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Abstract

:

Research highlights: The susceptibility of oaks to late spring and early autumn frosts is directly related to their leaf phenology. Drought may alter the leaf phenology and therefore frost tolerance of oaks. However, the effects of drought on oak leaf phenology and frost resistance have not been thoroughly studied. Background and objectives: One of the consequences of climate change is an increase in the frequency of dry episodes during the vegetation period. Pedunculate oak (Quercus robur L.) is an economically and ecologically important forest tree species that prefers humid habitats. Therefore, knowledge of the impact of drought on this species is of great importance for the adaptation of forestry strategies and practices to altered environmental conditions. The aim of this study was to determine the impact of drought on leaf phenology and spring frost susceptibility in nine provenances. Materials and methods: One-year-old saplings originating from nine European provenances were used in the trial. The saplings were exposed to experimental drought and then re-watered in two subsequent years. Spring and autumn leaf phenology were scored. The trial was impacted by a late spring frost in the third year, and the resulting leaf frost injury was scored. The effects of drought treatment on the phenology and frost susceptibility of plants from the provenances were analysed. Results: Leaf phenology of plants from most of the studied provenances was significantly influenced by the drought treatment (p < 0.001). Drought induced a carry-over effect on flushing phenology, which was observed as delayed bud burst (from 0.6 to 2.4 days) in the second year and as advanced bud burst (from 0.1 to 6.3 days) in the third year. Therefore, opposite shifts in flushing phenology may be induced as a result of differences in the time span when plants sense water deficits. In contrast to flushing, autumn leaf phenology was unambiguously delayed following the drought treatments for all studied provenances (from 2.1 to 25.8 days). Differences in late frost susceptibility were predominantly caused by among-provenance differences in flushing phenology. However, the drought treatment significantly increased frost susceptibility in the plants (the rate of frost-injured plants per provenance increased from 3% to 78%). This higher susceptibility to spring frost was most likely caused by the advanced flushing phenology that resulted from the drought treatment in the previous year.
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1. Introduction


The hazards associated with climate change, including rising temperatures, decreasing precipitation, and an increasing frequency of extreme climatic events, are expected to intensify [1,2,3]. In general, the productivity of forest ecosystems is severely impaired by water availability, and drought may induce episodes of large-scale tree decline in temperate forests [4]. Most likely, such declines will substantially increase the necessity for artificial regeneration of temperate forests. However, the increasing severity and frequency of droughts may also impact forest regeneration, causing unacceptably high seedling mortality rates. Late spring frost is an additional abiotic factor that strongly limits forest regeneration [5]. Therefore, it is necessary to enhance our understanding of the mutual impacts of drought and frost on forest reproductive material.



Pedunculate oak (Quercus robur L.) is a widespread European temperate forest tree species that generally prefers fertile and moist habitats [6], although it is also tolerant to arid habitats such as the forest-steppe ecosystems in eastern Europe (e.g., see [7]). Moreover, this species is one of the most economically valuable European hardwood tree species and is a climax species in forests that harbor high biodiversity. Because the species is mainly adapted to moist habitats, its drought tolerance will become increasingly important for its survival, especially in the presence of additional stresses such as frost, competition, pests, and diseases. Theoretically, pedunculate oak may adapt to stressful environmental changes at the individual, population, and plant community levels [2] through phenotypic modifications (i.e., plasticity), natural selection, and hybridization with related xerophilous species, such as sessile oak and pubescent oak [8,9]. In general, oaks are relatively tolerant to drought [10], as they have a xeromorphic leaf structure and root structure that can cope with variability in soil water availability; additionally, oaks display the ability to rapidly resume assimilation after periods of water deficiency [11,12,13,14,15]. However, intraspecific variation in responses to drought occurs among oaks from different provenances. Some of this variation has been attributed to adaptability driven by natural selection in the original provenance habitats [16,17], but in other cases, the original site-level climate of provenances has not been correlated with the responses of oaks to drought (e.g., [18]). Reduced above-ground biomass production, together with a shift towards root growth, is a drought response often observed in oak species [18,19,20]. Other drought responses by oak include changes in the morphological (e.g., reduced leaf area and chlorophyll content) and physiological (e.g., reduced stomatal conductance and water use efficiency) properties of leaves [21]. Although pedunculate oak does not appear to possess efficient responses to leaf frost injury [22], oak populations display adaptation to frost events in the form of differences in leaf phenology [23]. Additionally, occasional frost events (together with other factors) may have led to high within-population genetic variation in pedunculate oak populations, which are often characterized by various phenological types [24]. For deciduous tree species such as Q. robur, the timing of bud burst in spring and leaf senescence in autumn is very important in defining the period of carbon fixation and growth during the vegetation season as well as determining survival due to the increased frequency of climatic extremes such as frosts. Among the most important adaptive traits, phenology is thought to be one of the most affected by climate change [25]. However, it is necessary to further enhance our understanding of the impacts of interactive stressful climatic events on the phenology of deciduous forest tree species. The effects of drought on oak phenology (especially that of the pedunculate oak) have not been thoroughly studied and have been mainly described as earlier growth cessation under dry conditions [17,26], which is also visible as earlier radial growth cessation [27]. Interestingly, drought may induce an after-effect (i.e., a carry-over effect) in the subsequent spring that is indicated by advanced bud burst [26,28]. The same effect of water stress on leaf phenology was also recorded in beech [29]. In one report, sessile oak from different provenances showed a drought-induced carry-over effect in the subsequent spring, which was observable as a delay in the bud burst date [30]. To the best of our knowledge, this discrepancy in observed leaf phenological shifts induced by drought in oaks has not been explained, nor reported for other forest tree species. Here, we propose that bud burst shifts that occur as a carry-over effect induced by drought have opposite directions depending on the time span over which the plants sensed the water deficit. That is, if plants sensed the water deficit early in the vegetation period (i.e., in spring), then flushing would likely be delayed in the subsequent year; in contrast, if drought were sensed late (i.e., in summer), then advanced flushing would likely occur in the subsequent year. The effects of drought on oak frost resistance have been even less thoroughly studied. In general, few papers address between-provenance genetic variation in oak frost susceptibility (e.g., pedunculate oak [17] and holm oak [31]). One study examined the effect of drought on oak frost hardiness (measured as resistance to winter freezing periods) [32], but it did not evaluate frosts that occurred in late spring or early autumn. As drought may alter phenology and therefore the susceptibility of forest tree species to late spring and early autumn frosts, it is necessary to improve our understanding of these interactive effects.



We established a short-term pedunculate oak provenance trial with seedlings originating from nine provenances along the eastern European north-south gradient, i.e., from Estonia to Italy. Plants from these provenances were experimentally treated to induce drought conditions during two growing seasons. As the trial was affected by a late spring frost in the third year, we had the opportunity to examine variation in oak frost susceptibility among provenances as well as the impact of drought on the frost susceptibility of these plants. The aims of the study were to determine the following: (1) the impact of drought on the flushing phenology of plants from various provenances; (2) the impact of drought on the autumn leaf senescence of plants from these provenances; and (3) among-provenance differences in the impact of drought on spring frost susceptibility.




2. Materials and Methods


2.1. Plant Origin and Trial Design


In autumn 2013, acorns were collected below crowns of at least ten randomly chosen mature trees in each of nine allegedly natural pedunculate oak stands. The provenances are located along a latitudinal gradient from Estonia to Italy (Table 1). Acorns were sent to the Croatian Forest Research Institute and sown in 0.5-litre polyvinyl chloride (PVC) pots filled with nursery substrate. In spring 2014, germinated seedlings were individually transplanted into 50-litre PVC pots filled with natural soil extracted from a local pedunculate oak forest (soil type: gleysol; pH = 7.6; soil texture: silty loam). The soil was homogenized and cleared of stones, leaves, sprouts, and twigs prior to filling the pots. The pots were kept outdoors during the first vegetation period; thus, they were exposed to natural local weather conditions at the nursery of the Croatian Forest Research Institute (45°40′08.27” N; 15°38′31.96” E; 141 m a.s.l.). In spring 2015, the pots were transferred to a greenhouse and arranged following a strip-plot experimental design. The first factor (water availability) had two levels: a control plot and a drought treatment plot (DT plot). The second factor (replication) had three levels. Each provenance was represented within each combination of the factors by various numbers of randomly placed plants (3–9 per provenance due to differences in acorn germination and seedling survival).



The trial included a drop-in irrigation system that allowed water availability in the main plots (i.e., control and DT plots) to be controlled. Plants in the control plot were constantly maintained in soil with a high volumetric soil moisture (VSM) content (i.e., 40%–50% VSM) during the growing period.



The VSM content was monitored by soil moisture sensors, which were set up in six representative pots (one in each combination of the factors) and connected to automatic meteorological stations.




2.2. Treatments


In the first growing period, the trial was established in a greenhouse that was automatically ventilated, thus preventing excessive heat and air humidity during the summer. Plants in the DT plot were deprived of water on March 30th, 2015 (Figure 1). The drought treatment was stopped, and the plants were re-watered on July 21st (Figure 1), a date when approximately 20% of the plants in the plot had visible leaf injury symptoms. All plants in the trial continued to regularly receive water until the end of the growing season. During the dormant period of the year (i.e., beginning on November 1st, 2015), the pots were transferred outside the greenhouse and exposed to normal local winter conditions. Because the plants had unexpectedly shown vigorous growth in the greenhouse and threatened to reach the ceiling, the trial was performed outside for the remainder of the study. To prevent the soil from receiving natural precipitation, each pot was covered with polystyrene panels that were shaped to fit around the plant stem and additionally sealed with polyurethane foam and duct tape.



In the subsequent growing period (in 2016), the plants in the DT plot were deprived of water beginning on June 20th. The drought treatment was stopped on July 16th (Figure 1), when almost 25% of the plants showed visible leaf injury symptoms. Afterwards, the plants in the DT plot continued to receive regular watering until the end of the growing season, similar to the way plants in the control plot were treated.




2.3. Leaf Phenology Scoring


Leaf flushing and autumn leaf senescence were studied from 2015 to 2017 (flushing only in the last year).



Leaf flushing phenological phases were scored on all plants in the trial on a 1–8 ordinal scale:

	
1—bud scales completely closed; buds smaller, darker and hard;



	
2—buds swelling, scales slightly spaced;



	
3—bud burst; buds opening, scales considerably more widely spaced, green leaf tips visible;



	
4—folded leaf visible;



	
5—leaf unfolding but not yet flattened, small;



	
6—leaves still relatively small but with flattened blades, blade edges bent downwards, withered, lighter green or reddish;



	
7—leaves appear developed, larger but still more tenderly structured (thinner) than fully developed leaves and lighter green or reddish;



	
8—leaves fully developed, darker green, thicker.








Autumn leaf phenological phases were scored on a 0–5 ordinal scale:

	
0—leaves completely green with no visible yellowing;



	
1—up to 25% of plant leaves brown;



	
2—up to 50% of plant leaves brown;



	
3—more than 50% of plant leaves brown;



	
4—more than 75% of plant leaves brown;



	
5—leaves shed.








The day of the year when each plant reached flushing phase 3 was recorded as the bud burst date, and the day of the year when each plant reached autumn leaf phenological phase 3 was recorded as the autumn senescence date. These individual plant data were used for subsequent statistical analyses.




2.4. Spring Frost Injury Scoring


A late spring frost affected the trial (as well as a much wider geographic area) on April 21st, 2017. After a warm period (the mean air temperature from April 1st to April 20th was 12 °C, with a maximum temperature of 29.5 °C), the air temperature suddenly dropped from the maximum of 13.6 °C at 3 p.m. on April 20th to −0.1 °C at 8 p.m. on the same day, and the temperature continued to decrease until it reached a minimum of −5.8 °C at 5 a.m. on April 21st, after which the temperature rose to −0.3°C by 7 a.m. and continued to rise.



Several days later, there were visible leaf injuries on the plants in the trial. Leaf injuries appeared as necrotic leaf tissue visible as various shades of brown stretching from the margins of the leaf blade towards the midrib. On some leaves, these injuries were located closer to the apex, but on others, the injuries were located closer to the base. In general, there were no cases in which the whole leaf blade surface was necrotic. Additionally, in all cases, a rather low percentage of plant leaves were injured (on average, 5% of all plant leaves were partly injured). As a result, it was difficult to grade the plants based on frost injury; thus, we decided to record frost damage using a binary scale (0—plant has no visible injuries, and 1—plant has visible injuries).




2.5. Statistical Analyses


Individual plant data on bud burst date and autumn leaf senescence date were used for statistical analyses. All statistical analyses were performed in SAS/STAT 15.1 software, a free version of SAS University Edition by SAS Institute Inc., Cary, NC, USA. Descriptive statistics were performed using the MEANS procedure. Analyses of variance (ANOVAs) were performed using the MIXED procedure to determine the statistical significance of the factors (irrigation treatments, blocks, provenances, and the provenance by treatment interaction) according to the following linear model:


yiklj = μ + Ti + Bj + Pk + TPik + εijk (ANOVA model)



(1)




where yijkl—individual value of a trait; μ—overall mean; Ti—fixed effect of treatment i, where i = 1, 2; Bj—random effect of block j, where j = 1, 2, 3; Pk—fixed effect of population k, where k = 1, 2, …, 9; TPik—population by treatment interaction; and εijkl—random error.



Assumptions of residual normality and variance homogeneity were tested by using the Shapiro–Wilk test and Levine’s test [33] with the GLM and UNIVARIATE procedures in SAS. Residuals were plotted as a function of fitted values to test for variance homogeneity, and the distribution of residuals was also tested. The significance of the irrigation treatments was tested by the Wald test and with the Satterthwaite approximation [34]. Student’s t-test was performed to establish the significance of differences in the bud burst date between the different groups of frost-injured and uninjured plants.





3. Results


3.1. Flushing Phenology


As expected, in spring 2015 (prior to drought treatment), there were no statistically significant differences in the timing of bud burst between the control plot and the DT plot (F = 2.52; p = 0.1131). However, in spring 2016 (the year after the first drought treatment), the mean bud burst date of plants from almost all (except CR (OT)) provenances in the DT plot was delayed (1.5 days on average), ranging from 0.6 to 2.4 days per provenance (Figure 2). The drought treatment effect was statistically significant (F = 12.90; p = 0.0004). In spring 2017, the mean bud burst date of plants in the DT plot was advanced by 3 days on average (compared with the control), ranging from 0.1 to 6.3 days per provenance (Figure 2). The only exception was provenance ES, for which plants exhibited a delay in mean bud burst of 1.3 days (Figure 2). The effect of drought on the bud burst date was again highly statistically significant (F = 31.44; p < 0.0001).




3.2. Autumn Leaf Phenology


Autumn leaf phenology was scored in 2015 and 2016 after one and two years of successive drought treatments were imposed on plants in the DT plot, respectively. In 2015, the plants exhibited an average delay in senescence of 8 days (ranging from 2 (provenance ES) to 13 (provenance PL) days) (Figure 3). In 2016, leaf senescence was again delayed, in this case by an average of 15 days (ranging from 3 (LI) to 26 (CR (RE) days) (Figure 3). Based on ANOVA, the leaf senescence date of plants in the DT plot was significantly delayed compared to that in the control in both years (F = 179.00 and 318.85; p < 0.0001, respectively). Based on Tukey’s test, the mean autumn senescence of plants from only the most northern provenances (ES and LI) did not significantly differ between the DT plot and the control plot.




3.3. Spring Frost Susceptibility


The trial was impacted by a late spring frost occurring on April 21st, 2017. The proportion of frost-injured plants varied among provenances. More than 90% of plants from provenances CR (KO), HU, and CR (RE) were injured in the DT plot, though no plants from provenance LI were injured (Figure 4). Additionally, a larger proportion of damaged plants were observed in the DT plots for most provenances, indicating an adverse impact of drought on frost tolerance.



Based on the relationship between the state of flushing on April 21st and the incidence of frost injuries, plants that had entered flushing phases 5, 6, and 7 were injured (Figure 5). All plants that had entered flushing phase 7 were injured in both the control and DT plots (only a single plant in the DT plot had no visible symptoms of frost injury). Additionally, all plants in the DT plot that had entered flushing phase 6 were injured, whereas only 44% of plants in the same flushing phase had visible leaf injuries in the control plot. There was an obvious difference in the proportion of injured plants that had reached flushing phase 5 between the control and DT plots (Figure 5).



Because the frost-injured plants were those that had entered flushing phases 5, 6, and 7 on April 21st, we analysed the proportions of these plants from the studied provenances separately for the control and DT plots. These results are presented in Figure 6. The provenances with the largest proportion of frost-injured plants in the control plot (see Figure 4) were also those with the largest proportion of plants that had entered more advanced flushing phases, and vice versa (compare Figure 4 and Figure 6).



Additionally, the increase in frost susceptibility in the DT plot may be explained by more advanced (i.e., earlier) flushing of plants in that plot. For example, the proportion of frost-injured plants increased by >50% in the DT plot for provenances PL (from 0% to 78%), HU (from 39% to 96%), and CR (KO) (from 43% to 96%) (Figure 4). The same provenances exhibited the greatest shifts towards more advanced flushing on April 21st (Figure 6).



These results led to the question of why all plants that had reached flushing phase 6 (FP6) suffered frost injuries in the DT plot while only 44% of the FP6 plants were damaged in the control plot. Thus, we tested for significant differences in the mean bud burst date between control plants not showing frost injury symptoms and drought-treated plants as well as between frost-injured control plants and drought-treated plants. These results are shown in Table 2.



Therefore, we compared two groups of control plants with drought-treated plants. Student’s t-test showed that uninjured control plants had started flushing significantly later, but injured control plants had not. Although all these plants were recorded as being in flushing phase 6 on April 21st, these results (Table 2) indicate that plants in the DT plot were at a more advanced flushing state similar to that of the damaged control plants.





4. Discussion


4.1. Leaf Phenology


In our study, pedunculate oak plants that were experimentally exposed to drought exhibited delayed bud burst in the subsequent spring (Figure 2). However, after the second drought treatment, the mean bud burst date of the plants was advanced (Figure 2). This discrepancy (i.e., opposite shifts in bud burst induced by water stress) was also revealed in other studies. For example, Mijnsbrugge et al. [30] reported delayed bud burst of oak exposed to drought and Kuster et al. [28] and Spieß et al. [26] reported advanced bud burst of oak exposed to drought stress in previous years. Thus, based on our results as well as those from the above-mentioned studies, drought stress has a carry-over effect on oak flushing phenology, which causes it to shift. This effect of water stress on flushing phenology was also recorded in Fagus crenata Blume [29]. Plant environmental responses are epigenetically regulated. Various environmental signals and stresses can induce epigenetic modifications, thereby creating a flexible “memory” system for short or prolonged periods of time [35]. Changes in epigenetic marks in trees are accompanied by morphological and physiological changes in various processes such as ageing, organ maturation, and bud set or burst [36,37,38]. Therefore, drought stress may have triggered an epigenetic response (“memory”) resulting in the observed carry-over effect on bud burst date in the oaks from the studied provenances. Why bud burst shifts may occur in opposite directions (i.e., towards an earlier or a later date) is an open question. There may be more than one molecular mechanism behind this epigenetic “memory” phenomenon. The complexity of signalling events associated with sensing drought stress in plants is well known (e.g., see [39]). Various chemical signals (e.g., reactive oxygen species, calcium, and plant hormones) participate in the induction of stress tolerance via transduction cascades and the activation of genomic re-programming [40]. For example, abscisic acid (ABA) plays an important role in epigenetic processes such as in ABA-mediated responses to abiotic stress (see [41]). Therefore, the complexity of drought sensing and signalling pathways likely results in different epigenetic modifications and therefore phenotypic changes such as opposite shifts in bud burst date. The different time spans over which plants sense water deficits in the vegetation period presumably cause opposite carry-over effects regarding flushing phenology. Accordingly, in the first year of the experiment, we stopped watering the plants in the DT plot on March 30th, allowing them to sense the water deficit early in the vegetation period, i.e., during or shortly after flushing. In contrast, in the second year of the experiment, the plants were deprived of water in the second half of June after they had completely developed leaves. Plants from the studied pedunculate oak provenances responded with delayed bud burst following the first drought treatment (Figure 2). Combined with advanced bud burst following the second drought treatment (Figure 2), this indicated that the hypothesis in this study was supported. Of course, the molecular mechanisms underlying the epigenetic “memory” phenomenon are still poorly understood [35]; thus, it is not clear why bud burst shifts occur in opposite directions. We can only speculate that drought in different time spans induced different sensing and signalling pathways, which resulted in the observed effects on the flushing phenology of the studied oak plants. Addressing the mechanisms underlying the observed effects of drought on flushing phenology was beyond the scope of this study.



Leaf senescence was significantly delayed by drought in plants from all provenances in both the first and second year of the experiment (Figure 3). Delayed autumn leaf senescence is a known physiological response to drought and re-watering in oaks [9,30] as well as other tree species [42]. This phenomenon has been explained as the photosynthetic and growth compensation of trees during the post-drought period of recovery. Notably, leaf senescence in the most northern provenances (i.e., Estonia and Lithuania) did not significantly differ between the DT and control plots. Plants from the northern provenances may be more sensitive to environmental signalling at the end of the growing season, which may prevent them from overextending their growing season. Vitasse et al. [43] reported a similar result in a study on clinal variation in the leaf senescence of Quercus petraea (Matt.) Liebl. from provenances along an altitudinal gradient. Additionally, Deans and Harvey [44] reported a negative correlation between leaf yellowing and latitude in sessile oak, although this correlation was not as strong as the positive correlation between budburst date and latitude. Nevertheless, natural selection in harsher (colder) habitats appears to favour genotypes that respond with more rapid growth cessation in autumn. This relationship may be why the delayed leaf senescence of plants from the northern provenances was not as significant as that of plants from the more southern provenances.




4.2. Spring Frost Susceptibility


Spring frost affected the trial (as well as a much wider geographic area) on the morning of April 21st, 2017. Within a few days, symptoms of necrosis were observable on plant leaves. This incident enabled us to study variation in frost susceptibility among provenances and between the treatments in the trial. There were significant differences among the studied oak provenances in terms of spring frost susceptibility. The mean proportion of injured plants was strongly related to their state of flushing development on the particular day when frost impacted the trial. Thus, differences among provenances in the proportion of frost-injured plants were caused by differences in flushing phenology. Additionally, the difference in the proportion of frost-injured plants between the control and DT plots may also be explained by differences in flushing phenology. Plants that were in more advanced flushing phases suffered leaf injury, whereas plants that had not started flushing or were in a state of less advanced flushing did not suffer damage (Figure 5). This result confirms the report by Utkina and Rubtsov [24], who found greater resilience to spring frosts of later flushing pedunculate oaks.



The most frost-susceptible plants were clearly those in flushing phase 7 (almost fully developed leaves with completely flattened blades but still tenderly structured, light green or reddish) because all but one of these plants suffered frost injuries in both the control and the DT plots. Additionally, all plants in phenological phase 6 in the DT plot were frost injured (Figure 5). Pedunculate oak do not appear to possess effective active molecular responses to frost; instead, avoidance is their major anti-frost “strategy”. This lack of active frost responses was true at least for plants from the early flushing provenances that were exposed to the frost in 2017 and suffered leaf injury. The use of escape as an adaptive response to spring frost risks has been reported in sessile oak populations along an elevation gradient [45] as well as in various pedunculate oak populations [24,46,47]. However, the presence of a few exceptions (such as a single plant in flushing phase 7 that did not show visible symptoms of leaf injury) suggests that at least some pedunculate oak genotypes possess an efficient response to freezing at the molecular level. Such a molecular response might be due to alterations in enzymatic activity [48] and the accumulation of soluble sugars, as has already been reported for various Quercus species [49,50]; additionally, such a response might be due to the more efficient mobilization of non-structural carbohydrates (NSCs), as reviewed by Villar-Salvador et al. [51].



There was a large increase in the proportion of frost-injured plants in the DT plot (for most of the provenances), indicating an adverse impact of drought on oak frost susceptibility (Figure 4). This result raises the question of why plants in the DT plot (drought stressed) showed increased spring frost susceptibility. Based on our results, the main reason for the increased frost susceptibility of these plants was the earlier flushing caused by the drought treatment in the previous year. Drought stress in the previous year induced a clear carry-over effect, which resulted in the earlier flushing of plants from most provenances (Figure 2; year 2017). Therefore, most of the provenances in the DT plot exhibited an increased proportion of plants at more developed flushing phases on the day when the spring frost occurred. Nonetheless, it was not as obvious why all plants at flushing phase 6 (100%) in the DT plot were harmed by the frost, while only 44% of plants in the same flushing phase in the control plot showed visible injuries. Drought stress may have impacted plants in the DT plot, resulting in an even more reduced efficiency of molecular responses to freezing temperatures. For example, the accumulation and re-mobilization of NSCs and nitrogen (N) reserves play a very important role in frost resistance (see [51] and references therein). Drought stress in the current growing season may hinder re-mobilization capacity in the next growing season by decreasing seedling N and NSC content. [51]. Oaks use NSC and N reserves from storage tissues for their early spring growth before bud burst [52], and significant reductions in these reserves in spring have been reported for oaks [48]. Therefore, the higher proportion of frost-injured saplings in the DT plot may be explained in the following way: summer drought impaired the capacity to accumulate, store, and re-mobilize NSC and N reserves (responsible for frost resistance and vessel formation in early spring), which elevated the frost susceptibility of the saplings in the DT plot.



Another possibility was that not all plants in flushing phase 6 were in the exact same state of flushing on a particular day. Specifically, injured plants may have started flushing slightly earlier (i.e., were at a slightly more advanced flushing state) than the uninjured plants, despite all of the plants being scored as in the same flushing phase on that particular day. This explanation for the difference in the proportions of damaged phase-6 plants between the DT and control plots is supported by the test results (Table 2). Uninjured phase-6 plants in the control plot started flushing significantly later (had an earlier bud burst date, on average), while injured phase-6 plants did not (Table 2). Therefore, injured phase-6 plants in the control plot and phase-6 plants in the DT plot were at a slightly more advanced state of flushing on the day of the frost, which may have rendered them more susceptible to frost injuries. Furthermore, the flushing phenology scoring method, in which a plant was graded based on the most frequent phase, may have resulted in two plants in somewhat different states of flushing being assigned the same score. For example, if most buds indicated flushing phase 6, a plant was graded as being in phase 6; however, some newly emerging leaves may have already been in phase 7. Such plants may have sustained frost injuries on those few phase-7 leaves. Although plausible, this hypothesis should be further tested.





5. Conclusions


The results of this study confirmed the previously reported effects of drought stress on pedunculate oak leaf phenology, i.e., delayed autumn leaf senescence and a carry-over effect on bud burst date. Although the effect of drought on autumn leaf senescence was unambiguous (i.e., delayed senescence), the mean bud burst dates were shifted in opposite directions in the two analyzed years. Our study supports the hypothesis that opposite shifts in bud burst dates occur due to the different times in the growing season at which plants sense water deficit signals. Accordingly, if oaks sense water deficits early in the growing season (i.e., during or shortly after flushing), then their bud burst date will be delayed in the subsequent spring. In contrast, if the oaks sense water deficit signals late in the growing season (i.e., summer drought), then their bud burst will shift towards an earlier date in the subsequent spring.



The results strongly indicated an adverse effect of drought stress on pedunculate oak spring frost susceptibility. The adverse effect was most likely caused by a shift in spring leaf phenology. In other words, summer drought stress induced a carry-over effect, resulting in earlier mean bud burst in the subsequent spring, which made plants from the majority of the studied oak provenances more susceptible to late-frost leaf injuries. Importantly, the impacts of drought on autumn leaf senescence, i.e., delayed leaf senescence, most likely increase the susceptibility of oaks to early autumn frosts.



However, plants from the latest-flushing provenances were the least sensitive to the above-mentioned adverse effects of drought on frost resistance. Therefore, these provenances may be considered valuable sources of forest reproductive material for the regeneration of oak forests made necessary by an increase in the frequency of drought and frost events.
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Figure 1. The beginning and end of growing seasons in the control and drought treatment (DT) plots in three consecutive years (2015, 2016 and 2017). Open symbols indicate the mean bud burst date in the control (square) and DT (circle) plots, whilst closed symbols indicate the mean date of autumn leaf senescence in the control (square) and drought treatment (circle). The symbol × indicates the late frost event (on 21st April 2017). Grey polygons indicate the duration of drought treatments in 2015 (from 30th March to 21st July) and 2016 (from 20th June to 16th July). 
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Figure 2. Provenance mean bud burst dates in the treatments (control and drought), expressed as day of year (DOY) in 2016 and 2017. Vertical bars indicate the standard deviation of the mean values. Asterisks above bars indicate significant differences between treatments for the same provenance. Provanance abbreviations: ES—Estonia; LI—Lithuania; PL—Poland; HU—Hungary; CR (RE)—Croatia (Repaš); CR (KO)—Croatia (Koška); CR (KA)—Croatia (Karlovac); CR (OT)—Croatia (Otok); IT—Italy. 
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Figure 3. Provenance means of autumn leaf senescence in the treatments (control and drought) expressed as day of year (DOY) in 2015 and 2016. Vertical bars indicate the standard deviation of the mean values. Asterisks above bars indicate significant differences between treatments for the same provenance. Provanance abbreviations: ES—Estonia; LI—Lithuania; PL—Poland; HU—Hungary; CR (RE)—Croatia (Repaš); CR (KO)—Croatia (Koška); CR (KA)—Croatia (Karlovac); CR (OT)—Croatia (Otok); IT—Italy. 
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Figure 4. Proportions of frost-injured plants by provenance and treatment. Provanance abbreviations: ES—Estonia; LI—Lithuania; PL—Poland; HU—Hungary; CR (RE)—Croatia (Repaš); CR (KO)—Croatia (Koška); CR (KA)—Croatia (Karlovac); CR (OT)—Croatia (Otok); IT—Italy. 
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Figure 5. Total proportion of frost-injured plants from all provenances (in the control and drought treatments) that were in flushing phase 5 (leaf unfolding but not yet flattened, small), 6 (leaves still relatively small but with flattened blades, blade edges bent downwards, withered, lighter green or reddish), and 7 (leaves appear completely developed, larger but still more tenderly structured (thinner) than fully developed leaves and lighter green or reddish) at the time of the frost event (on 21st April 2017). 
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Figure 6. Proportions of plants in advanced flushing phases at the time of the frost event on 21st April 2017 by provenance and treatment: 5 (leaf unfolding but not yet flattened, small), 6 (leaves still relatively small but with flattened blades, blade edges bent downwards, withered, lighter green or reddish), and 7 (leaves completely developed, larger but still more tenderly structured (thinner) than fully developed leaves and lighter green or reddish). CO—control; DR—drought treatment. Provanance abbreviations: ES—Estonia; LI—Lithuania; PL—Poland; HU—Hungary; CR (RE)—Croatia (Repaš); CR (KO)—Croatia (Koška); CR (KA)—Croatia (Karlovac); CR (OT)—Croatia (Otok); IT—Italy. 
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Table 1. Location and climatic characterization of the provenance sites.
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	Country
	Provenance

Abbreviation
	Latitude N
	Longitude E
	T (°C)
	PR (mm)
	bFFP





	Estonia
	ES
	58.238520
	22.442890
	6.1
	568.3
	April 24th



	Lithuania
	LI
	54.537975
	23.811175
	6.4
	625.3
	April 20th



	Poland
	PL
	51.190300
	16.549010
	8.6
	554.7
	April 11th



	Hungary
	HU
	47.025120
	18.263499
	10.8
	562.0
	April 1st



	Croatia (Repaš)
	CR (RE)
	46.139763
	17.091610
	10.8
	793.2
	April 4th



	Croatia (Koška)
	CR (KO)
	45.569734
	18.235555
	10.9
	719.0
	April 3th



	Croatia (Karlovac)
	CR (KA)
	45.494896
	15.708384
	11.4
	994.7
	March 29th



	Croatia (Otok)
	CR (OT)
	45.094245
	18.821524
	11.3
	745.3
	April 3th



	Italy
	IT
	42.755380
	11.918041
	14.3
	722.8
	February 18th







Mean annual temperature (T), mean annual precipitation (PR) and average beginning of the frost-free period in spring (bFFP) were generated with ClimateEU software (version 4.63) (http://www.ualberta.ca/~ahamann/data/climateeu.html) for the period of 1901 to 2009. The provenance abbreviations indicate their country of origin.
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