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This work presents the impact of climate change on full flowering (BBCH 65) in Norway spruce [Picea abies (L.) Karst.] at 54 phenological stations over two 30-year-long periods, from 1961 to 1990 and from 1991 to 2020. The stations were located in 10 protected areas (protected landscape area, national park) at elevations from 390 to 1,400 m a.s.l. We analyzed the changes in average onset of full flowering, trends of the phase, phenological altitudinal gradient, and correlations of flowering to monthly climatological standard normals of air temperature and sum of precipitation. The impact of climate change was observed in the second period, when flowering started 4–8 days earlier. The phenophase was shortened by 4 days in comparison to the first period, and the shift of the significant trend occurred 7 days earlier. The phenological altitudinal gradient did not substantially change. The analysis of the temperature impact on flowering showed an effect of the cold period preceding the onset of the phenological phase on its delayed onset. The change in January temperatures between periods indicated warming by 1.24–1.34°C. The change also occurred in the evaluation of the 3-month period when the spring air temperature increased. The mean 3-month air temperature (January–March) increased by 0.82–1.1°C in the second period. It was more substantial at lower elevations. The most significant changes in precipitation conditions were observed by the increase in precipitation in March and by the decrease in precipitation between the observed periods in April. The results of all indicators for Norway spruce flowering in the second period indicated changes in climatic conditions in the region.
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INTRODUCTION

Ongoing climate change affects temperature and precipitation conditions and causes frequent extreme weather events in mountain areas in the temperate climate zone (Lapin et al., 2008; Lukasová et al., 2021). The changing climate of this climatic zone gradually changes vegetation, composition, and production of future communities (Ďurský et al., 2006). Several studies (Menzel et al., 2006; Bertin, 2008) indicated the impact of climate change represented by fast temperature and precipitation changes on plant phenology at the end of the twentieth century. In several regions of Europe, climate change causes ecological changes in ecosystems, including species interactions, community structures, and biodiversity conservation (Kirschbaum, 2000). Many authors (Luomajoki, 1993; Vitasse et al., 2019) have monitored ongoing climate change using phenological manifestations of plants and tree species. Additionally, the works of several authors (Chmielewski and Rötzer, 2001; Walther et al., 2002; Linderholm, 2006) have evaluated the dynamics of phenological phases as a response to changing environmental conditions. Therefore, phenological manifestations are considered important bioindicators of current ecosystem changes (Rafferty et al., 2020; Wenden et al., 2020).

Phenology reflects changes in the environment through the response of plants to meteorological elements (Babálová et al., 2018). Phenological observations contribute to explaining climate change in several ways (Schwartz, 1999). Their temporal development is very sensitive to interannual changes in meteorological elements, which indicate their dynamics. Long-term phenological records at the species level may explain biological reactions to climate change in regions of temperate climate characterized by changing seasons. Suitable phenological models derived from long-term time series can partially widen the information on biological reactions at various locations where traditional data are missing. If the successful migration of tree species, e.g., migration of spruce in a changing environment, is ensured, phenological knowledge can also be combined with systematic genetic assessment that governs the adaptive capacity of forests to climate change (Pierro et al., 2017).

The beginning of spring phenology also reflects photoperiod sensitivity. Research on photoperiodic spruce regimes in Finland has confirmed the simultaneous action of photoperiods and temperature amplitudes on spring phenological phases (Partanen et al., 1998); Saderi et al. (2019) indicated the rising effect of photoperiod in increasing altitudes, where it could be connected to air temperature. They estimated that future climate change would extend the growing season by about 5 days per 1°C. Gyllenstrand et al. (2007) documented the influence of photoperiods on phenological development through gene analysis of the growth rhythms of seedless plants. Basler and Körner (2012) selected photoperiod rather than weather as a constant and reliable indicator of the beginning of the growing season. Using contrasts in the photoperiod, they found no significant photoperiod sensitivity in the early succession species. For late succession species, the photoperiod is an important environmental signal. The photoperiod will limit responses to climate warming, as rising temperatures will shift phenology to a species-specific photoperiod threshold. In research on Norway spruce (Picea abies) on permanent research plots, the response to the photoperiod was only influenced by the altitude of the tree’s origin (Basler and Körner, 2012).

The impacts of climate change are not evenly manifested in the natural regions of tree species. The reactions of ecotypes to these changes, represented by long-term phenological manifestations, provide answers on climate development in regional conditions (Škvareninová, 2009, 2013; Lukasová et al., 2020). A long time series of phenological observations enables the identification of trends in the development of phenological phases and explains their relationships to climate change (Asse et al., 2018). Changes in phenological processes can contribute to the clarification of the distribution of natural tree species and changes in their natural regions (Suvanto et al., 2016). They can be used for modelling the phenological phases of tree species under the future impact of climate change on ecosystems, as well as for the prognosis of future tree species’ distribution and vitality (Bednářová et al., 2010; Dyderski et al., 2018). Regular and long-term observations of tree species’ phenological phases explain the climatic characteristics of the region and reveal changes in the length of growth and phenological periods, as well as the possible risks of frost damage. This knowledge can be used for forest management, as well as for nature protection.

Economically important species with a wide range of occurrences in Europe are of research interest in studying the impact of climate change on tree species. Norway spruce [P. abies (L.) Karst.], which is an important component of several natural forest ecosystems in Europe, belongs to these species. It is a dominant species in boreal forests and sub-alpine areas of the Alps and Carpathians, where it occurs in a dwarfed form up to an elevation of 2,400 m a.s.l. (Škvarenina et al., 2004; Caudullo et al., 2016). It can also be found at lower elevations outside of its natural distribution, where it is exposed to periods of extreme drought and heat due to global warming (Jansson et al., 2013; Střelcová et al., 2013). In the second half of the twentieth century, the conditions for spruce also began to deteriorate due to increased anthropogenic activity. At first, the stands were exposed to air pollution above the threshold (Mind’áš and Škvarenina, 1995; Bošel’a et al., 2014; Fazekašová et al., 2016). According to Mezei et al. (2019), Carpathian spruce forests have been affected by wind calamities and spruce bark beetle gradation (Ips typographus) in recent decades (Grodzki et al., 2006; Mezei et al., 2017). The large-scale die-back of mountainous spruce forests has subsequently caused changes in inter-seasonal water balance, forest soils, and overall changes in ecosystems (Gömöryová et al., 2013; Bartík et al., 2016, 2019; Šustek et al., 2017). Thus, Norway Spruce became a subject of interest of many detailed phenological and dendroclimatic scientific research studies in different parts of Europe (Schleip et al., 2008; Mioduszewski and Rzonca, 2015), Slovakia, and the Tatra National Park (Braun, 2020; Bošel’a et al., 2021).

The goal of this work was to analyse the impact of climate change on the onset of the flowering phenological phase of Norway spruce P. abies (L.) Karst. in protected areas of Slovakia by comparing two 30-year-long periods, from 1961 to 1990 and from 1991 to 2020. The knowledge can be used to make prognoses of changes in the distribution and share of this tree species in the natural forest ecosystems of protected areas.



MATERIALS AND METHODS

The phenological research focused on the localities of the Norway spruce in the southern part of the Western Carpathians (Figure 1), located in 10 large-scale protected areas of Slovakia, where spruce occurs naturally (national park—NP, protected landscape area—PLA) (Figure 2).
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FIGURE 1. Norway spruce distribution in Slovakia (red line: borders of 390–1,400 m a.s.l. interval).
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FIGURE 2. Large-scale protected areas with occurrence of Norway spruce in Slovakia.


We evaluated spruce reactions to climate change based on the full flowering phenological phase during two 30-year-long periods: 1961–1990 and 1991–2020. In climatology, the 30-year period represents the so-called climatological standard normal period (World Meteorological Organization [WMO], 2017). The World Meteorological Congress (WMO) has approved the definition of climate standards. The climatological standard normals refer to the last 30-year period concluding in the year ending with the number 0, which in our case was 2020. According to international coding, this phase is coded BBCH 65, which defines the developmental stage of generative organs (Meier, 1997). It occurs when the majority of male flowers of all individuals in the monitored group are fully developed and produce pollen (Braslavská et al., 1996). Phenological observations were performed on trees between the ages of 50–70 years. We recorded the onset of the phenophase using the days of the year (doy) of the Julian calendar. Phenological and climatic data were provided by the Slovak Hydrometeorological Institute. We selected only stations with continuous time series from the database. To perform the correlation analysis of flowering with elevation, we excluded incomplete data from the period 1960–1990 and modified the database for further processing using the following criteria:


-A continuous series of observations with at least 70% data at each phenological station.

-Elevation of the phenological station, exceeding 390 m a.s.l.



Based on these criteria, we obtained a set of 19 phenological stations representing the period from 1961–1990 and 35 stations representing the period from 1991–2020. The phenological stations for both periods were partly different due to some of the abolition or relocation of some of the phenological stations. The elevation intervals of protected areas and the number of plots in individual periods are presented in Table 1.


TABLE 1. Elevation interval of the study area with the number of phenological stations in individual protected areas.
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We performed spatial interpolation with the Regression kriging method and B-spline using QGIS. To evaluate the impact of monthly mean climatological standard normals of air temperature and precipitation sum (30 years) on the onset of flowering, we used data from the nearest meteorological stations to phenological stations. The impact of climate change on spruce flowering was assessed based on the onset of full flowering, trend analyses, and a phenological elevational gradient. We also looked for the closest relationship between the long-term phenological onset of the phenological phase, the climatological standard normals for air temperature, and total precipitation using the Pearson correlation coefficient.



RESULTS

In the first period, from 1961 to 1990, flowering (BBCH 65) in Norway spruce occurred between May 21 and June 7 (Figure 3), and the phase lasted 18 days. In the second period, 1991–2020 (Figure 4), flowering was shifted by 4–8 days earlier (17 May–30 May), and the duration of the phenophase was shortened by 4 days. The shift of the phenophase by 5–6 days earlier in the second period was also recorded in individual protected areas (Table 2).


TABLE 2. Average onset and shift (-earlier) of Norway spruce flowering.
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FIGURE 3. Average onset of full flowering of Norway spruce in the period 1961–1990.
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FIGURE 4. Average onset of full flowering of Norway spruce in a period of years 1991–2020.


Altitude affected the onset of the phenological phase. Average flowering started later as the elevation increased (Table 3). In the first period, the delay was mostly 1.7 days; in the second period, the time difference between the elevation classes decreased to 1.3 days. The differences between the elevation classes in each period had a similar time shift. The difference between the earliest and the latest average flowering in both periods varied from 1.4 to 2.1 days, while smaller differences were recorded in the second period. The difference in the earliest average onset of flowering (min Ø) between the 1st and 10th elevation classes was 15 days in the first period and 12 days in the second period. The difference in the latest average onset of flowering (max Ø) between the 1st and 10th elevation classes was 15 and 11 days in the first and second periods, respectively. These and other statistical characteristics indicate that climate change affects the phenological phase, since its onset along the elevational gradient was accelerated, and variability indicators (sx%, R) in all elevation classes were reduced in the second period.


TABLE 3. Selected statistical characteristics of flowering of Picea abies (L.) Karst. [sx%—coefficient of variation, min—earliest average onset (doy), max—latest average onset (doy), R—variation range, Δ—difference between elevation classes (day)].
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Absolute extremes occurred in both periods. In the period 1961–1990, the earliest onset of flowering (min) was observed at an elevation of 460 m a.s.l. on 3 May 1973, while the latest (max) occurred at an elevation of 620 m a.s.l. on 21 June 1965. In the second period, the absolute earliest onset of flowering was recorded at an elevation of 475 m a.s.l. on 23 April 2009, and the absolute maximum at an elevation of 485 m a.s.l. on 27 June 1996.

The phenological elevational gradient is the simplest way to express changes in environmental conditions in the vertical profile. It represents the difference in the onset of the phenological phase between the locations located at the lowest and highest elevations calculated per 100 elevation meters. In the first period, the phenological elevational gradient was 3.7 days/100 m, while in the second period, it was 3.4 days/100 m. The difference between the two periods equal to 0.3 days/100 m is negligible. It was more pronounced at higher elevations, where flowering was faster (Figure 5).
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FIGURE 5. Shift in the average onset of full flowering in Norway spruce between the monitored periods.


Temporal changes in the onset of flowering due to changed climatic conditions between the observed periods can also be determined from trend analyses (Figure 6). In the first period, the trend was not statistically significant. In the second period, the trend shifted 7 days earlier, with statistical significance at the level of α = 0.01.
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FIGURE 6. Development and trends of Norway spruce flowering in the two periods.


We analyzed the impact of air temperature and precipitation on the phenological phase at individual stations using monthly, bimonthly, 3-monthly, and 4-monthly climatological standard normals (30-year-long) of mean air temperature and precipitation sum prior to phase onset. For both periods, the closest correlation was between flowering onset and the monthly mean air temperature in January (Table 4). Negative values of correlation coefficients for all combinations show us that this is a negative correlation. The colder the period before the onset of the phenological phase, the later (higher number of the day) the phenological phase occurred, and the warmer the period before the onset of the phenological phase, the sooner (lower number of the day) the phenological phase occurred. The relationship between the average monthly values of air temperature and the onset of the phenological phase was stronger in the first observed period. The correlation between the sum of precipitation and the onset of the phenological phase (Table 4) was weak in the first period. In the second observed period, the correlation intensified. The statistical significance of the relationships between climatological standard normals, and the onset of the phenological phase is shown in Table 4, and statistically significant values are marked with the symbol*. Due to the strongest correlation between the January air temperature and the phenological phase in both periods, we performed a more detailed analysis of the January temperatures. Mean values of January temperatures in protected areas fluctuated between −3.5 and −6.8°C from 1961–1990 and between −2.1 and −5.7°C from 1991–2020. The change represented warming from 1.07 to 1.46°C. More distinct changes in the mean January temperature were observed at lower elevations.


TABLE 4. Correlation coefficients and statistical significance (*p < 0.05) between the onset of the phenological phase and monthly climatological standard normals of air temperature and monthly sum of precipitation.
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We also compared the annual deviations of the long-term phenological average to the deviations of the average monthly January air temperature (Figures 7, 8). The course of the deviations confirms the influence of the January air temperature on the delay in the onset of the phenological phase. In the years when the temperature was above climatological standard normal (warmer), the onset of the phenological phase was below the phenological normal (earlier onset).
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FIGURE 7. Comparison of deviations of the average monthly air temperatures in January with deviations of the onset of the phenological phase from the long-term average from 1961–1990.
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FIGURE 8. Comparison of deviations of the average monthly air temperature in January with deviations of the onset of the phenological phase from the long-term average for 1991–2020.


In the period 1961–1990, the coldest January was in 1963 (−8.87°C). The warmest January occurred in 1988 (0.86°C). The average January air temperature at the phenological stations (closest climatological stations to phenological stations) was −3.86°C. During this period, there were 12 years with below-average January air temperatures and 18 years with air temperatures higher than the January average. The period 1970–1978 represented the longest period of above-average January temperatures in a row. Deviations from the climatological normal ranged from 0.72 to 4.51°C.

In the period 1991–2020, the coldest January occurred in 2017 (−7.92°C). In contrast, the warmest January was recorded in 2007 (1.33°C). The average January air temperature at the phenological stations in this period reached −3.14°C. In total, there were 15 below-average and 15 above-average years. A continuous series of above-average temperatures was not observed in January, as in the previous period. January air temperatures in the second period were more variable compared to those in 1961–1990. The change in the average January temperature and its higher variability indicate the impact of climate change, which affects the onset of the phenological phase and pushes it to earlier terms.

Due to the statistical significance (−0.47), we also performed an analysis of the first 3-month period (Jan–Mar) air temperature averages (Table 4 and Figure 9). This analysis also showed the effect of spring air temperature. Deviations in the onset of the phenological phase and the air temperature showed a similar course to the analysis of January temperatures. Even the longer 3-month cold period impacts the onset of flowering, as does the month of January itself. The results in the second period (Figure 10) showed a change. The mean 3-month air temperature (January–March) increased due to warming by 0.82–1.1°C. This indicates changes in the climatic conditions of the area. Due to climate change, the deviations of the average 3-month air temperature from the first period increased in the last 10 years, which was also confirmed by an insignificant correlation (−0.27). However, the impact of the average long-term January deviations in the second period remained significant (−0.37; Figure 8).
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FIGURE 9. Comparison of the average 3-month air temperature deviations from January to March with the deviations in the onset of the phenological phase from the long-term average from 1961–1990.
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FIGURE 10. Comparison of the average 3-month air temperature deviations from January to March with the deviations in the onset of the phenological phase from the long-term average from 1991–2020.


Changes in mean January air temperature in individual protected areas are shown in Table 5. In both periods, the coldest area was NP Tanap, and the warmest one was PLA Kysuce. The change in mean January temperature between the periods showed warming from 1.24 to 1.34°C.


TABLE 5. Mean January air temperature and its change in protected areas in both periods.
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Due to the low correlation between the monthly total precipitation and the onset of the phenological phase, we did not perform a more detailed analysis of precipitation. We focused only on the change (difference) in the monthly sum of precipitation between the observed periods. The differences in the total precipitation in the individual protected areas are shown in Table 6. Positive values represent the increase in total precipitation, and negative values represent the decrease in total precipitation between the observed periods.


TABLE 6. Difference of monthly total precipitation (in mm) in protected areas between the monitored periods.
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The largest increase in precipitation between the compared periods occurred in March, with the maximum increase occurring in PLA Horná Orava. We observed the largest decrease in precipitation between the individual monitored periods in the most protected areas in April, with the minimum observed in the Vel’ká Fatra National Park.



DISCUSSION

The analysis of the impact of the ongoing climate change on Norway spruce flowering based on several methods showed the shift of full flowering into an earlier period throughout Slovakia, including individual protected areas (NP, PLA). The results showed the shift in flowering in the second period, 1991–2020, by 4–8 days earlier. In the past, phenological manifestations of spruce in this region were monitored at 38 phenological stations in mountainous parts of Slovakia covering a shorter period (1996–2008) (Škvareninová and Snopková, 2010). According to this work, in locations below 940 m a.s.l., flowering lasted from May 17–24. These data are consistent with our data from the second period (May 17–30). Norway spruce flowering under similar environmental conditions in the Czech Republic was analyzed by Hájková et al. (2012). This work stated an earlier onset of flowering in the years 1991–2010 in comparison to the preceding period, and a gradual delay of flowering with the increasing elevation. In the investigated area covering elevations from 155 to 860 m a.s.l., flowering lasted, on average, from May 20 to June 2. The results partially correspond with our results because their elevation intervals were smaller than ours.

The changes in flowering in the elevation profile are also reflected in the phenological elevational gradient. The values determined in our study (3.7 and 3.4 days/100 m) coincide with the gradients of Schieber (2014) for some autochthonous tree species in the region. The values fluctuated from 3 to 4.3 days/100 m of elevation. Anther already mentioned work (Hájková et al., 2012) reported a vertical phenological gradient of Norway spruce flowering equal to 2 days/100 m of elevation. The elevation interval of their study plots was 540 m narrower, which explains the lower value compared to our results. Pellerin et al. (2012) considered altitude and topography alongside temperature to be the main variable units influencing the development of buds in their study of tree phenology, including Norway spruce in the Western Alps. The delay in the monitored tree phase ranges from 2.4 to 3.4 days/100 m in height, which also corresponds to our results in the second period.

Vitasse et al. (2018) reported a reduction in the phenological gradient in the Alps with stronger warming and higher temperatures during late spring. We also found an analysis of the effect of altitude on the beginning of flowering by elevation classes. The phenological shift between the height levels in each period had a balanced course. Compared to the first period, we recorded a slight decrease in the phenological shift of 0.4 days in the second period. Due to the small area of our research, the difference between the compared gradients was not substantial. The impact of altitude on spruce flowering in the period 1971–2000 in the Alps region was also reported by Ziello et al. (2009). The results showed a mostly insignificant, less strong dependence of phenological time trends on altitude. For spruce, the displacement represents 0.92/100 m, which is a difference of 0.4–0.8 days/100 m compared to our results (1.3–1.7 days). Phenological trends in a temperature-changing environment show a weaker dependence on altitude and suggest a faster progression of the flowering phase at higher altitudes.

One way to assess the impacts of climate change on plants is to analyse their long-term phenological data. In spring, the flowering of tree species reacts sensitively to an increase in air temperature. In the case of longer periods in 1961–2008, several authors recorded earlier flowering of tree species by almost 11–13 days because of global warming (Bauer et al., 2014). At the turn of the century, the results of Roetzer et al. (2000) reported a shift of 40-year-long trends of spring phases of forest tree species in Central Europe by 13–15 years. A significant shift of the conifer spring phenophases to an earlier period was recorded in a long-term series after the mid-1980s (1946–2020). Kolářová et al. (2014). Early statistically significant flowering is also confirmed by our results of trend analyses, where an earlier onset was manifested in the years 1991–2020 by a shift 7 days earlier. Trend studies have also been shown by Nordli et al. (2008). They revealed the importance of the cold period and its impact on dormancy and the onset of the spring phenological phases. The assumption of January and February indices of North Atlantic oscillation affects the onset of spruce spring phases in different regions of Norway. In our conditions, there was a correlation between flowering and monthly climatological standard normal of air temperatures in the winter months; the closest correlation was between January mean air temperature and flowering. Figures 7, 8 also show the time periods (1991–1994 and 1966–1970), which do not confirm our claims about the influence of the January temperature on the onset of the phenophase. For this reason, we plan to analyse the influence of temperature extremes before phenophase onset in the future and the influence of the number of cold and warm days on phenophase onset. It will also be appropriate to perform an analysis of the height and duration of snow cover at the onset of the spring phenological phase. With precipitation, we observed an increase in its influence on the onset of the phenological phase. In the future, it will therefore be necessary to focus more comprehensively on the impact of drought before the onset of the phenological phase, for example, using climate water balance or drought indices. This will also recognize the impact of snow cover in these mountainous areas.

Plant phenological observations have growing importance as indicators of climate change and variability. For 40 years, Studer et al. (2005) monitored, in the condition of climate change in the Swiss Alps, the influence of climatological variables—temperature and precipitation—on the course of the spring phases. Consistent results with ours confirmed the effect of temperature on the onset of phenological phases, while precipitation did not show a significant effect. The average overall trend of 1.5 days per decade was clearly due to changes in winter and spring temperatures. Our results are consistent, and the trend of flowering over the decades in the southern part of the Western Carpathians represents a shift of 2.3 days with statistical significance. The influence of temperature and precipitation on the biological activity of spruce was addressed by Mäkinen et al. (2002). He stated that the limiting effect of low temperatures was more pronounced in alpine localities. The impact of precipitation was manifested only at low altitudes. Studer et al. (2005) reported that temperature for the Swiss mountain area was the main climatic parameter for spring phenological development. They found a high dependence on air temperature, while precipitation did not show a significant effect. The same conclusions were reached by a research team in Finland (Kubin et al., 2014), where the spring phenological phases of spruce showed only the effect of temperature, with a significant trend of their earlier onset of 1.5 days/10 years. This finding is also confirmed by our results on the effect of temperature on spruce flowering. The impact of precipitation was insignificant, as mountain areas did not have a precipitation deficit during this period.



CONCLUSION

The work presents the results of phenological observations of Norway spruce [P. abies (L.) Karst.] in the southern part of the Western Carpathians under the conditions of ongoing climate change. We assessed the changes in the phenological phase of full flowering (BBCH 65) at elevations from 390 to 1,400 m a.s.l. inside the distribution area of the species in Slovakia. We analyzed the changes observed at 54 phenological stations in two 30-year-long periods (1961–1990, 1991–2020). The stations were located in three protected landscape areas and seven national parks. We evaluated climate change based on the average onset of flowering (BBCH 65) and its trends, phenological elevational gradient, and correlations of flowering to monthly climatological standard normals of air temperature. The impact of climate change was manifested in flowering 4–8 days earlier (May 17–30) in the second period, and the duration of phenophase shortened by 4 days. A less substantial change was observed in the phenological elevational gradient, which was reduced by 0.3 days/100 m in the second period compared to the first one, when its value was 3.7 days/100 m. It was more distinct at higher elevations due to the faster onset of the phenological phase. Due to warming, the statistically significant trend of average spruce flowering shifted by 7 days earlier in the second period. Analysis of the relationship between the onset of flowering and the monthly mean air temperature showed a negative correlation for both observed periods, with a stronger correlation in the first observed period. Negative values of correlation coefficients showed an indirect relationship between air temperature and the onset of the phenological phase. The lower the average air temperature that occurred before the onset of the phenological phase, the later the phenological phase started. Statistically significant correlations were confirmed in the case of January air temperature in both periods and in the case of multi-monthly air temperature averages for January–February and January–March for the period 1961–1990. The mean January air temperature increased from 1.07 to 1.46°C in the protected areas during the second period. The mean 3-month air temperature (January–March) increased by 0.82 to 1.1°C in protected areas during the second period. A more significant change in the January mean air temperature was observed at lower elevations. The analysis of Norway spruce flowering in the second period indicates warming and changes in the climatic conditions of the area. Warming is more pronounced at lower elevations. The changes in total precipitation were most pronounced in March as they increased. In contrast, the highest decrease in precipitation between periods was observed in April in almost all protected areas. The correlation between total precipitation and the onset of the phenological phase was low in both periods. Precipitation did not have a significant effect on the onset of the phenological phase in any of the monitored periods. Considering the ecological demands of spruce, we can expect a shift in its distribution to higher elevations of protected areas in the future.

The significance of this work lies in the use of knowledge about the impact of ongoing climate change to ensure a sufficient seed crop of spruce in mountain areas, with time changes in the onset of the phenological phase of flowering. Phenological knowledge about the development of generative organs will be a suitable tool in nature protection in the collection of seeds from mountain areas to ensure a new generation, even in “ex situ” conditions in the form of regional seed orchards. This knowledge can be used in breeding programmes to obtain resistant, later-budding individuals to localities with late frosts. Based on existing phenological and meteorological databases, it will be possible to model further development and possible changes in mountain ecosystems and altitude levels with the natural distribution of spruce in the conditions of ongoing climate change.
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