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Abstract

The forest stands of Douglas-fir [Pseudotsuga menziesii (Mirbel) Franco] and Norway
spruce [Picea abies (L.) Karst.] in the South Bohemian uplands (Czech Republic) repre-
sent an artificial community of a neophyte (native to North America) and indigenous
species (with natural distribution in mountain forests). Ecological characteristics of
these two tree species and their response to climatic factors were studied using tree
ring analyses and correlation of growth indices for tree-to-tree and between trees
and historical parameters of climate (average air temperatures, sum of precipitations
and relative air humidity). The two datasets were analysed using multidimensional
methods. The ordination analysis shows a considerable difference between both tree
species. Growth of both species differed significantly by districts and plots. The effect
of climate was studied using correlations as floating time-window. Our results sho-
wed that average air temperature had a stronger effect on Douglas-fir growth, for
which an increment decrease was found at higher temperatures between May 25®
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and June 24™. Also, the average maximum air temperature affected the growth of
Douglas-fir more strongly than that of Norway spruce. More precipitation was asso-
ciated with a similar positive effect on the growth of both tree species. Air humidity
had a significant effect on growth of both studied tree species and the effect of air
humidity was more significant than of distinct precipitation. The combined effects
of lack of precipitation and high temperature in vegetation period was the major li-
miting factor for radial growth. Douglas-fir showed higher productivity (+17.2%) and
resistance to climate extremes compared to Norway spruce. Our results suggest that
a mixed stand could be more resistant in terms of growth stability than mono-specific
stands, as the two studied species exhibited different reaction to climate extremes.
Our study further showed that mixed stands with high species diversity had a higher
production potential (+13.1%).

Zusammenfassung

Die Bestdnde aus Douglasie [Pseudotsuga menziesii (Mirb.) Franco] und Gemeiner
Fichte [Picea abies (L.) Karst.] in den Hochlagen von Stidbéhmen stellen eine kiinst-
liche Gemeinschaft aus einem Neophyten (mit Ursprung in Nordamerika) und einer
einheimischer Art (mit nattrlicher Verbreitung in Bergwaldern) dar. Die 6kologischen
Eigenschaften dieser beiden Arten und ihre Reaktion auf klimatische Faktoren wur-
den hier mithilfe von Jahrringanalysen und der Korrelation von Wachstumsindizes fiir
Baum zu Baum sowie zwischen Baumen und historischen Klimaparametern (Durch-
schnittstemperaturen, Summe der Niederschldage und relative Luftfeuchtigkeit)
untersucht. Diese zwei Baumarten wurden unter Verwendung mehrdimensionaler
Methoden analysiert. Die Ordnungsanalyse zeigte einen erheblichen Unterschied
zwischen den beiden Baumarten. Das Wachstum beider Arten unterschied sich je
nach Gebiet und Plots erheblich. Die Auswirkung des Klimas wurde unter Verwen-
dung von Korrelationen im gleitenden Zeitfenster untersucht. Die durchschnittliche
Lufttemperatur hatte dabei einen starkeren Einfluss auf das Wachstum von Dougla-
sie, wobei besonders bei hoheren Temperaturen von 25. Mai bis 24. Juni ein zuneh-
mender Riickgang des Wachstums festgestellt wurde. Durchschnittliche maximale
Lufttemperatur beeinflusste das Wachstum der Douglasie ebenfalls starker als das
Wachstum der Fichte. Hohere Niederschlagsmengen wirkten sich in &hnlichem MaR3e
positiv auf das Wachstum beider Baumarten aus. Die Luftfeuchtigkeit hat auch fiir
das Wachstum beider Baumarten groBe Bedeutung. Dieser Effekt ist signifikanter als
bei ausgepragten Niederschldgen. Die kombinierten Effekte von Niederschlagsman-
gel und hoher Temperatur in der Vegetationsperiode war der entscheidende limi-
tierende Faktor fiir den Radialzuwachs. Douglasie zeigte im Vergleich zu Fichte eine
hohere Produktivitdt (+17,2%) und mehr Resistenz gegeniiber Wetterextremen. Ein
gemischter Bestand erscheint auf Basis dieser Studie in der Wachstumsstabilitat wi-
derstandsfahiger als Reinbestdnde, da beide Arten unterschiedlich auf Wetterextre-
me reagieren. Dartiber hinaus zeigten unsere Ergebnisse, dass gemischte artenreiche
Waldbestdande ein hoheres Produktionspotential (+13,1%) aufweisen.
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1. Introduction

Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco) is one of the most widespread
commercially used tree species not only in the area of its native range, but also in
many countries on other continents (Hermann and Lavender, 1999; Podrazsky and
Kupka, 2011; Kubecek et al., 2014; Mondek and Balas, 2019). It has become one of the
most commercially important introduced tree species in Europe (Essl, 2005; Schmid
et al., 2014; Ulbrichova et al., 2014), thanks to its high wood production, adaptabi-
lity, and wide ecological niche within a large part of the spectrum of European na-
tural conditions. As of 2018, it is growing on an area of 0.83 mil. ha in Europe (Brus
et al., 2019). The extent of suitable sites may even extend in future, particularly on
mountain and mountain-foothills sites (P6tzelsberger et al., 2019). Douglas-fir is also
a potentially important introduced tree species in the forestry sector of the Czech
Republic and its importance will increase in the coming years (Kubecek et al., 2014;
Slodicak et al., 2014; Vasicek, 2014; Novak et al., 2018; Mondek and Balas, 2019). Heat
and drought waves are expected to become more frequent and intense in our lati-
tude in the future (Schar et al., 2004; Giorgi and Coppola, 2007; Mack( and Kosova,
2020), and a number of adaptation measures are needed, including the use of in-
troduced tree species and the so-called assisted migration (Nadezhdina et al., 2014;
GOmory et al., 2020) to a lesser extent.

Douglas-fir is considered as tree species resistant to climatic extremes (Vitali et al.,
2017). Damages by early and late frosts that occur commonly in the Central Euro-
pean area (Gallo et al., 2014; Gallo et al., 2017), to which particularly young stands
are sensitive (Sindelat, 2003; Chakraborty et al., 2019), and also susceptibility to win-
ter over-transpiration, the so-called physiological drought (Hofman, 1964), are an
exception. Douglas-fir growth correlates with climate, soil moisture regime, and soil
nutrient status (Eckhart et al., 2019). It has been demonstrated that decreased water
availability limits its growth more than the temperature or length of the growing sea-
son (Littell et al., 2008) in its natural range. On the other hand, lower success is shown
on heavy soils with higher water content (Peri¢ et al., 2011). A significant increment
reduction and signs of decline associated with soil moisture deficit were also eviden-
ced by the study of Sergent et al. (2014). Douglas-fir is more resistant to drought than
Norway spruce (Picea abies L. Karst) (Nadezhdina et al., 2014) and can also represent
an important stabilizing element of forest stands, as reported by Sergent et al. (2010)
in study from France, thanks to its powerful root system (Ulbrichova et al., 2014; Mau-
er and Vanék, 2014), which is rooting even in deeper soil layers (Mauer and Paldtova,
2012). According to Urban et al. (2011), Douglas-fir is resistant to drought in younger
stands and prolonged drought in mature stands. Douglas-fir draws water from dee-
per soil layers much more efficiently than Norway spruce, transposing more water
during dry periods (Sach etal., 2019).

Douglas-fir also has a positive effect on habitats compared to Norway spruce (Po-
drazsky and Remes, 2008; Mensik et al., 2009; Kacélek et al., 2010; Kupka et al., 2013;
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Ulbrichova et al., 2014), its effect was also positive on afforested agricultural land
(Kupka and Podrazsky, 2010). This tree species also has a favourable effect on the state
of forest phytocoenoses, compared to Norway spruce (Viewegh et al., 2014; Matéjka
et al., 2015). Nevertheless, it is hypothesized that there is a danger of invasiveness in
future (in case of rapid change of environmental conditions) connected with possible
intensive natural regeneration of Douglas-fir and disbalancing of nutrient (nitrogen)
regime under conditions of high-level nitrogen depositions (Podrazsky et al., 2014b;
Matéjka et al., 2015; Podrazsky et al., 2020). Therefore, as with other introduced tree
species, it is recommended to cultivate it carefully and with respect to the nature
conservation interests (Kunes et al., 2019; Brundu et al., 2020). Currently, Douglas-fir
does not show an invasive character in Europe (P6tzelsberger et al., 2020), but it can
be successfully cultivated from natural regeneration under appropriate silvicultural
measures (Eberhard and Hasenauer, 2018).

Considering its advantages and possible limitations, some authors currently propose
Douglas-fir as possible alternative to Norway spruce on the habitats corresponding to
the managed forests of Central Europe (e.g. Sergent et al., 2010; Fischer and Neuwirth,
2012; Kubecek et al., 2014; Podréazsky, 2016; Podrazsky et al., 2016; Vitali et al., 2017;
Noviék et al., 2019; Remes et al., 2020). In the future, in connection with global climate
change, the use of Douglas fir in the Czech Republic is expected on fresh habitats,
where it could replace the economic production of Norway spruce to some extent.
Under the conditions of the Czech Republic, the Douglas fir acts similarly to silver fir
(Abies alba Mill.) in terms of habitats and especially vegetation conditions (Viewegh
et al, 2014). Douglas fir is planned for use mainly in mixtures with European beech,
common and pedunculate oak, sycamore maple, silver fir and European larch (Poleno
etal., 2009). In the Czech Republic, Douglas fir is not listed in the list of invasive tree
species (Pysek et al., 2012; Pergl et al., 2016). In the forestry of the Czech Republic,
Douglas fir is used as a stabilising and ameliorative tree, but only in a limited number,
asitis a non-genetically native species, and the legislation does not allow the full use
of its potential (Mlikovsky and Styblo, 2006). This strategy is based on the National
Forestry Program Il and the Principles of the State Forestry Policy, which were appro-
ved by the Government of the Czech Republic (MZE, 2013). At present, there are over
6,000 hectares of Douglas fir in the Czech Republic, which represents 0.24% in the
species composition of forests. Over the last ten years, area of Douglas fir stands has
grown at an average of 120 hectares per year (MZE, 2020). It can thus help mitigate
the expected decline in the supply of softwood in the near future (Podrazsky et al.,
2014a; Pulkrab et al., 2015; Palatova et al., 2017) and mitigate the effects of the cur-
rent situation within the forestry sector in the Czech Republic (Riedl et al., 2019). The
cultivation in mixed stands with indigenous tree species including broadleaves like
European beech (Podrazsky et al., 2015) or birches including rare taxons (e.g. Balas et
al., 2016) and the selection of suitable provenances (Ksir et al., 2015) are emphasised
for Douglas-fir silviculture, as the stability of forest stands is increased with higher
number of tree species (Vacek et al., 2020a). Its potential to elevate mobile soil nitro-
gen levels can be significantly limited in this way (Zeller et al., 2010; Podrazsky et al.,
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2014b; Podrazsky et al., 2020). Regarding provenances, researches from Bulgaria sug-
gest that Douglas-fir of continental origin is more susceptible to fungal pathogens
Phaeocryptopus gaeumannii (Rohde) Petrak and Rhabdocline pseudotsugae (Syd.) in
comparison to Western Cascade Mountains and Coastal-originated Douglas-firs that
are characterised by more rapid growth and higher resistance to those pathogens
(Petkova et al., 2014). Extremely high productivity was found in case of such suitable
provenances (Popov, 2014). However, characteristics of microsites need to be consi-
dered for optimal production, as reported by Cater (2021), in a study from Slovenia.
Growth response is highly dependent on the site index and competition intensity
(Castaldi et al., 2017). High-quality Douglas-fir stands with unknown origin can be
tracked back by assignment using Bayesian cluster analysis to determine the origin
of seeds (Hintsteiner et al., 2018). It was found out that a bottleneck effect occurs for
next generation of Douglas-fir stands in terms of genetic diversity in Central Europe,
which needs to be addressed in careful management (Neophytou et al., 2020). Seed
lots from original provenances in North America should be preferred over seeds from
Europe when establishing new plantations in Europe for the same reason (Eckhart
etal, 2017). Both coastal and interior varieties, and their hybrids are present in Euro-
pean forests (van Loo et al., 2019).

It seems useful to know the difference in growth between Norway spruce and Doug-
las-fir under comparable conditions. Norway spruce growth at lower and medium
altitudes is strongly endangered by the ongoing climate change (Vacek et al., 2019),
or this tree species should not be cultivated on non-wet soils to approximately 4
forest vegetation zone, and that Douglas-fir is non-indigenous species in Europe (Car-
rillo-Gavilan et al., 2012; Tschopp et al., 2015).

Recent discussions are related to diversity and productivity of Douglas-fir stands (Kup-
ka etal., 2013; Podrazsky et al., 2013). Available scientific results regarding Douglas-fir
from Central European area include its seed performance (Kunes et al., 2017), effect
on grass/herbaceous communities, which were studied e.g. as artificial mixtures in
pot experiments (Spackova and Leps, 2001), fertilization experiments (Cukor et al.,
2017a; Vacek et al., 2019b), growth and survival dynamics on abandoned agricultural
lands (Hedlund et al., 2003; Cukor et al., 2017b), and carbon sequestration (Podrazsky
et al., 2018). Diversity and productivity of stands with Norway spruce are studied in
forests (Vacek, 2017; Vacek et al., 2019c) where these relations would be influenced by
the difference in traits of the tree species of the stand (e.g. Kérner, 2005; Vacek et al.,
2021). The effect of diversity on production can arise from different allocation of re-
sources by different species and/or from different stress resistance related to various
growth depression. The mixture of both studied species under examination in the
South Bohemia uplands represents an artificial community of the neophyte (Pseu-
dotsuga menziesii originated in North America) and species with natural distribution
dominantly in higher vegetation zones (Picea abies from mountain forests). The aim
of the presented study was to look for potential links between climatic factors (air
temperature, precipitation, air humidity) and the radial growth of Douglas-fir and
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Norway spruce, for which correlation analyses are used.
2. Materials and Methods
2.1 Study area

The research took place in the Southern Bohemia region, in the Pisek district, in four
areas with mature commercial forests with a different representation of Picea abies
and Pseudotsuga menziesii (Fig. 1). The study area is located at an altitude of 455-587
m asl with an average slope of 5 degrees. Cambisols and Luvisols are prevailing soils
types (Némecek et al., 2001). The bedrock is mainly composed of gneiss, granite and
migmatite. The annual average air temperature is 8.7 °C with a maximum monthly
mean in July (18.6 °C) a minimum monthly mean in January (-1.0 °C) in the period
1989-2019. The annual sum of precipitation reaches 610 mm, while the highest sum
is in July (89 mm) and the lowest in February (22 mm). The average number of days
with snow cover is 49. The growing season (T.x > 10 °C) lasted approximately 154
days, with a mean precipitation of 415 mm and a mean temperature of 14.9 °C. The
number of tropical days (T., > 30 °C) was 9, the number of ice days (T,..x < 0 °C) was
30, and the number of arctic days (T. < -10 °C) was 0. The study territory has typically
warm and dry summers and cool and dry winters with a narrow annual temperature
range (Cfb) according to Koppen climate classification (Koppen, 1936).
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Figure 1: Location of the research region in the Czech Republic and location of four districts (+) of research
plots (Vodriany, Kamyk, Vrdz and Sedlice) together with the main meteorological stations (L) of CHMI
(Kocelovice, Nadéjkov, Vrdz, Strakonice and Temelin); the gray area in map shows the forest cover and the

gray lines the Natural Forest Area.

Abbildung 1: Lage der Forschungsregion in der Tschechischen Republik und Lage von vier Bezirken
() von Forschungsflichen (Vodnany, Kamyk, Vraz und Sedlice) zusammen mit den wichtigsten
Wetterstationen (L) des CHMI (Kocelovice, Nadéjkov, Vraz, Strakonice und Temelin); die Grauzone auf
der Karte zeigt die Waldbedeckung und die grauen Linien die Naturwaldgebiet.

A single-story forest stands with a minimum age of 80 years and a well-developed
phytocoenoses were selected for the study. The stands belong predominantly to a
eutrophic series of fresh, nutrient-medium category of Querceto-Fagetum mesotrop-
hicum (Viewegh et al., 2003). Sub-xerophile ecotype of common oak (Quercus robur
L.) and European beech (Fagus sylvatica L.) should be the dominant species in the
potential reconstructed natural tree composition at all plots, however, at present,
these species form only an admixture with a representation of up to 5% in the mo-
nitored stands. Other scattered and admixed tree species occurring in the research
areas include Scots pine (Pinus sylvestris L.), larch (Larix decidua Mill.), silver fir (Abies
alba Mill.), European beech (Fagus sylvatica L.) and silver birch (Betula pendula Roth).
The list of plots and their characteristics are summarised in Table 1.
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Table 1: Summary of research plots with Pseudotsuga menziesii (Pm) and Picea abies (Pa) (dominant and
subdominant trees are marked in bold). Lines in italics represent plots on which no cores were taken.

Tabelle 1: Zusammenfassung der Forschungsflichen mit Pseudotsuga menziesii und Picea abies
(dominante und subdominante Baume sind fett markiert). Kursiv gedruckte Linien stellen
Forschungsgebiete dar, auf denen keine Bohrungen vorgenommen wurden.

N . Number of
Plot | District  Altitnde | Exposurc | Inclination  Sail type ¥ Age Average DBH (cm) Canopy (E) cover (%) ¥ Increment cores
(highest age found
(m 2.8} ] according to increment Fm Pa Total Pm Pa Pm Pa
cores)
1 Sedlice | 537 NW 2 EM 88 (Pm: 78; Pu: 84) 570 s | T 65 2 12 16
2 Sediice Jad NW 2 KM &8 623 L9 30 3 47 - -
3 Sedlice S30 E 2 KM 88 (Pm: 81; Pa: 81) 44,1 30,5 65 0 45 12 15
4 | Sedhiee | S30 E 2| KMy 8 (Pm: §0) 55 - @ 1 12 -
5 Sedlice | 538 E 2 . KMy 88 (Pa: 88) - 337 | T o 0 - 16
& Sediice LH ] N 10 KM fuy e 638 - &0 L @ -
7 Sedlice | 520 N io KM tuv 119 7i.6 40.7 | e &9 ! -
& Sedlice 533 SW i KM tuv L 36 499 o 16 44 -
@ Vrkk 455 5 i LM mod B6 (Pm: T2) 4.1 21,8 &0 45 is 12 -
10 | v 456 E 1 LM mod 26 (Pu: 114) 439 26,8 75 51 [] 13
i Frid 443 5 I LM mod &6 &89 e o 50 18 - -
12 | Vodiany | 560 W 1 . LM med G (Pm: 97) 369 - I 40 1] 13 -
I3 Fodfiany | 562 W 2 | LM mod S8 589 342 | 45 45 0 - -
14 | Vodiiamy 53 w 5 KM mod 116 (Pm: 87) 544 38,1 60 45 2 15 -
15 Vodfiany 516 W 5 KM mod &5 (Pa: 82) 47.1 30,1 55 3 2 °
16 \"ud.i\zmr | 517 W 10 | KM mod 85 (Pu: 7T) 61.6 254 | 50 28 2 9
7 Vodhany 513 W i0 KM mod 11 578 484 sa 1 25 -
18 | Vodrany sx0 w ] EM mod af 1.2 0.2 L.A] 7 [} -
19 | Vodhany 506 W 5 KM mod 6 (Pm: 86; Pa: 103) 404 1,1 55 17 7] 13 B}
20 Kamik | 315 SE ] | KM 104 786 &7 | & B 2 - -
21 Kamik 513 SE 2 KMy 104 {Pm: 97; Pa: 85) 66,7 w0 |78 58 17 12 9
22 Kamyk | S09 SE 5 | KM tuv T 720 ire | L 30 0 - -
23 Kamyik SBE NW 15 KM mod 110 (Pa: 93) S4.6 41,0 &0 74 3 14 11
24 Kamik | &7 NW 7 KM mod 110 (Pm: 91) 1014 473 |15 L] 5K 1 14
25 Kamyk 518 5 5 KM fuv a9 452 9.3 60 58 3

I KM — Cambisol; mod — modal; LM — Luvisol; mod — modal; luv — " luvisoled” according to the Crzech soil typology (Némedek et al, 2001)
KM — Kambisol; mod — modal; LM — Luvisol; mod — medal; luv — "luvisoliert” nach tschechischer Bodentypologie (Némedek et al. 2001)

3 Total cover was corrected using hemispherical photos, Sum of covers of all tree species is equal to total cover,

Die Gi bdeckung wurde unter Ver dung von halbk Iformigen Fotos korrigiert, Die Summe der Abdeckungen aller Baumarten entspricht
der Gesamitabdeckung.

2.2 Data collection

A total of 25 research plots with a radius of 12.62 m (size 500 m2) were established
at the beginning of autumn 2019. The coordinates of their centres were determined
on all plots using a Trimble Geo 7X instrument with TerraSync software. The positions
of all trees were measured on the plots, the species was recorded, the diameter at
the breast height (DBH), the height of the tree, the height of the crown base, the
crown projections were measured and the tree injury was recorded using the inven-
tory Field-Map system (IFER-Monitoring and Mapping Solutions Ltd.). All individuals
of the tree layer with a DBH > 4 cm were recorded. The DBH was measured by Mantax
Blue metal caliper (Haglof, Sweden) with an accuracy of 1 mm, and tree height was
measured by Laser Vertex hypsometer (Haglof, Sweden) with an accuracy of 0.1 m. A
total of 14 plots were selected for tree-ring analysis. These plots were selected on the
basis of the following ratio of spruce and Douglas fir: 1) <10% - individually mixed
tree species; 2) 10-29% — mixed and scattered species, 3) 30-49% - basic species, 4)
50-89% - predominant species, 5) 90-100% - monoculture. A minimum of 22 cores
(maximum 26) were taken from both tree species from each variant, always from
two localities. Increment cores were taken from 247 trees (121 Picea abies and 126
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Pseudotsuga menziesii). In most cases, core samples were taken directly on plot or in
immediate proximity (maximum 20 m from the plot) in case of not enough suitable
trees growing directly on the plot due to low proportion of examined tree species.
Only codominant and dominant trees according to the classification by Kraft (1884)
were chosen as the significant growth response (compared to subdominant and sup-
pressed trees; Remes et al., 2015). These trees were randomly (RNG in Excel) selected
for a dendrochronology analysis. Individual increment cores were taken by Presler's
increment borer (Mora, Sweden) up to the centre of the tree or to a depth of 30 cm
at least in autumn of 2019. The increment cores were taken not only on the research
areas, but also in close proximity, to assure more samples. Annual ring widths were
measured with an accuracy of 0.01 mm by an Olympus binocular microscope (Olym-
pus, Japan) on the LINTAB measuring table (Rinntech, Germany) and recorded with
TsapWin software (Resistograph, Germany).

2.3 Data analysis

The tree-ring increment series were individually crossdated (to remove errors caused
by missing tree rings) using statistical tests in the PAST application (Knibbe, 2007)
and subsequently they were subjected to visual inspection according to Yamaguchi
(1991). If a missing tree ring was revealed, a tree ring of 0.01 mm in width was inser-
ted in its place. Individual tree ring curves from each tree were age-detrended and
an average tree-ring series was created in the ARSTAN programme (Cook, Tree Ring
Laboratory). A negative exponential spline and subsequently 0.67n spline were used
for the age-detrending (Grissino-Mayer et al., 1992). This process results in a series of
yearly growth indices for each tree.

The analysis of negative pointer years was done according to Schweingruber (1996)
and Desplanque et al. (1999). For each tree the pointer year was tested as an extre-
mely narrow tree ring that does not reach 40% of the increment average from the
four preceding years. The occurrence of the negative year was proved if such a strong
reduction in increment occurred at least in 20% of trees on the plot.

Growth index data between 1965 and 2019 were chosen for further analysis, because
this period is covered by data for all trees except for the 3 youngest individuals, whose
data were excluded from processing. Growth index curves were correlated (Pearson's
linear correlation coefficient r was used) for all pairs of individuals. These correlation
coefficients form a symmetric correlation matrix. This matrix was used for ordination
analysis by PCA method (Statistica program was used for calculation, graphs were
created in PlotOA program). Only these correlations are input variables for PCA. The
PCA results were interpreted in terms of description of the growth variability among
trees representing both species (differences of both species) and different localities
(differences among localities). Two trees which are localized near one to the other
in the ordination graph shows more synchronized growth comparing a pair of trees
with higher distance in the ordination graph. Results of PCA are presented as graphs
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of the first two PCA axes. Distribution ellipses embracing 95% of the objects (trees) of
the category (species, locality etc.) are used to elucidate difference among different
species (localities).

The correlation matrix was used to calculate the distance matrix, where d; = 1 - r, at
the same time. This distances matrix was used for cluster analysis (classification of
individuals) by the Ward's method (the Cluster program from the DBreleve package
was used — Matéjka, 2020).

Five meteorological stations of the Czech Hydrometeorological Institute
(www.chmi.cz) are in the wider interest district. However, only the Vraz station (indi-
cative C1VRAZ01), located close to the research areas, has the highest potential for
use, i.e. at a similar altitude and, moreover, in a landscape with a high proportion of
forests.

Climatic characteristics from the Vraz station were evaluated using a time moving
window (interval) with variable length (count of days) and position (described by the
last day of the interval as order number of the day within year [DoY - day of year]). This
two-dimensional application of floating window arises from methods e.g. astrochron
in the R package (https://rdrr.io/cran/astrochron/man/mwCor.html) or in Sageman
and Hollander (1999). The average climate characteristics for this year were calcula-
ted for each year (with a possible overlap to the previous year) due to this window.
The correlation coefficient between the average value for the climate within the floa-
ting window in each year and the radial increment index in the corresponding year
for the individual trees of both species was calculated in the next step. The set of the
resulting correlation coefficients was compiled into graphs, from which the position
of the extreme values of the correlation coefficient is evident. Position of the moving
time window is defined by the end day of the window as the horizontal coordinate
and width of the window as number of days equal to the vertical coordinate. This
makes it possible to estimate in which time interval the given climatic characteristic
has the greatest influence on the growth of the given tree species.

3. Results

Only a small number of tree species was present in the research plots. One of both
species was dominant or subdominant at least. The total tree canopy cover was
evaluated between 40 and 85 %. (Table 1). The tree basal area varies between 41.1
and 85.2 m2-ha™' (Table 2). The mean basal area in dominant Picea abies stands was
54.2 m2ha™', while it was by 17.2% more in Pseudotsuga menziesii (63.5 m2ha™). Spe-
cies-rich stands with an admixture of more than two deciduous tree species (m = 4+)
showed a higher basal area by 13.1%.
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Table 2: Species composition based on the tree basal area (m*ha") according to the individual plots of
size 500 m2.

Tabelle 2: Artenzusammensetzung basierend auf der Baumgrundflache (m2ha™') gemal} den
einzelnen Parzellen mit einer Gré3e von 500 m2.

Plot 1 [2[3fa[sTe[7 8 ol nf12[3[14[15 16[17]18]19[20721[22]23 '24[25
Pseudotsuga  66.5/12.2|111.3|47.7 §1.8/49.3(19.2|32.8(35.0 23.0/71.6(63.3|27.8|25.1 18.0/24.4(75.9/12.7|19.5 39.5/34.8|70.8 16.2(34.0
menziesii

Picea abies 4.231.7]31.6 58.2 11.225.0(11.8/13.9 24.5 1.8/31.2/16.5 28.432.2| 1.4/27.033.7 30.6/24.0| 5.837.5| 7.1
Pinus sylvesiris 4.2 0.8 1.3 7.1 1.8 3.1 3.6 2.9

Larix decidua 3.6 0.9 0.6 1.2

Abies alha 12.2 6.7 14.5
Fagus sylvatica 1.5 03 72 2.3 06 25

Quercus sp. 2.0 | 0.5 |

Betula pendula 3.0

Total 70.7147.5(49.1|47.7|58.2 81.8/60.4|44.2|45.8 51.8 50.4/71.6/65.1|71.3|49.6 48.3/63.7|85.2|42.7|53.2 77.3|62.1(79.1 68.1/41.1

The variability of the average growth curves is considerable for both species. The clas-
sification of these curves using cluster analysis is suitable (Fig. 2). Individual clusters
can be distinguished according to which tree species predominates in the cluster.

Figure 2: Increment cores classification by Ward'’s method. Clusters with a Picea abies dominance are in
black, clusters with a Pseudotsuga menziesii are in red (blue line - clustering level used for definition of the
descripted clusters). The vertical axis — dissimilarities based on correlations, see methods.

Abbildung 2: Klassifizierung der Bohrungen nach der Ward-Methode Cluster mit einer Picea abies
- Dominanz sind schwarz, Cluster mit einer Pseudotsuga menziesii sind rot (blaue Linie — Clustering-
Ebene, die zur Definition der beschriebenen Cluster verwendet wird). Die vertikale Achse -
Unahnlichkeiten aufgrund von Korrelationen, siehe Methoden.
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The maximum Picea abies increment was recorded in 1967, 1985, 1988-9, 1997, 2002
and 2011 (really in the whole period 2009-2014). A decrease in increment occurred in
1976, 1993, 2000, 2007, 2015 and 2018-2019 on the contrary (Fig. 3). In 1993, the lack
of precipitation was observed at the begging of the vegetation period, i.e. the driest
March (8 mm, mean 36 mm) from the period 1989 — 2019. Negative pointer years
2015, 2018 and 2019 were characterized by extremely high temperature during the
vegetation period with below-average precipitation. Historically, the highest number
of tropical days (29 days with T,., = 30 °C) was recorded in 2015. The warmest April
(13.5°C, mean 8.7 °C) and May (16.1 °C, mean 13.1 °C) was observed in 2018, respec-
tively the warmest June (21.4 °C, mean 16.7 °C) in 2019.

Picea abies
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Figure 3: Year-on-year variability of Picea abies diameter increment in individual main classification
groups of individuals according to Figure 2. The numbers in the box are binary codes for the designation
of classification groups, which are based on the branching of the binary tree graph of the classification.

Abbildung 3: Die Variabilitdit von Picea abies gegeniiber dem Vorjahr in einzelnen
Hauptklassifikationsgruppen von Individuen gegenliber dem Vorjahr. Die Zahlen in der Box
sind Bindrcodes flr die Bezeichnung von Klassifikationsgruppen, die auf der Verzweigung des
Bindrbaumgraphen der Klassifikation basieren.

The situation was different for Pseudotsuga menziesii. The maximum values were re-
corded in 1966, 1997, 2002, 2009 and 2014, while the minimums were recorded in
1976, 1979, 2013 and 2018; an only slight decrease was in 2003 (Fig. 4). Synergism of
the warmest (22.3 °C, mean 18.4 °C) and driest August (22 mm, mean 79 mm) was ob-
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served in 2003. The historically warmest day was recorded within this year: 13 August
(36.8 °C). The year 2013 was characterized by an extremely high sum of precipitation
during the vegetation period (higher by 135%) and cloudy weather (low sunshine).
Regarding the year 2018, see description in Picea abies. Generally, comparing pointer
years with extremely low or high radial growth in both species, only 2 same pointer
years were found for maximum (1997 and 2002) and 2 for minimum (1976 and 2018).

Pseudotsuga menziesii
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Figure 4: Year-on-year variability of Pseudotsuga menziesii diameter increment in individual main
classification groups of individuals according to Figure 2. The numbers in the box are binary codes for
the designation of classification groups, which are based on the branching of the binary tree graph of the
classification.

Abbildung 4: Variabilitdit des Durchmesserinkrements von Pseudotsuga menziesii in einzelnen
Hauptklassifkationsgruppen von Individuen gegentiber dem Vorjahr. Die Zahlen in der Box
sind Bindrcodes flr die Bezeichnung von Klassifikationsgruppen, die auf der Verzweigung des
Bindrbaumgraphen der Klassifikation basieren.

The first PCA ordination axis represents 79.0 % of the total data variance, the second
axis is corresponding to 7.9 % of the total variance. The ordination analysis shows a
considerable difference between both tree species, which is manifested by the posi-
tion of the respective points in the ordination space and thus also by the mutual dis-
placement of the distribution ellipses (Fig. 5).



Seite 222 Jan Mondek, Karel Matéjka, Josef Gallo, Anna Prokdpkova,. Vojtéch Hajek

0.625
0.500 ol
j ® DG
0.375
0.250
0.125
o
<
Q
o
0.000
-0.125
-0.250
-0.375
-0.500
-1.000 -0.875 -0.750 -0.625 -0.500 -0.375 -0.250 -0.125 0.000

PCA1

Figure 5: Position of Picea abies (SM) and Pseudotsuga menziesii (DG) individuals in the PCA ordination
space based on correlations of their growth.

Abbildung 5: Position von den Individuen Picea abies (SM) und Pseudotsuga menziesii (DG) im PCA-
Ordnungsraum basierend auf Korrelationen ihres Wachstums.

Pseudotsuga menziesii growth differs by districts and plots considerably. The growth
dynamics of Pseudotsuga menziesii is similar to the growth dynamics of Picea abies on
plot 14 (district Vodnany), but the results are significantly different on plots 21 and 24
(district Kamyk) especially. The influence of the locality on the growth dynamics of
both species is significant (Fig. 6 and 7), while the importance of the locality is higher
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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.
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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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