type of relationship) that minimizes ΔAICc was chosen [32]. ΔAICc is the difference between the corrected Akaike information criterion (AICc) of the selected model and the AICc of the baseline model. For the phenological series of each species, we fitted both simple models, including a single climate variable in each model (in this case, the baseline model was the null model that contained only the intercept), and multiple models, including two climate variables in each model. To create the multiple models, we first introduced the climate variable and the climate window with the lowest ΔAICc (i.e., we started from the best simple model, which was, in this case, the baseline model) and then added, one by one, the rest of the possible variables in order to fit all the possible two-variable models, and for each variable, we tested all the possible climate windows, using the different types of relationships. Three-variable models were also tested but ultimately discarded because little additional variability was explained by the third variable in all the species. We used the mean (for the minimum and maximum temperatures) and the total or sum (for precipitation, chilling, and forcing) of each time window considered as the aggregate statistic. For example, if we fit models that relate phenology (the response variable) to precipitation (Prec as a predictor), Prec = (Prec1, Prec2, …, Precn) will be a vector of n values, where each Preci represents the total precipitation during the considered climate window in year i, and i is an index such that i ∈ {1, 2, …, n}. We established a minimum period of 15 days between windows opening and closing. We set a minimum period of 15 days between opening and closing windows. This minimum period allows a reduction in the computational time and avoids obtaining excessively small windows that have no biological significance but that, by chance, obtain a low ∆AICc value. Calculations were performed using absolute climate windows and repeated using relative climate windows for comparison. Relative climate windows measure the time, in the number of days before each biological record, when the relationship is maximal (for example, between 1 and 20 days before budbreak), while absolute climate windows measure the time with fixed calendar dates (e.g., from March 3 to 20). The fact that the timing of the leaf emergence and leaf fall of a given species varies from year to year, means that if we use relative windows, the dates covering the climate windows will also vary from year to year, whereas if we use absolute windows, the dates will remain constant each year.



The large numbers of models that are fitted to test all the possible climate windows increase the possibility of obtaining models with low ∆AICc values by chance. To solve this problem, randomization tests were performed on all the models obtained using 1000 repetitions. The randomization test determines the expected distribution of ΔAICc values in a dataset where no response to the climate exists and provides a probability value (p AICc) that determines the likelihood that the ΔAICc value of the selected model has occurred by chance [23]. Only those variables for which p AICc < 0.1 are shown in the Results Section. As randomization tests require a high degree of computational power, we used the “Magerit” high-performance computer at Universidad Politécnica de Madrid (www.cesvima.upm.es, Madrid, Spain, last access on 25 September 2024) to carry out these analyses.





3. Results


The models fitted to analyze phenology–climate relationships gave markedly different results, depending on whether relative or absolute climate windows were used. Using relative climate windows, the goodness of fit of the models was much higher, with an average explained variability (R2) of 0.81 (see values with interannual variation in Table 1), compared to 0.44 for average R2 values in the cases of simple models using absolute climate windows (see R2SM values in Table 2, Table 3 and Table 4). Furthermore, the most important variable in using relative climate windows was radiation, for all the species (Table 1), while the most important climatic variable was species-specific, using absolute climate windows, with temperature variables generally being more relevant (Table 2, Table 3 and Table 4).



The climatic variables, which have a strong seasonal component, with a more or less constant intra-annual (inter-daily) pattern from one year to another, especially for variables such as temperature or radiation, lead to the value of the climatic variable being strongly conditioned by the period considered (Figure S3). For example, if we consider a generic model that relates the leaf emergence to radiation, using the relative approach; where E = (E1, E2, …, En) will be a vector of n values, where each Ei represents the day of the year (DOY) of the leaf emergence in year i, and i is an index such that i ∈ {1, 2, …, n}; where the best climate window is at a given distance (dist. in Figure S3, corresponding to the values of the RWC in Table 1) with respect to E, which is constant over the years (only in the relative approach); where Rad = (Rad1, Rad2, …, Radn) will be a vector of n values, where each Radi represents the mean radiation during the considered climate window (CWi) in year i; the model is then relating the emergence values E1, E2, …, En to the radiation values Rad1, Rad2, …, Radn corresponding to the climate windows CW1, CW2, …, CWn. Therefore, as observed in the conceptual model shown in Figure S3, when we follow the relative approach, a delay in phenology (E2 > E1) leads to a lower mean value for the climate window considered (Rad2 < Rad1) and vice versa, resulting in a strong non-causal phenology–climate relationship. The non-causality of these results is evidenced by repeating the analyses, using a relative approach and eliminating the interannual variability of the climate (but leaving the intra-annual variability of the climate and the interannual variability of the phenology; see results without interannual variability in Table 1). Effectively, these analyses without interannual climate variability and, thus, without any causal relationship, give an even better goodness of fit (note that all the models without interannual climate variability explain 100% of the variability in the response variable, i.e., R2 = 1). Such non-causal relationships are not possible when using absolute windows, where the start and end dates of the climate window remain constant each year. For this reason, only the results obtained using absolute climate windows are shown in the remaining analyses.



The final models fitted with two climatic predictors (or one, when the second variable did not show a significant reduction in AICc) generally explained most of the variability in leaf emergence dates, with mean R2 values of 0.57 in Roquetas (Table 2) and 0.81 in Cardedeu (Table 4). The leaf-fall models showed the lowest mean R2 value (0.53; Table 3). The mean autocorrelations of the leaf emergence time (the correlation between the date of the emergence in one year and the date of the emergence in the previous year) were 0.28 (R2 = 0.11) and 0.31 (R2 = 0.16) in Roquetas and Cardedeu, respectively, while that of the leaf fall in Roquetas was 0.16 (R2 = 0.07). In addition, the average correlation between the date of the leaf emergence and the date of the subsequent leaf fall was 0.19 (R2 = 0.08).



The most important climatic variables for both leaf emergence and fall were species-specific, although, in general, the temperature variables, measured as degree-days (the sum of degrees above a certain threshold, which also turned out to be species-specific, i.e., forcing variables), were the most important drivers and explained the most variability. On the other hand, chilling variables, i.e., those measuring the number of days with temperatures below a certain threshold, generally showed the opposite relationship to that expected, as a higher number of days with temperatures below the threshold was associated with a delay in the leaf emergence (e.g., in Ceratonia siliqua and Erica ciliaris, among others; see variables in Table 2, Table 3 and Table 4 and the directions of their influences in Figures S4–S9).



Most of the climate–phenology relationships were nonlinear (Table 2, Table 3 and Table 4), generally due to the fact that the response of the phenology was more pronounced when the climate took extreme values, while the sensitivity of the phenology was lower when the climate took intermediate values (see, e.g., Cedrus sp., Citrus × limon, and Genista scorpius, among others, in Figure S4). In other cases, however, the nonlinear relationship was due to the fact that the leaf emergence (fall) was advanced (delayed) when the climate values were around an optimum range, outside of which the leaf emergence (fall) was delayed (advanced). This was the case for Acacia sp., Hedera sp., or Malus domestica for the leaf emergence (Figure S5) and for Ficus carica, Malus domestica, or Prunus armeniaca for the leaf fall (Figure S6).



The period during which climate influences leaf phenology is shown in Figure 1, Figure 2 and Figure 3. This period was species-specific for leaf emergence, although, in general, in the case of thermal windows, it included the period before the leaf emergence and extended up to the beginning of the year (Figure 1 and Figure 3). In the cases of the precipitation and solar radiation, or when temperature was included in the second predictor, the climate windows were more variable and could include the end of the previous growing season as well as the winter and autumn before the leaf emergence.



The climate window during which the climate influenced the leaf fall did not include the pre-fall period, except in some species (e.g., Acacia sp. or Prunus armeniaca; Figure 2), but it was, in general, related to the period before the leaf emergence and the early growing season.




4. Discussion


4.1. Absolute or Relative Climate Windows


When an event is determined by the climate prior to it, the use of climate windows relative to the time of the event could be the most appropriate approach. For example, relative climate windows have been used in animal biology [33]. However, our results show that this is not an appropriate approach when working with variables that show a strong seasonal pattern.



The results obtained using relative climate windows (with interannual variation) suggest that the mean solar radiation occurring between 118 and 231 days (mean values for all the species in the RWC and RWO, respectively) prior to the leaf emergence, i.e., the previous autumn, determines the date of the leaf emergence. This result could have biological significance, as these are the dates when buds are developing, which could determine the leaf phenology of the following year. However, as shown in Table 1 (see results without interannual variability within this table), there is a strong non-causal relationship between the intra-annual trends of radiation and phenology. In addition, if there was a real causal relationship, we should have found it using absolute climate windows, especially considering that these windows no longer cover the climate just before the event (which would justify the use of relative windows) but the climate that occurred more than 100 days before. Therefore, the relative approach leads to non-causal relationships that invalidate it as an appropriate method for studying phenology–climate relationships.




4.2. Not Only Forcing Is Important


Temperature has been widely recognized as the major climate driver of the spring leaf-out in non-tropical zones [2,34,35]. The temperature variables considered as drivers of leaf emergence are those that measure forcing and chilling [17,36]. In line with this, our results show that temperature, measured as degree-days (forcing), was the most important variable determining the timing of the leaf emergence. However, contrary to expectations, chilling was not generally found to be a variable related to phenology in the fitted models, and when a relationship was found, the direction of the relationship was the opposite of that expected, i.e., the more days of low temperature, the greater the delay in phenology. This result may be related to the observational nature of the data. In an experimental study with temperature control, it is possible to separate forcing and chilling requirements, but in an observational study, this separation is much more complex. In this sense, an autumn or winter with relatively low temperatures will often be followed by a cooler spring because of temperature autocorrelation or persistent atmospheric circulation patterns, which can lead to a shorter time to reach chilling requirements but a longer time to reach forcing requirements. On the other hand, plants adjust the timing of the leaf emergence to maximize the growing season but minimize the likelihood of late frost damage [37,38]. However, temperatures in the study areas are very mild, with average winter temperatures close to 10 °C (Figure S1). This may mean that the chilling requirements of the different species in the study area are minimal or non-existent because of the low probability of frost damage. Previous studies on Mediterranean climates and species also show no relationship between chilling and the leaf emergence date [39]. In any case, a weak relationship between chilling and the leaf emergence does not mean that there is no causal relationship between this climatic variable and other phenological factors, such as the leaf emergence rate [39].



The existing literature on the climatic variables driving leaf fall points to temperature as the main driver, indicating that higher temperatures lead to a delay in the leaf fall [40,41]. However, our results suggest a more complex relationship, where generally high temperatures at the beginning of the growing season lead not only to an earlier leaf emergence but also to an earlier leaf fall (this would be the case for Acacia sp., Ceratonia siliqua, or Prunus avium, among others). Keenan and Richarson [42] point out the complexity of the generally misunderstood factors influencing the leaf fall and indicate that, in line with our results, the timing of the leaf fall is conditioned by the timing of the leaf emergence and, we add, is, therefore, determined by the same climatic factors that drive leaf emergence. This could be because of different mechanisms, such as leaf structural constraints on longevity [43], programmed cell death [44], or carbon sink limitation induced by an earlier spring, as carbohydrate reserves would reach the maximum earlier [45]. Similarly, Zohner et al. [8] point to the importance of the early-season climate in explaining the timing of the leaf fall.



In other species, however, the direction of the leaf fall–temperature relationship is the opposite. This would be the case for Pinus, where the best climate window includes the end of the previous growing season, when buds form. In conifers, the twigs are pre-formed in the buds [46,47]. In this sense, a favorable climate during budding will result in larger shoots with more leaves in the following year, which will produce more carbohydrates, and this increased availability of resources could lead to a delayed leaf fall.



The three temperature measures used (Temp, Tmax, and Tmin) showed a similar importance in explaining the timing of the leaf emergence or fall, although Tmax was the measure that most often showed the strongest relationships with leaf phenology. In this respect, previous studies indicate a greater importance of the daytime temperature (Tmax) for leaf phenology [5]. As for the other variables analyzed (Prec and Rad), they are not usually taken into account in phenological studies. However, according to our results, both precipitation and radiation are important variables, even the most important for certain species. For example, rainfall is the first factor that explains most of the variability in the leaf emergence in Ceratonia siliqua, Citrus × limon, Erica ciliaris, or Corylus avellana, among others, although the effect of this variable varies between species. In fact, higher rainfall advances the leaf emergence in Erica ciliaris and Eriobotrya japonica but delays it in Citrus × limon. This precipitation effect could be related to the alleviation of the water deficit for the leaf emergence, which requires large amounts of water [40], whereas the opposite effect observed for Citrus × limon may be because of the rainfall (cloud cover)–radiation relationships (more precipitation means more cloud cover, which means less radiation). In this sense, an increase in radiation generally causes an earlier leaf emergence (in those species where its effect is significant), although in some species, it has the opposite effect. In the second case, it is generally due to the fact that the climate window covers the growth period of the previous year (see, for example, the leaf emergence–radiation relationship in Prunus avium).



A threshold of 5 °C is commonly used to calculate the forcing accumulation for the leaf emergence [17,48,49]. However, in our models, the threshold was generally much higher, with an average threshold of 11.3 °C and the most common (mode) threshold being 10 °C. This higher threshold may be related to the mild and relatively warm climate conditions in the study areas. In this sense, the coolest site (Cardedeu) showed lower thresholds (a mean of 6.7 °C and a mode of 5 °C), although the low number of species analyzed at this site prevents us from carrying out a robust statistical analysis. As for leaf fall, the threshold for calculating forcing accumulation in our models was higher (the mean was 21.3 °C, and the most common values were 20 and 30 °C), in line with those in previous studies [41].



In addition to the variables analyzed in the present work, the photoperiod has been shown to be an important variable in explaining phenology in some species [50]. However, with our data, which do not cover a sufficient latitudinal range (less than 1° N), it is not possible to analyze the effect of this variable.




4.3. Defining Climate Windows for Each Climate Variable


Studies of leaf phenology usually consider endo-dormancy and eco-dormancy as separate, successive phases (but see [17]); however, they usually use a single period to calculate the chilling and forcing variables leading to leaf emergence. This period generally covers the entire dormant season from the leaf fall (for deciduous species) to the emergence of the following year’s leaves [17,24,31,51]. In the case of the leaf fall, the period considered for analyzing its relationship with the climate goes generally from early summer to the onset of the leaf fall [41,52,53]. However, our results show climate windows different from these (commonly used).



The results obtained for the leaf emergence, when analyzed globally, seem to indicate that there is no clearly defined climate window, which can vary from a few days, as in Populus sp., to almost 300 days, as in Citrus × sinensis. However, if we analyze the windows according to the climatic variable considered, the temporal ranges are much more defined. Thus, the temperature variables that influence the leaf emergence, when included in the first predictor of the models, generally have a climate window of about 20–50 days just before the leaf emergence, although the climate window often closes a few days or weeks before the leaf emergence, possibly because the physiological processes of the activation and mobilization of reserves are not immediate but take time until budbreak occurs [39,54]. This period of 20–50 days corresponds to the eco-dormant period, during which the forcing requirements necessary to initiate the growing season are completed [14]. When temperature-related variables are included in the second predictor, the window may cover the same period as described above (if the first predictor does not consider the temperature), or it may cover a much less defined period but generally including the end of (and, in some species, almost all) the previous year’s growing season, when buds form, and the onset (in some species, almost all) of dormancy. This second period also shows the strongest relationships between solar radiation and the leaf emergence. Finally, rainfall tends to show two distinct climate windows: either the end of the previous year’s growing season (e.g., in Malus domestica or Corylus avellana) or the dormant season (e.g., in Salix sp. or Eriobotrya japonica), during which soil water reserves are replenished and will contribute to growth resumption. Although there are few studies on this subject, the influence of the climate at the end of the pre-growth period and the onset of dormancy on the date of the leaf emergence has been suggested previously [55]. Similarly, Fu et al. [45] have shown the complexity of the relationships between the phenology (and, we add, the climate) of consecutive years. This persistent effect is consistent with the relationships shown for Citrus × sinensis, Genista scorpius, or Hedera sp., where the climate window of the first or second predictor includes a large part of the growing season of the previous year. In other words, the climatic or phenological characteristics of one year influence the phenology of the following year.



Regarding the climate windows that showed a stronger relationship with leaf fall, our results showed that only in Prunus armeniaca and Prunus dulcis, the climate window of the first predictor falls within the range normally used in leaf fall–climate analyses, that is, from early summer to the onset of the leaf fall [41,52,53]. In contrast, for most species and predictors, the climate window included the period around the date of the leaf emergence and often the entire winter, and even a part of the previous autumn. As discussed in the previous section (Section 4.2), the timing of the leaf fall is strongly influenced by the climate and the timing of the leaf emergence [42], and even by the climate and the phenology of the previous year [45].



Studies that show these relationships between leaf phenology and events that occur outside the usual range of considered dates usually give more weight to the relationships between the different phenological events themselves (i.e., autocorrelation between phenological events or between the leaf emergence and fall dates) than to the climatic conditions outside this range. Keenan and Richarson [42] and Fu et al. [45] suggest that the date of the leaf fall is conditioned by the date of the emergence in the same year, or the date of the leaf emergence is conditioned by the date of the emergence in the previous year. However, in our data, the autocorrelation of the phenological series was low, with R2, in all the cases, lower than those obtained with the climate models (see the Results Section). According to our results, both the phenology of the previous year and the phenology of the year under consideration would be influenced by the climate of the previous year, possibly because the climate of a given year alters the physiological processes of that year (e.g., carbohydrate production and storage), which would have repercussions on the phenology of the following year.




4.4. Nonlinear Climate Effects on Leaf Phenology


Most studies consider a linear relationship between chilling or forcing accumulation and phenology [10,17], assuming that plants require the same temperature sum to induce leaf emergence at high and low mean temperatures [56]. However, this statement contrasts with our results, where most models show cubic relationships (with steeper slopes, i.e., higher sensitivities, at climatic extremes) and, to a lesser extent, quadratic relationships (generally with leaf emergence advances or fall delays around the optimum values, outside which phenology is delayed or advanced, respectively; see the graphs of the fitted models in Figures S4–S9). Previous studies have already shown nonlinear relationships between the climate and phenology [31,57], although the results of these studies sometimes seem to be related to methodological issues [56]. In any case, nonlinear relationships are also observed when these methodological issues are corrected [56] or when phenology–climate models are fitted [58]. These studies show conflicting results [56,58], indicating that the relationships are specific to each species and climate type. Similarly, the literature shows the climatic optima of the phenology. For example, an excess of temperature can cause physiological drought and advance the leaf fall [59], just as an excess of cold can advance the leaf fall in the same way. However, under different climatic conditions, without a water deficit, these relationships change [60], again showing that these relationships are species- and climate-specific.




4.5. Extension of the Leaf Phenological Season


Among the climatic variables that have been shown to drive phenology, the most important, and the one most affected by global warming, is temperature. However, this variable is not equally related to the leaf emergence and fall, varying the type of relationship and the climate window. And in some species, temperature does not seem to affect some of the phenological events. For example, in Acer sp., Juglans regia, Malus domestica, and Tilia platyphyllos, temperature was the most important variable for the leaf emergence (the higher the temperature, the earlier the leaf emergence) but was not significant for leaf fall, which would lead to a lengthening of the leaf phenological season with increasing temperature. In addition, interspecific differences (both in the type of relationship and in the climate windows) will lead to different responses in each species. In this respect, some species have shown linear relationships with temperature (sometimes with a slope opposite to that of the general trend, as in Citrus × sinensis); others, nonlinear relationships, and others, stronger relationships with other variables, such as precipitation (e.g., in Ceratonia siliqua, Citrus × limon, and Erica ciliaris), which has maintained a different and more stable evolution than temperature in recent decades. Therefore, under climate warming conditions, the different responses of the phenology to the climate will lead to a lengthening of the leaf phenological season in ecosystems with a mixture of different plant species, even if the individual season of each species remains constant [61]. These divergent species’ responses to climate warming, which result in a lengthening of the overall phenological season, were observed worldwide in previous studies [61,62,63,64,65]. The divergent responses associated with the lengthening of the phenological season may lead to increases in productivity because of reduced competition between species [66]. However, more divergent climate windows may lead to gaps in resource availability for pollinators and herbivores [63], cause maladaptation of migratory birds because of mismatches between plant phenology and migration dates [67], and facilitate the establishment of invasive species [65].





5. Conclusions


We conducted an intensive analysis, testing different climatic variables, relationships, and climate windows, to find the best-fitted models of leaf phenology. Our results show the complexity of phenology–climate relationships, with large differences between species in both the climatic variables and windows that drive phenology and in the effects and directions of these variables. Forcing requirements were generally the most important predictor, but, on the contrary, no chilling requirements were found. This was probably because of the climate conditions at the study sites, with mild winters prevailing in the two study areas. These mild and relatively warm conditions may be the cause of why the best thresholds for calculating the accumulation of forcing were higher than those usually used. Often-neglected variables, such as precipitation and radiation, were found to be important drivers of leaf phenology in many species. The period in which climatic variables most strongly determined the leaf emergence was found to be the 20–50 days prior to emergence (in the eco-dormancy period), although it was also found that the climate during the autumn and winter, and even during the entire previous year, can influence the leaf emergence. Contrary to what is usually considered, the period that most influenced leaf falls at our study sites was not only mainly the beginning of the phenological season but also the previous winter and autumn and the end of the previous phenological season. Most models showed nonlinear and species-specific relationships. Divergence between species in phenology–climate relationships can lead to a lengthening of the overall phenological season at the ecosystem scale, which could lead to not only reduced competition and increased growth but also mismatches with animal phenology. Our results show that many assumptions made in studies of phenology–climate relationships are not fulfilled. The type of model, the variables introduced, the thresholds applied, and the climate windows obtained all differ from those usually considered in many (and in some cases, most) species studied. These results highlight the need for future research to adapt all these elements to each climate type and species.
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Figure 1. Periods showing the strongest relationship (the best absolute climate window) between the leaf emergence date and climate variables for the species studied at the Roquetas site. The green vertical lines indicate the average emergence date for each plant species (see the exact values for the day of the year, DOY, on the abscissa axis, in Table S3); t and t − 1 indicate whether the considered period belongs to the growth year or to the previous year, respectively. The color indicates the importance of the variable for the leaf emergence: periods with black color were the first variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the null model; periods with gray color were the second variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the model with a climatic variable. If the climate has been transformed to a chilling variable (the number of days in which the temperature is below the considered threshold during the climate window), it is indicated with (Ch). DOY is the Julian calendar day of the year. 






Figure 1. Periods showing the strongest relationship (the best absolute climate window) between the leaf emergence date and climate variables for the species studied at the Roquetas site. The green vertical lines indicate the average emergence date for each plant species (see the exact values for the day of the year, DOY, on the abscissa axis, in Table S3); t and t − 1 indicate whether the considered period belongs to the growth year or to the previous year, respectively. The color indicates the importance of the variable for the leaf emergence: periods with black color were the first variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the null model; periods with gray color were the second variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the model with a climatic variable. If the climate has been transformed to a chilling variable (the number of days in which the temperature is below the considered threshold during the climate window), it is indicated with (Ch). DOY is the Julian calendar day of the year.



[image: Forests 16 00175 g001]







[image: Forests 16 00175 g002] 





Figure 2. Periods showing the strongest relationship (the best absolute climate window) between the leaf fall date and climate variables for the species studied at the Roquetas site. The green vertical lines indicate the average leaf fall date for each species (see the exact values for the day of the year, DOY, on the abscissa axis, in Table S3); t and t − 1 indicate whether the considered period belongs to the growth year or to the previous year, respectively. The color indicates the importance of the variable for leaf fall: periods with black color were the first variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the null model; periods with gray color were the second variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the model with a climatic variable. If the climate has been transformed to a chilling variable (the number of days in which the temperature is below the considered threshold during the climate window), it is indicated with (Ch). DOY is the Julian calendar day of the year. 
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Figure 3. Periods showing the strongest relationship (the best absolute climate window) between the leaf emergence date and climate variables for the species studied at the Cardedeu site. The green vertical lines indicate the average emergence date for each species (see the exact values for the day of the year, DOY, on the abscissa axis, in Table S3); t and t − 1 indicate whether the considered period belongs to the growth year or to the previous year, respectively. The color indicates the importance of the variable for the leaf emergence: periods with black color were the first variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the null model; periods with gray color were the second variables introduced to the model, which produced the greatest reduction in the AICc value with respect to the model with a climatic variable. If the climate has been transformed to a chilling variable (the number of days in which the temperature is below the considered threshold during the climate window), it is indicated with (Ch). DOY is the Julian calendar day of the year. 
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Table 1. Relative climate windows (RWO and RWC), coefficients (coef.), and explained variability (R2) of linear models relating radiation to the leaf emergence at the Roquetas site. Results are based on relative climate windows and are compared using actual climate data (with inter-daily and interannual variabilities) and daily means for the whole study period (with inter-daily but not interannual variability). Relative open (RWO) and closed (RWC) windows show the best relative climate window, measured in the number of days before the leaf emergence for the opening (RWO) and closing (RWC) windows considered. Leaf habit (LH): D, deciduous; E, evergreen.
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No Interannual Variation




	
Species

	
LH

	
RWO

	
RWC

	
Coef.

	
R2

	
RWO

	
RWC

	
Coef.

	
R2






	
Acacia sp.

	
E

	
229

	
117

	
−0.53

	
0.80

	
240

	
147

	
−0.57

	
1.00




	
Acer sp.

	
D

	
220

	
108

	
−0.49

	
0.74

	
259

	
87

	
−0.79

	
1.00




	
Cedrus sp.

	
E

	
238

	
121

	
−0.59

	
0.88

	
250

	
157

	
−0.57

	
1.00




	
Ceratonia siliqua

	
E

	
295

	
201

	
−0.67

	
0.96

	
96

	
43

	
0.68

	
1.00




	
Citrus × limon

	
E

	
213

	
100

	
−0.57

	
0.80

	
282

	
63

	
−1.13

	
1.00




	
Citrus × sinensis

	
E

	
220

	
103

	
−0.49

	
0.66

	
287

	
84

	
−1.01

	
1.00




	
Erica ciliaris

	
E

	
236

	
133

	
−0.55

	
0.90

	
296

	
85

	
−1.07

	
1.00




	
Eriobotrya japonica

	
E

	
207

	
98

	
−0.47

	
0.66

	
248

	
80

	
−0.76

	
1.00




	
Ficus carica

	
D

	
229

	
100

	
−0.57

	
0.86

	
290

	
67

	
−1.16

	
1.00




	
Genista cinerea

	
E

	
219

	
131

	
−0.48

	
0.94

	
270

	
60

	
−1.06

	
1.00




	
Genista scorpius

	
E

	
236

	
121

	
−0.50

	
0.83

	
237

	
144

	
−0.57

	
1.00




	
Hedera sp.

	
E

	
209

	
104

	
−0.45

	
0.69

	
257

	
83

	
−0.80

	
1.00




	
Juglans regia

	
D

	
246

	
130

	
−0.49

	
0.86

	
278

	
100

	
−0.82

	
1.00




	
Malus domestica

	
D

	
223

	
96

	
−0.61

	
0.81

	
238

	
145

	
−0.57

	
1.00




	
Morus alba

	
D

	
222

	
106

	
−0.55

	
0.83

	
233

	
140

	
−0.57

	
1.00




	
Musa × paradisiaca

	
D

	
240

	
107

	
−0.53

	
0.81

	
232

	
139

	
−0.57

	
1.00




	
Prunus avium

	
D

	
242

	
120

	
−0.57

	
0.87

	
253

	
160

	
−0.57

	
1.00




	
Pinus pinea

	
E

	
233

	
126

	
−0.36

	
0.58

	
279

	
110

	
−0.77

	
1.00




	
Pinus sylvestris

	
E

	
250

	
130

	
−0.51

	
0.86

	
263

	
169

	
−0.57

	
1.00




	
Populus sp.

	
D

	
240

	
115

	
−0.55

	
0.87

	
237

	
144

	
−0.57

	
1.00




	
Prunus armeniaca

	
D

	
212

	
95

	
−0.55

	
0.79

	
223

	
130

	
−0.57

	
1.00




	
Prunus dulcis

	
D

	
194

	
102

	
−0.49

	
0.92

	
193

	
100

	
−0.57

	
1.00




	
Prunus persica

	
D

	
219

	
110

	
−0.51

	
0.79

	
260

	
87

	
−0.79

	
1.00




	
Salix sp.

	
D

	
229

	
113

	
−0.47

	
0.82

	
260

	
80

	
−0.84

	
1.00




	
Tilia platyphyllos

	
D

	
254

	
131

	
−0.51

	
0.76

	
283

	
112

	
−0.78

	
1.00




	
Ulmus sp.

	
D

	
246

	
142

	
−0.52

	
0.86

	
285

	
100

	
−0.87

	
1.00











 





Table 2. The best multiple models (with two predictors) relating the leaf emergence in Roquetas to climate variables. For each predictor, the type of relationship (function) and whether any transformation of the predictor has been performed (upper and lower) are shown. Upper indicates that the predictor has been transformed to degree-days (forcing). In these cases, the threshold at which the degree-days are counted is shown. Lower indicates that the predictor measures the number of days where the temperature is below the indicated threshold (chilling). The variability values explained by the simple model (R2SM, only with the first predictor) and by the full model (R2) are also shown. Temp, Tmax, Tmin, Prec, and Rad refer to the mean, maximum, and minimum temperatures; precipitation; and solar radiation, respectively. See the model coefficients in Table S2 and the climate windows considered in Figure 1.






Table 2. The best multiple models (with two predictors) relating the leaf emergence in Roquetas to climate variables. For each predictor, the type of relationship (function) and whether any transformation of the predictor has been performed (upper and lower) are shown. Upper indicates that the predictor has been transformed to degree-days (forcing). In these cases, the threshold at which the degree-days are counted is shown. Lower indicates that the predictor measures the number of days where the temperature is below the indicated threshold (chilling). The variability values explained by the simple model (R2SM, only with the first predictor) and by the full model (R2) are also shown. Temp, Tmax, Tmin, Prec, and Rad refer to the mean, maximum, and minimum temperatures; precipitation; and solar radiation, respectively. See the model coefficients in Table S2 and the climate windows considered in Figure 1.





	
Species

	
First Predictor

	
Second Predictor

	
R2




	
Variable

	
Function

	
Upper

	
Lower

	
R2SM

	
Variable

	
Function

	
Upper

	
Lower






	
Acacia sp.

	
Tmax

	
Linear

	
10

	
-

	
0.48

	
Tmax

	
Quadratic

	
20

	
-

	
0.63




	
Acer sp.

	
Temp

	
Linear

	
10

	
-

	
0.46

	
Tmin

	
Cubic

	
-

	
5

	
0.59




	
Cedrus sp.

	
Tmax

	
Cubic

	
20

	
-

	
0.49

	
Rad

	
Linear

	
-

	
-

	
0.62




	
Ceratonia siliqua

	
Prec

	
Cubic

	
-

	
-

	
0.65

	
Tmax

	
Linear

	
-

	
15

	
0.77




	
Citrus × limon

	
Prec

	
Cubic

	
-

	
-

	
0.41

	
Tmin

	
Cubic

	
10

	
-

	
0.62




	
Citrus × sinensis

	
Tmax

	
Linear

	
15

	
-

	
0.17

	
Prec

	
Quadratic

	
-

	
-

	
0.57




	
Erica ciliaris

	
Prec

	
Cubic

	
-

	
-

	
0.40

	
Temp

	
Cubic

	
-

	
10

	
0.70




	
Eriobotrya japonica

	
Prec

	
Cubic

	
-

	
-

	
0.39

	
Tmax

	
Cubic

	
-

	
-

	
0.62




	
Ficus carica

	
Temp

	
Quadratic

	
10

	
-

	
0.51

	
-

	
-

	
-

	
-

	
0.51




	
Genista cinerea

	
Rad

	
Linear

	
-

	
-

	
0.29

	
-

	
-

	
-

	
-

	
0.29




	
Genista scorpius

	
Tmax

	
Cubic

	
10

	
-

	
0.45

	
Tmin

	
Linear

	
5

	
-

	
0.66




	
Hedera sp.

	
Temp

	
Cubic

	
15

	
-

	
0.26

	
Tmin

	
Quadratic

	
-

	
15

	
0.48




	
Juglans regia

	
Temp

	
Cubic

	
10

	
-

	
0.55

	
-

	
-

	
-

	
-

	
0.55




	
Malus domestica

	
Temp

	
Cubic

	
-

	
10

	
0.51

	
Prec

	
Quadratic

	
-

	
-

	
0.66




	
Morus alba

	
Tmin

	
Cubic

	
-

	
-

	
0.38

	
-

	
-

	
-

	
-

	
0.38




	
Musa × paradisiaca

	
Tmax

	
Quadratic

	
-

	
-

	
0.61

	
Temp

	
Linear

	
-

	
10

	
0.69




	
Pinus pinea

	
Rad

	
Cubic

	
-

	
-

	
0.31

	
-

	
-

	
-

	
-

	
0.31




	
Pinus sylvestris

	
Tmin

	
Cubic

	
-

	
5

	
0.55

	
Tmin

	
Linear

	
-

	
-

	
0.64




	
Populus sp.

	
Tmax

	
Linear

	
10

	
-

	
0.42

	
Tmax

	
Linear

	
-

	
-

	
0.63




	
Prunus armeniaca

	
Prec

	
Quadratic

	
-

	
-

	
0.27

	
Tmin

	
Quadratic

	
-

	
5

	
0.48




	
Prunus avium

	
Temp

	
Quadratic

	
-

	
-

	
0.46

	
Rad

	
Quadratic

	
-

	
-

	
0.57




	
Prunus dulcis

	
Tmin

	
Quadratic

	
-

	
5

	
0.28

	
Tmin

	
Quadratic

	
5

	
-

	
0.42




	
Prunus persica

	
Tmax

	
Cubic

	
-

	
15

	
0.56

	
-

	
-

	
-

	
-

	
0.56




	
Salix sp.

	
Tmax

	
Linear

	
20

	
-

	
0.37

	
Prec

	
Quadratic

	
-

	
-

	
0.68




	
Tilia platyphyllos

	
Temp

	
Linear

	
10

	
-

	
0.37

	
Tmax

	
Quadratic

	
15

	
-

	
0.46




	
Ulmus sp.

	
Rad

	
Cubic

	
-

	
-

	
0.53

	
Tmax

	
Linear

	
10

	
-

	
0.71











 





Table 3. The best multiple models (with two predictors) relating the leaf fall in Roquetas to climate variables. For each predictor, the type of relationship (function) and whether any transformation of the predictor has been performed (upper and lower) are shown. Upper indicates that the predictor has been transformed to degree-days (forcing). In these cases, the threshold at which the degree-days are counted is shown. Lower indicates that the predictor measures the number of days where the temperature is below the indicated threshold (chilling). The variability values explained by the simple model (R2SM, only with the first predictor) and by the full model (R2) are also shown. Temp, Tmax, Tmin, Prec, and Rad refer to the mean, maximum, and minimum temperatures; precipitation; and solar radiation, respectively. See the model coefficients in Table S2 and the climate windows considered in Figure 2.
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Species

	
First Predictor

	
Second Predictor

	
R2




	
Variable

	
Function

	
Upper

	
Lower

	
R2SM

	
Variable

	
Function

	
Upper

	
Lower






	
Acacia sp.

	
Tmax

	
Linear

	
20

	
-

	
0.26

	
Temp

	
Quadratic

	
15

	
-

	
0.62




	
Acer sp.

	
Rad

	
Linear

	
-

	
-

	
0.26

	
Rad

	
Logarithmic

	
-

	
-

	
0.57




	
Ceratonia siliqua

	
Tmax

	
Linear

	
20

	
-

	
0.45

	
-

	
-

	
-

	
-

	
0.45




	
Citrus × sinensis

	
Tmax

	
Cubic

	
30

	
-

	
0.46

	
Prec

	
Logarithmic

	
-

	
-

	
0.61




	
Ficus carica

	
Temp

	
Quadratic

	
10

	
-

	
0.37

	
Rad

	
Linear

	
-

	
-

	
0.53




	
Juglans regia

	
Rad

	
Linear

	
-

	
-

	
0.33

	
Prec

	
Linear

	
-

	
-

	
0.48




	
Malus domestica

	
Prec

	
Quadratic

	
-

	
-

	
0.43

	
-

	
-

	
-

	
-

	
0.43




	
Morus alba

	
Tmax

	
Cubic

	
20

	
-

	
0.35

	
Rad

	
Linear

	
-

	
-

	
0.50




	
Musa × paradisiaca

	
Tmax

	
Cubic

	
10

	
-

	
0.44

	
Tmin

	
Quadratic

	
-

	
15

	
0.69




	
Olea europaea

	
Tmax

	
Quadratic

	
-

	
25

	
0.59

	
-

	
-

	
-

	
-

	
0.59




	
Pinus pinea

	
Tmin

	
Cubic

	
-

	
-

	
0.40

	
Rad

	
Quadratic

	
-

	
-

	
0.66




	
Pinus sylvestris

	
Tmin

	
Cubic

	
-

	
-

	
0.38

	
Tmax

	
Cubic

	
-

	
-

	
0.66




	
Populus sp.

	
Tmax

	
Linear

	
30

	
-

	
0.32

	
Prec

	
Cubic

	
-

	
-

	
0.63




	
Prunus armeniaca

	
Temp

	
Cubic

	
-

	
15

	
0.33

	
Tmax

	
Linear

	
20

	
-

	
0.51




	
Prunus avium

	
Tmax

	
Linear

	
30

	
-

	
0.38

	
Temp

	
Linear

	
-

	
15

	
0.55




	
Prunus dulcis

	
Tmax

	
Linear

	
30

	
-

	
0.26

	
-

	
-

	
-

	
-

	
0.26




	
Prunus persica

	
Temp

	
Cubic

	
-

	
-

	
0.48

	
-

	
-

	
-

	
-

	
0.48




	
Salix sp.

	
Temp

	
Linear

	
-

	
15

	
0.34

	
Rad

	
Quadratic

	
-

	
-

	
0.50




	
Tilia platyphyllos

	
Prec

	
Cubic

	
-

	
-

	
0.42

	
-

	
-

	
-

	
-

	
0.42




	
Ulmus sp.

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-











 





Table 4. The best multiple models (with two predictors) relating the leaf emergence in Cardedeu to climate variables. For each predictor, the type of relationship (function) and whether any transformation of the predictor has been performed (upper and lower) are shown. Upper indicates that the predictor has been transformed to degree-days (forcing). In these cases, the threshold at which the degree-days are counted is shown. Lower indicates that the predictor measures the number of days where the temperature is below the indicated threshold (chilling). The variability values explained by the simple model (R2SM, only with the first predictor) and by the full model (R2) are also shown. Temp, Tmax, Tmin, Prec, and Rad refer to the mean, maximum, and minimum temperatures; precipitation; and solar radiation, respectively. See the model coefficients in Table S2 and the climate windows considered in Figure 3.
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Species

	
First Predictor

	
Second Predictor

	
R2




	
Variable

	
Function

	
Upper

	
Lower

	
R2SM

	
Variable

	
Function

	
Upper

	
Lower






	
Aesculus hippocastanum

	
Temp

	
Linear

	
-

	
10

	
0.56

	
-

	
-

	
-

	
-

	
0.56




	
Alnus glutinosa

	
Tmax

	
Cubic

	
-

	
-

	
0.76

	
Tmin

	
Cubic

	
5

	
-

	
0.91




	
Corylus avellana

	
Temp

	
Quadratic

	
5

	
-

	
0.57

	
Prec

	
Logarithmic

	
-

	
-

	
0.76




	
Fraxinus excelsior

	
Rad

	
Cubic

	
-

	
-

	
0.74

	
Prec

	
Quadratic

	
-

	
-

	
0.92




	
Sorbus aucuparia

	
Tmax

	
Cubic

	
-

	
15

	
0.88

	
Rad

	
Quadratic

	
-

	
-

	
0.95




	
Tilia cordata

	
Rad

	
Quadratic

	
-

	
-

	
0.65

	
Temp

	
Linear

	
-

	
-

	
0.85




	
Vitis vinifera

	
Tmax

	
Quadratic

	
10

	
-

	
0.70

	
-

	
-

	
-

	
-

	
0.70
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