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in Picea abies (distribution ellipses are less overlapped) than in Pseudotsuga menziesii
(distribution ellipses are more overlapped), which may indicate that Picea abies is a
species growing in Pisek region in unsatisfactory environmental conditions.

Figure 6: Position of Pseudotsuga menziesii individuals in the PCA ordination space based on correlations
of their growth. The tree species affiliation to the district is highlighted and 95% distribution ellipses are
drawn.

Abbildung 6: Position von Pseudotsuga-menziesii-Individuen im PCA-Ordnungsraum basierend auf
Korrelationen ihres Wachstums. Die Zugehdrigkeit der Baumarten zum Distrikt wird hervorgehoben
und es werden 95%ige Verteilungsellipsen gezeichnet.
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Figure 7: Position of Picea abies individuals in the PCA ordination space based on correlations of their
growth. The tree species dffiliation to the district is highlighted and 95% distribution ellipses are drawn.

Abbildung 7: Position von Picea-abies-Individuen im PCA-Ordnungsraum basierend auf Korrelationen
ihres Wachstums. Die Zugehorigkeit der Baumarten zum Distrikt wird hervorgehoben und es werden
95%ige Verteilungsellipsen gezeichnet.

The climate was changing during the observation period (1961-2019) in the region.
The data from the meteorological station Vraz show a significant increase in the year-
ly average air temperature (+0.029 °C per year, probability P near 100.0 %), similarly to
yearly absolute minima (+0.050 °C per year, P = 94.5%) and maxima (+0.035, P =99.0
%). The yearly sum of precipitations was strongly variable without any trend. A simi-
lar situation is with the average relative air humidity, where minimal averages were



Picea abies and Pseudotsuga menziesii radial growth in relation to climate Seite 225

recorded in 1973 (72.5%), 1986 (73.0%; the humidity depression was in the whole
period 1982-1990) and 2015 (73.7%). On the other hand, the maximum average was
in 2001 (82.7%). The period 2001-2019 can be characterized by the significant trend
of decrease in air humidity (-0.34% per year).

Correlation among climatic features and growth of both species using floating
window are drawn in Figs. 8-12 and in Table 3. The average air temperature has a
stronger effect on Douglas-fir growth, for which an increment decrease was found at
higher temperatures between May 25" and June 24™. The growth is positively affec-
ted by higher temperatures between the beginning of February and April 10", which
is usually associated with an earlier start of growth. High average temperatures from
mid-July to mid-August are associated with reduced increment for Norway spruce —
due to the optimum Norway spruce occurrence at higher altitudes, this tree species
suffers from high summer temperatures at Pisek region (Fig. 8).

Table 3: The extreme values of correlation coefficients (r) between climate parameters within variable
interval (position specified by end day of year and length of the interval) and index of diameter growth.
DoY - day of year. See figs. 8-12. All values with |r| > 0.004 are significant at level a = 0.05. n — number of
cases (pairs of values weather parameter and index of diameter growth).

Tabelle 3: Die Extremwerte der Korrelationskoeffizienten (r) zwischen Klimaparametern innerhalb
eines variablen Intervalls (Position angegeben durch den Endtag des Jahres und die Lange des
Intervalls) und den Index des Durchmesserwachstums. DoY — Tag des Jahres. Siehe Abb. 8-12.
Alle Werte mit |r| > 0,004 sind bei Stufe a = 0,05 signifikant. n — Anzahl der Falle (Wertepaare
Wetterparameter und Index des Durchmesserwachstums).

Minimum Maximum
Species Variable End day Interval r End day Interval r
of interval length of interval length
DoY | Date | (days) DoY | Date | (days)
Pseudotsuga menziesii RHavg 10 | 10.1. 75 -0.172 | 230 | 18.8. 60 0.297
(n=247118) Rain 35 | 4.2. 45 -0.139 | 220 | 8.8. 40 0.288

Tave 175 | 24.6. 30 -0.196 | 100 | 10.4. 70 0.232
Trmax 230 | 18.8. 85 -0.184 | 100 | 10.4. 70 0.223
Tmin 175 | 24.6. 30 -0.152 | 105 | 15.4. 30 0.245
Picea abies RHav, 55 | 24.2. 30 -0.114 | 230 | 18.8. 60 0.316
(m=237311) Rain 35 | 4.2. 30 -0.094 | 220 | 8.8. 40 0.295
Tavg 225 | 13.8. 30 -0.229 | 100 | 10.4. 45 0.072
Trmax 20 | 20.1. 345 -0.236 | 100 | 10.4. 45 0.068
Tmin 20 | 20.1. 335 -0.123 | 195 | 14.7. 30 0.114
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Figure 8: Correlation between average air temperature calculated within floating window (interval of
specified end day on the horizontal axis and length along the vertical axis) and index of radial growth by
Picea abies (left; minimal r = -0.23, maximal r = 0.07) and Pseudotsuga menziesii (right; minimal r = -0.20,
maximal r = 0.23) during 1961-2019. Correlation coefficient is marked by size of the point with position
corresponding to the order-number of end day within year and length of the floating window (colour pink
ifr < 0 and blue ifr > 0), see Methods and Table 3.

Abbildung 8: Korrelation zwischen der durchschnittlichen Lufttemperatur innerhalb des
Schwimmfensters (Intervall des angegebenen Endtages auf der horizontalen Achse und der Lange
entlang der vertikalen Achse) und dem Index des radialen Wachstums durch Picea abies (links;
minimal r = -0,23, maximal r = 0,07) und Pseudotsuga menziesii (rechts; minimal r = -0,20, maximal
r = 0,23) im Zeitraum 1961-2019. Der Korrelationskoeffizient wird durch die Gré3e des Punktes mit
der Position markiert, die der Bestellnummer des Endtages innerhalb des Jahres und der Lange des
schwebenden Fensters entspricht (Farbe rosa, wenn r < 0 und blau, wenn r > 0), sieche Methoden und
Tabelle 3.

The minimum air temperatures were less related to Norway spruce growth in com-
parison to Douglas-fir. The positive effect of higher minimum air temperatures on
Norway spruce growth was indicated in two periods - from mid-March to mid-April
and from mid-June to mid-July. In contrast, Norway spruce growth depression is cor-
related with low minimum temperatures in winter (approximately from November to
January), which may be related to the tree species frost damage and this is probably
accentuated by growth in an area with often insufficient snow cover. Higher mini-
mum air temperatures from mid-March to mid-April are associated with an increase
in Douglas-fir growth, which clearly indicates the importance of the early beginning
of the growing season (Fig. 9).
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Figure 9: Correlation between average daily minimum of air temperature calculated within floating
window (interval of specified end day on the horizontal axis and length along the vertical axis) and index
of radial growth by Picea abies (left; minimal r =-0.12, maximal r = 0.11) and Pseudotsuga menziesii (right;
minimal r = -0.15, maximal r = 0.25) during 1961-2019. Correlation coefficient is marked by size of the
point with position corresponding to the order-number of end day within year and length of the floating
window (colour pink ifr < 0 and blue if r > 0), see Methods and Table 3.

Abbildung 9: Korrelation zwischen dem durchschnittlichen taglichen Minimum der Lufttemperatur,
berechnetinnerhalb des Schwimmfensters (Intervall des angegebenen Endtages auf der horizontalen
Achse und der Lange entlang der vertikalen Achse) und dem Index des radialen Wachstums durch
Picea abies (links; minimal r = -0,12, maximal r = 0,11) und Pseudotsuga menziesii (rechts; minimal
r=-0,15, maximal r = 0,25) im Zeitraum 1961-2019. Der Korrelationskoeffizient wird durch die Gro3e
des Punktes mit der Position markiert, die der Bestellnummer des Endtages innerhalb des Jahres und
der Lange des schwebenden Fensters entspricht (Farbe rosa, wenn r < 0 und blau, wenn r > 0), siehe
Methoden und Tabelle 3.

The average of the maximum air temperatures again affects the growth of Douglas-fir
more than the Norway spruce growth. Norway spruce shows the growth depression
occurrence at high maximum temperatures. This relates to the occurrence of high
temperatures in June (the period of the most intensive growth) and to mid-August
(high temperatures probably end a radial growth prematurely) in the current year.
The negative impact of maximum temperatures high averages during the long pe-
riod from July of the previous year to January of the current year is even more signi-
ficant - such high temperatures probably cause stress, which the tree species must
cope in the following year. In the case of Douglas-fir, the most significant positive
effect is the high average daily maximum air temperatures in the early spring period
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from February to the first half of April, which again indicates the effect of the growing
season beginning (Fig. 10).
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Figure 10: Correlation between average daily maximum of air temperature calculated within floating
window (interval of specified end day on the horizontal axis and length along the vertical axis) and index
of radial growth by Picea abies (left; minimal r =-0.23, maximal r = 0.07) and Pseudotsuga menziesii (right;
minimal r = -0.18, maximal r = 0.22) during 1961-2019. Correlation coefficient is marked by size of the
point with position corresponding to the order-number of end day within year and length of the floating
window (color pink if r < 0 and blue if r > 0), see Methods and Table 3.

Abbildung 10: Korrelation zwischen dem durchschnittlichen taglichen Maximum der Lufttemperatur,
berechnetinnerhalb des Schwimmfensters (Intervall des angegebenen Endtages auf der horizontalen
Achse und der Lange entlang der vertikalen Achse) und dem Index des radialen Wachstums durch
Picea abies (links; minimal r = -0,23, maximal r = 0,07) und Pseudotsuga menziesii (rechts; minimal
r=-0,18, maximal r = 0,22) im Zeitraum 1961-2019. Der Korrelationskoeffizient wird durch die Gro3e
des Punktes mit der Position markiert, die der Bestellnummer des Endtages innerhalb des Jahres und
der Lange des schwebenden Fensters entspricht (Farbe rosa, wenn r <0 und blau, wenn r > 0), siehe
Methoden und Tabelle 3.

Higher totals of precipitation are associated with a positive effect on the growth of
both tree species to a similar extent. It is necessary to evaluate the total precipitation
for the entire vegetation period (until the first half of August) for Norway spruce. The
significance of sufficient precipitation at the beginning of the growing season (in Ap-
ril) is only very weakly indicated. The most significant is the high total precipitation in
July, for Douglas-fir. The importance of sufficient precipitation in April and in the first
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part of May is also indicated (Fig. 11).
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Figure 11: Correlation between total rain calculated within floating window (interval of specified end day
on the horizontal axis and length along the vertical axis) and index of radial growth by Picea abies (left;
minimal r=-0.09, maximal r = 0.30) and Pseudotsuga menziesii (right; minimal r =-0.14, maximal r = 0.29)
during 1961-2019. Correlation coefficient is marked by size of the point with position corresponding to the
order-number of end day within year and length of the floating window (color pink ifr < 0 and blue ifr > 0),
see Methods and Table 3.

Abbildung 11: Korrelation zwischen dem im schwimmenden Fenster berechneten Gesamtregen
(Intervall des angegebenen Endtages auf der horizontalen Achse und der Ldnge entlang der
vertikalen Achse) und dem Index des radialen Wachstums durch Picea abies (links; minimal r = -0,09,
maximal r = 0,30) und Pseudotsuga menziesii (rechts; minimal r =-0,14, maximal r = 0,29) im Zeitraum
1961-2019. Der Korrelationskoeffizient wird durch die GréRe des Punktes mit der Position markiert,
die der Bestellnummer des Endtages innerhalb des Jahres und der Lange des schwebenden Fensters
entspricht (Farbe rosa, wenn r < 0 und blau, wenn r > 0), sieche Methoden und Tabelle 3.

The influence of air humidity on their growth is strongly significant for both tree spe-
cies. This effect is more significant than in the case of distinct precipitation. The high
air humidity in the second half of the summer (for 2 to 3 months) has a positive ef-
fect, the same for both species (Fig. 12). Higher air humidity in this period indicates
sufficient total precipitation, but also more even rainfall distribution. A higher total
precipitation can be achieved by short-term intense rain, a large part of which drains
off and does not penetrate into the soil. However, such torrential rain will not cause a
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more permanent increase in air humidity. Therefore, air humidity should be evaluated
regularly as part of climate analyses (and not only in relation to tree species growth).
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Figure 12: Correlation between average relative air humidity calculated within floating window (interval
of specified end day on the horizontal axis and length along the vertical axis) and index of radial growth by
Picea abies (left: minimal r =-0.11, maximal r = 0.32) and Pseudotsuga menziesii (right; minimal r=-0.17,
maximal r = 0.30) during 1961-2019. Correlation coefficient is marked by size of the point with position
corresponding to the order-number of end day within year and length of the floating window (color pink
ifr < 0 and blue ifr > 0), see Methods and Table 3.

Abbildung 11: Korrelation zwischen der durchschnittlichen relativen Luftfeuchtigkeit, die innerhalb
des Schwimmfensters berechnet wurde (Intervall des angegebenen Endtages auf der horizontalen
Achse und Lange entlang der vertikalen Achse) und dem Index des radialen Wachstums durch Picea
abies (links; minimal r =-0,11, maximal r = 0,32) und Pseudotsuga menziesii (rechts; minimal r =-0,17,
maximal r = 0,30) im Zeitraum 1961-2019. Der Korrelationskoeffizient wird durch die Grof3e des
Punktes mit der Position markiert, die der Bestellnummer des Endtages innerhalb des Jahres und
der Lange des schwebenden Fensters entspricht (Farbe rosa, wenn r < 0 und blau, wenn r > 0), siehe
Methoden und Tabelle 3.

4. Discussion

Douglas fir in natural conditions on the American continent is characterized by great
variability in the morphological and physiological features of its two main ecotypes:
the Rocky Mountain (mountain) ecotype and the Pacific coastal ecotype (Harlow et
al., 1979). These variations also occur in populations introduced to Europe. In addi-
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tion to morphological differences, this also applies to growth rate, resistance to wind,
frost, drought and seasonal diversification of growth rhythm (Chylarecki, 1976; Fe-
liksik and Wilczynski, 2004; Wilczyniski and Feliksik, 2007). Douglas fir thus points to
a wide range of reactions to environmental conditions and its individual plasticity
(Schober, 1963; Biatobok and Mejnartowicz, 1970; Mejnartowicz, 1976; Wilczynski
and Feliksik, 2007), as in our case.

Both Pseudotsuga menziesii and Picea abies in the studied region show a strong influ-
ence of the locality. It is valid especially for Picea abies, which indicates that it grows
in unsuitable conditions here and its growth in these altitudes is strongly endange-
red; as mentioned in other studies, too (Vacek et al., 2019a). Both species are influen-
ced by climate in different manner. Precipitation, temperature and extreme climatic
events, for example droughts, are strongly reflected in radial growth of Douglas-fir
(Littell et al., 2008; Arreola-Ortiz et al., 2010; Sergent et al., 2014; Lachenbruch and
Johnson, 2020) and Norway spruce (Mikulenka et al., 2020; Vacek et al., 2020c). The
significant effect of air temperatures and the sum of precipitation, especially their dis-
tribution during the year also play an important role (Acosta-Hernandez et al., 2017;
Gallo et al., 2020a).

The high average air temperatures in summer are associated with reduced growth
for Picea abies. Similarly, negative effect of air temperature on spruce radial growth
was observed in the period from May to July in lowland forests in another part of the
Czech Republic (Vacek et al., 2019a). The opposite situation was observed in spruce
mountain forests, where low temperature was the limiting factor of spruce growth
(Kral et al., 2015; Cukor et al., 2020; Vacek et al., 2020b). Generally, the limiting effect
of low temperatures was more significant at high-altitude sites, while the importance
of precipitation increased at low altitudes (Makinen et al., 2002). Moreover, the high
maximum air temperatures have negative effect until January in our study. The tree
species cope with this stress in the following year. Minimum air temperatures are only
minimally related to spruce growth conversely. Higher sum of precipitation with even
distribution throughout the vegetation period is associated with a positive effect.

The high average air temperatures during June correlate with an increment decrease
for Pseudotsuga menziesii. A similar conclusion is reached by the study of Wilczynski
and Feliksik (2007) and Eckhart et al. (2019), in which they also report a lower pro-
duction of Douglas-fir in the regions with the highest average summer temperature.
On the contrary, higher air temperatures from February to mid-April are the cause
of the vegetation season early beginning and are related to the increment increase.
Castaldi et al. (2019) mention that the minimum temperature in February and March
plays a key role for Douglas-fir, too. High precipitation sum at the beginning of the ve-
getation season and in July is the most significant for Douglas-fir. Similar conclusion
was achieved by Vejpustkova and Cihak (2019): while Norway spruce was negatively
affected by temperatures in the summer months, Douglas-fir growth was positively
correlated with temperatures in February and March. Generally, June and July are the
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most important months in terms of climate effect on radial growth and xylem forma-
tion of the studied tree species (Little et al., 2008; Putalova et al., 2019).

The air humidity has also a great effect on both tree species. This indicates sufficient
precipitation and their even distribution. The soil attributes, local climatic characteris-
tics and especially air humidity are necessary to be taken into account in connection
with the increase of hot and dry periods, when selecting localities to Norway spruce
substitution by Douglas-fir. Radial growth is also affected by the intensity of dry pe-
riods, both in Norway spruce and Douglas-fir, as published in a study by Sergent et
al. (2014). Also, according to Littel et al. (2008), an increase in temperature in April
to September without an increase in summer precipitation or soil moisture reserves
causes probable Douglas-fir growth decrease.

Many stands in the Pisek region, where Norway spruce is the dominant tree species,
are falling apart at present. It is very weak, ceases to be resistant to spruce bark beetle
attacks and it is slowly disappearing from the forests in this region due to extreme
droughts during previous years. Similarly, rapid decline of Norway spruce was ob-
served in recent years across Europe (Grodzski et al., 2010; Hldsny and Sitkov4, 2010;
Vacek et al., 2019b; Toth et al., 2020). Extensive spruce disturbances are caused by the
increasing frequency of extreme climatic events (long-term droughts, windstorms,
etc.) during climate change (Schelhaas et al., 2003; Krejci et al., 2013; Proklpkova et
al., 2020; Sim(inek et al., 2020). On the other hand, Douglas-fir appears to be coping
with this situation and remains more or less vital in stands, while experiencing a small
increment reduction. Study from Germany also showed that Douglas-fir is a more
tolerant tree species to extreme droughts compared to Norway spruce (Vitali et al.,
2018). Moreover, spruce stands have shown historically low resistance and high da-
mage as a result of air pollution load (Vacek et al., 2015, 2017; Kréli¢ek et al., 2017).

According to analysis of negative pointer year with extremely low radial growth,
Norway spruce was also significantly less resistant to climate extremes compared to
Douglas-fir (4 vs. 7 years). Positive years for both tree species were then 1997 and
2002 and negative years 1976 and 2018. Kern et al. (2017) reported 2000 as a year
with extreme negative anomalies for coniferous in the Czech Republic and subse-
quently 2001, as in our case for Norway spruce. On the other hand, this work states,
as the most positive anomaly year 2014, when this year was very good for spruce but
not as much for Douglas-fir in our case. Furthermore, negative year 1993 was found
for Norway spruce, similarly to the Jeseniky Mountains (Mikulenka et al., 2020). Anot-
her agreement with other works is the negative year 2015, which was characterized
by extremely high temperatures with low amounts of precipitation in the summer
months not only in our case, but also in the Giant Mountains (Vacek et al., 2020c). Tree
growth in terms of both positive and negative anomalies shows strong land cover
and soil dependency (Kern et al., 2017; Simének et al., 2021). Because both species
show different reaction to climatic extremes, it is possible that a mixture stand would
be more resistant in terms of growth stability than monospecific stands. This is also
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confirmed by the different significant pointer years affecting radial growth, where
out of a total of 20 years, only 3 years were the same for both tree species. The ad-
vantage of mixed forests in terms of stability and resilience to climate change and
droughts was also confirmed by other studies (Vacek et al., 2019¢, 2020a; Hajek et al.,
2020; Pretzsch et al., 2020). Moreover, the highest productivity potential was obser-
ved in species-rich forest stands in our study (higher basal area by 13.1%). Pretzsch
and Thurm (2016) found that mixtures of Douglas-fir and European beech showed
overyielding in comparison to those species in pure stands. The results also suggest
that research focused on potential use of Douglas-fir in single-selection silvicultural
system in Central Europe could be interesting, similarly to Scots pine in Spain (Gallo
etal., 2020b).

Presented correlations cannot be interchanged with causality (Mason 2004). Causali-
ty is the subject of a possible explanation of these connections, it cannot be directly
derived from the data. Substantial finding in our study is that the strongest effect can
be expected in the average humidity for both tree species, and only then for the total
precipitation; average temperatures have a weaker effect. Because the correlations
are based on a large amount of data, even (in absolute value) small coefficients r are
statistically significant (see note to Table 3; all values with | r | > 0.004 are significant at
level a = 0.05). Low degree of explanation of data variance (x?) is related to variability
between individuals, between areas, localities, with the influence of other factors and
finally with the measurement error (climate was not measured on research plots but
on the stations): from this point of view up to approximately 9% of the explained va-
riability for Douglas-fir (average humidity) and 10% for Norway spruce is not so low.
In addition, the effect of the combination of maximum and minimum correlation in
the form (rmin2 + rmax?) can be considered, reaching up to 12% for Douglas-fir (ave-
rage humidity).

5. Conclusion

Both Pseudotsuga menziesii and Picea abies in the region show a strong influence of
the locality. It is valid especially for Picea abies, which indicates that it grows in unsui-
table conditions here and its existence in these altitudes is strongly endangered. On
the other hand, Douglas-fir is more resistant to climate extremes and also confirmed
a higher productivity potential. However, both species are potentially influenced by
climate in different manner. The correlation of average humidity can be considered
strongest for both tree species, second most significant results were for the total pre-
cipitation, average temperatures showed a weaker significance. High temperatures
together with lack of precipitation in the first part of the growing period proved to
have a negative effect on the growth of both Norway spruce and Douglas-fir. Spru-
ce coped better with low temperatures and was more dependent on the course of
precipitation during the year. Further research of cultivating Douglas-fir and Norway
spruce, particularly in coniferous mixtures, is needed to evaluate different ways of
adapting the forest stands to various climatic extremes and ongoing climate change.
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