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Abstract: Norway spruce is one of the most economically important coniferous species in Europe,
but it has faced high mortality rates in the last few decades due to the increasing frequency of extreme
weather events. Primary and secondary growth development may be affected by these non-optimal
conditions. In this study, we aimed to analyze the timing, possible asynchrony and time-lag between
the growth processes of Norway spruce. We used a novel methodological approach of primary
(based on phenocamera picture evaluation) and secondary (dendrometers) growth detection. The
combination of these novel approaches allowed us to compare these growth process in high temporal
resolution. Measurements were performed in two experimental plots with contrasting climatic
conditions (middle and higher elevations) in the years 2016-2019, during the presence of extreme
climatic conditions. We demonstrated a significant elongation of the growing season, with a more
pronounced effect at higher elevation. Compared to the long-term mean, we observed an additional
50 days with a temperature above 15 °C at the higher elevation plot. There were no found patterns in
the time-shift of both growth processes between plots. On the other hand we observed asynchrony
of radial growth and meristems growth. Radial growth began earlier than the phenology of apical
meristems growth. The onset, end and duration of meristem growth differed between studied
plots and years as well. The onset of radial growth did not follow the gradient of microclimatic
parameters; however, the differences in climatic conditions between plots did cause a shift in the
onset of meristem growth. The process of the radial growth was twice as long as for apical meristem
development. On average, radial growth requires 71 days more than meristem phenology to reach
full process completion. Our data confirmed that these growth processes are strongly affected by
external weather conditions and the duration of the growing season. More advanced and detailed
monitoring of these processes can provide more accurate data of the health status of trees in the forest.

Keywords: Picea abies [L.] Karts; elongation; growth rate; growing season; dendrometer; shoots;
phenocamera

1. Introduction

Despite the fact that primary (e.g., shoots) and secondary (e.g., xylem and phloem
formation) growth are important for global carbon capture [1], we have limited knowledge
about the timing and duration of these processes. Forests cover more than 40% of Europe’s
land area, which means a huge carbon sink in tree biomass [2]. Norway spruce (Picea abies
[L.] Karst.) grows in many European countries. Due to the species” economic importance in
the Czech Republic, and across Europe [3], it is the predominant tree species and accounts
for half of the country’s total forest area. In contrast, the naturally occurring proportion of
this species is estimated to be only 11% [4].

Forest production is constrained by water availability and decreasing annual precip-
itation or changes in inter and intra-annual distribution are likely to result in stronger
water limitations. Production decreases at lower elevations vulnerable to water stress
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and increases where the increased evaporative demand under the elevated temperature is
balanced by an increase in precipitation. Impacts on individual species depending on the
site conditions and regional climatic changes [5].

In recent decades, forest ecosystems in the Czech Republic and all over the world
have faced the effects of a changing climate. Due to increased air temperature, unequal
distribution of precipitation [6] and disturbances caused by bark beetle (Ips typographus
[L.]) attacks, tree mortality has become more frequent [7]. Changes in growth [8], drought-
induced mortality [9], increases in temperature, changes in precipitation distribution and
rapid increases in climatic extremes have already been observed [10]. These stressors have
different impacts on forests, and responses to climate change can differ across latitudinal
and altitudinal gradients [11]. Trees in the temperate zone are adapted to the seasonal
cycle, with a dormancy period during the winter and a growing season (GS) during the
summer [12]. Many recent studies have reported on earlier spring events [13] and changes
in the timing of onset, length, and end of the GS as manifestations of climate change [12,13].
However, it is still unclear exactly when primary and secondary growth take place and
how simultaneously these processes occur. Knowledge about the timing of these processes
is essential in understanding the consequences of advancing global change.

Investigations into primary and secondary growth in co-occurring species will aid in
the assessment of the physiological adaptation of species and the prediction of forest stand
structure dynamics. Primary (e.g., budburst, needle, and shoot) growth and secondary
growth (e.g., cambial activity and xylem differentiation) of plants play a vital role in long-
term carbon sequestration in terrestrial ecosystems [14,15]. Based on empirical phenological
observations, earlier bud burst, leafing, shooting, and flowering have been recorded
for these sequential phases because of the recent early spring warming and extended
growing season length [16]. Studies on secondary growth have revealed an early onset of
cambium activity, as well as a longer duration of xylem formation, and this has often been
related to the influences of ongoing climate change [17,18]. Therefore, investigations into
primary and secondary growth help to assess the physiological adaptation of species to the
local environment [19] and predict changes in the growing season under current global
warming [20].

Traditional ground-based observations are typically made on a limited number of
individual species, across a limited geographic area. Instead, phenocameras (or digital
photography) are widely used to monitor bud phenology or primary growth itself as they
provide information with high temporal and spatial resolutions [21,22]. Frequent, stable,
and accurate phenological observations can be recorded for the whole canopy or for specific
features by means of time-lapse digital phenocameras mounted on towers above the forest.
Anomalies such as plant damage caused by frost or drought and second flowerings can
be easily detected by phenocameras [21,23,24]. Secondary growth of the stem is often
monitored by another method—automatic dendrometers. The automatic dendrometer is
a valuable tool allowing stem diameter variation (SDV) measurement in high-frequency
record [25,26]. Continuous monitoring of SDV provides valuable information about the
production of new cells [27], tree water status [28] and the timing of these processes [26].

There is considerable overlap between growth processes, so the development of one
process can limit the development of others occurring simultaneously. Furthermore, the
climate and its variations can modify these interactions [29]. Such findings highlight the
need to know the precise timing of development of each current-year shoot component,
stem radial increment and the interactions among them. However, the links between
primary and secondary growth have only been explored to a limited degree in plant and
forest ecology, despite these growth types being fundamental for the understanding of the
development and persistence of trees.

There are still only a few ecological studies that focus on explaining the relationships
between primary and secondary growth at different altitudes. The objective of this study
was to assess two even-aged stands of exclusively Norway spruce at different altitudes
and along a gradients of key microclimatic characteristics. The aims of this study were to
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evaluate: (1) the timing of primary and secondary growth (i.e., onset, end and duration) at
different localities and in different years with maximal and minimal growth rate; (2) the
synchrony or asynchrony between primary and secondary growth; and (3) the assessment
of inter/intra annual weather condition and the length of the growing season. We expected
one of three alternative tree responses. In the first, the primary and secondary growth occur
at the same time (i.e., onset, end and duration coincide). In the second, primary growth
precedes the secondary or vice versa. Finally, there is an asynchrony and time-lag between
primary (Pgrowtn) and secondary growth (Sgrowth)-

2. Materials and Methods
2.1. Experimental Study Plots

Our study was conducted in even-aged pure monocultures of Norway spruce (Picea abies
[L.] Karst.), located at the experimental study plots (ESP) in Rajec (the Drahanska vrchovina
Highland, the Czech Republic) and in Bily Kriz (the Moravian-Silesian Beskids Mts., the
Czech Republic), (Figure 1). The measurement was conducted from 2016 to 2019, during
the occurrence of extreme climatic conditions. The age of both stands was 4044 years at the
start of the observation period. The Rajec plot is situated at 625 m.a.s.1.; the geographical
position is 49°26/37” N, 16°41’48” E. The region is characterized by a moderate climate [30].
According to long-term measurements (LTM) from 1961 to 2010, the mean annual air
temperature is 7.0 °C and the mean annual sum of precipitation is 663 mm. The Bily Kriz
plot is situated at 890 m.a.s.l.; the geographical position is 49°30'07” N, 18°32'12” E. The
region is characterized by a cold climate [30]. The mean annual air temperature is 5.6 °C
and the mean annual sum of precipitation is 1217 mm. Detailed descriptions of the ESPs
are provided in Pokorny et al. [31].

Figure 1. Geographical location of the two experimental study plots in the Czech Republic.

2.2. Micrometeorological Conditions

The microclimatic characteristics were measured by specific sensors installed on the
meteorological tower located in the stands. The air temperature (Ta) and relative air
humidity (RH) were measured by EMS 33 sensors (EMS Brno, the Czech Republic) placed
2 m above the forest floor. Precipitation (P) was measured by a 386C rain gauge (MetOne,
Washington, OR, USA) situated above the forest canopy on the meteorological tower. Vapor
pressure deficit (VPD) was calculated from Ta and RH measured at each ESP. Measured
data were compared with long-term measurements (1961-2010) from the nearby Czech
Hydrometeorological Institute (CHMI) stations. We used daily averages of Ta to identify
parts of the growing seasons (GS). Parts of the GS were defined as follows: average daily
Ta above 5 °C as the growing season (GSsec); above 10 °C as the main growing season
(GS1pec); and above 15 °C as the vegetation summer (GS;50c). The onset or end of the GS
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were assigned to the first (or last) day of the continuous five-day period with average daily
Ta above (or below) the respective temperature baseline threshold [32].

2.3. Primary Growth

The dynamic of development of the Pgyoy i, Was monitored by phenocameras, model
PhenoCam EMS 800 (EMS Brno, the Czech Republic). The phenocameras were fixed on the
top of the meteorological tower (Figure 2A). Images were taken daily, every hour between
10 a.m. and 3 p.m. during the GS. The images were captured by a CCD sensor and saved
at maximum resolution (3648 x 2736 pixels) in JPEG format. Three different degrees of
zoom (focal length 37, 80 and 122 mm) were captured at the same time (Figure 2B). The
cameras were set to a fixed white balance regime with automatic exposure measuring. For
the analysis of onset, end and duration of Pgrowih, two rules were used. The first was that
only the closest trees in view angle camera were considered. The second was using the
optimal distance from camera for sufficient resolution for pixel analysis. Five trees fulfilling
these rules were selected at each ESP.

Figure 2. The PhenoCam EMS 800 (EMS Brno, the Czech Republic) placed on the top of the meteoro-
logical tower (A) and the example of photos (B) at the ESP Rajec, which were used for evaluation of
Pgrowth; tree rectangles represent views of different focal length (frames).

For post-processing of the captured images, Image] software was used [33]. The
terminal shoot length of each selected tree was measured in pixels from the photo, where
the climatic condition allowed good visibility for cameras. According to pixel analysis
of shoot length, the Pgyowin for each tree was calculated in relative scale (0-100). Onset
and end of Py owin was defined by pixel measurement. According to year mean height
increment of trees at study plots, the mean resolution of Pgowin measurements was 2 mm.
Daily measured data of Pgow i, Were fitted by the non-decreasing function to eliminate
negative changes. When we measured some daily values of shoot length lower than the
previous record, the first not lower value is connected by the line with the next daily higher
value (linear growth concept used for dendrometer data [26]). The concept assumes linear
growth over the period when some lower values occur. The onset and end of Pgrowin were
derived from non-decreasing fit, and threshold values of 5% and 95% of annual Pgrowin
were applied.

2.4. Secondary Growth

The same trees were used for Sgrqy i Observations. These were selected from dominant
or co-dominant tree classes; these tree classes were most dominant on the phenocamera’s
picture where Pgowin analysis was performed. Stem diameter variation was measured at
approximately 1.3 m height aboveground by automatic band dendrometers DRL26C (EMS
Brno, the Czech Republic) with 1 pm resolution; the measuring and storing intervals were
1 h. Changes in the circumference of the tree were recalculated to changes in stem radial
increment (SRI, um). Stem diameter variation contains two components: (1) irreversible
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stem diameter growth, including cell division and cell enlargement, and (2) water-related
processes driven by tree water potential gradient. The zero-growth concept [26] was used
to separate irreversible growth from stem diameter variation. The rate of SRI was calculated
from separated irreversible growth only with daily resolution. The onset and end of Sgrowtn
were derived from the irreversible growth function, and threshold values of 5% and 95% of
annual Sgrown Were used.

2.5. Statistical Analysis

The no-decrease function was conducted in software Mini32 10.2.11. (EMS Brno, the
Czech Republic), [34]. Statistical analyses were conducted using SigmaPlot 11.0 analytical
software (Systat Software, San Jose, CA, USA) [35].

3. Results
3.1. Variation of Climatic Conditions and GS Prolongation

For all measured climatic conditions, significant shifts were found between studied
plots in the years 2016-2019 and LTM (1961-2010). The average annual air temperature
of 8.6°C at Rajec (+1.6 °C compared to LTM) was significantly higher than the average of
6.5°C at Bily Kriz (+0.9 °C compared to LTM). Almost two thirds of all observed months
had a temperature deviation more than +0.5 °C for both study plots. The coldest month
was January 2017, with an average monthly temperature of —6.3 °C in Rajec and —6.8 °C
in Bily Kriz; the hottest month was July 2018 (20.6 °C and 17.2 °C, respectively). The
highest average monthly temperature deviation was observed in April 2018, with +5.5 °C
of LTM in Rajec and +5.4 °C of LTM in Bily Kriz. The average temperature during GSs-c
(April-October) was +1.7 °C of LTM in Rajec and +1.0 °C in Bily Kriz (Table 1).

Table 1. The annual average air temperature (Ta) and annual sums of precipitation (P) measured at
the ESP Rajec and Bily Kriz in the years 2016-2019. The values below are deviations in °C resp. %
according to LTM (1961-2010).

Rajec Bily Kriz
Variables
2016 2017 2018 2019 2016 2017 2018 2019
Ta (°C) 8.1 8.2 9.0 9.0 6.1 6.3 6.9 6.9
Tagey, (°C) 1.1 12 2.0 2.0 0.5 0.7 13 13
P (mm) 618.6 568.8 456.3 685.7 1298.6 1346.6 1045.2 1289.8
Pgev. (%) 93.3 85.8 68.8 103.4 106.7 110.6 85.9 105.9

The average annual sum of precipitation was 582.4 mm in Rajec (78% of LTM) and
1245.1 mm in Bily Kriz (102% of LTM). More than 48% of all observed months had a monthly
sum of precipitation less than 80% of LTM. The average annual sum of precipitation during
GS was 88% of LTM in Rajec and 102% in Bily Kriz. The trend of VPD development
was similar to previous parameters. We found a significant positive shift, especially in
summer months.

According to LTM, 2018 was the most extreme year. Temperature deviation was 2.0 °C
and the sum of precipitation achieved only 68% of LTM at the study plot Rajec (Table 1).
Only 4 months of 2018 reached the normal monthly sum of precipitation. The VPD value
achieved more than 1.0 kPa in Rajec. The Bily Kriz plot showed more favorable weather
conditions during the extreme year, but also showed a lower sum of precipitation. On the
other hand, 2016 had a similar temperature and precipitation regime compared to LTM
(Table 1, Figure 3).

We observed a significant prolongation of the GSsec at both ESPs during the study
years of 2016-2019 compared to LTM. The average difference between ESPs in the duration
of the parts of the GS was 20 days, due to the elevation gradient of more than 260 m. Bily
Kriz, the station located at the higher elevation, showed a greater increase in the number
of days with average daily temperature above 10 °C and 15 °C. The average (2016-2019)
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length of GSsoc was 211 days in Rajec and 194 days in Bily Kriz. GS;g-c lasted 162 days and
135 days, respectively; GSi5c lasted 106 days and 90 days, respectively. The longest GSs-c
occurred in 2018 at the Rajec plot (225 days) and in 2017 at the Bily Kriz plot (213 days).
Compared to LTM, the length of the hottest time of the year GSy5-¢ increased by 37 days in
Rajec and by 54 days in Bily Kriz.

Rajec

P (mm) Tac)

VPD (kPa)
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Figure 3. The seasonal course of monthly mean air temperature Ta (°C), monthly sum of precipitation P (mm) and monthly

mean of vapor pressure deficit VPD (kPa) at the ESP Bily Kriz and Rajec in the years 2016-2019. Red lines represent

long-term measurements (1961-2010). Vertical bars represent standard deviation.

3.2. Primary Growth

The onset and end of the P11, differed significantly between study plots and years
(p < 0.001). In the case of Pgrown duration, a significant difference was only observed
between years (Table 2, Figure 4). Pgrowin in Bily Kriz was significantly delayed by approx.
20 days (Figure 4). The growth curve pattern showed a smooth sigmoidal curve with the
start of Pgrowtn in the range DOY 119-148 for Rajec and DOY 134-152 for Bily Kriz. The rate
was similar between plots, but the plot in Rajec sustained longer periods with a higher rate
of Pgrowth- The maximum rate was similar for both plots (Figure 4). The end of Pgyqum was
in the range of DOY 164-205 for Rajec and DOY 183-210 in Bily Kriz. The whole period
lasted about 55 days in both localities (Table 3).

3.3. Secondary Growth

Sgrowth on the annual scale was significantly (p < 0.001) higher in Bily Kriz compared
with trees growing in Rajec (Figure 5). On average, the trees in Bily Kriz grew twice as
much as those in Rajec. Markedly increased rates of SRI were also detected in Bily Kriz
(Figures 5 and 6). The timing of the highest rates of Py owih and Sgrowtn occurred at the
same part of the GS (Figure 7). While the growth curve pattern showed a smooth sigmoidal
curve with only a small episode of stem shrinking in Bily Kriz, a completely different
situation was observed in Rajec. There were long and intensive periods of stem shrinking.
The most severe shrinking (>500 um) was observed in the Rajec plot in 2018. The period of
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stem shrinking started at the end of August (DOY 180) and remained negative until the
end of year. There was no growth detected after DOY 180.

Table 2. The summary of general linear model for onset, end and duration of primary growth
(Pgmwth) and secondary growth (Sgrowth) at ESP Rajec and Bily Kriz in different years (2016-2019).

df—degrees of freedom, MS—mean squares, F—F value, p—p-value.
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Pgrowth (%)
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Parameter Items df MS F p
OnsetSgrowth Locality 1 21.63 0.52 0.48
Year 3 428.30 10.36 <0.001
Residuals 30 41.36
EndSgGrowth Locality 1 44.64 0.25 0.62
Year 3 12805.67 71.16 <0.001
Residuals 30 179.95
DurationSgowth Locality 1 608.52 5.54 0.03
Year 3 8690.59 79.15 <0.001
Residuals 30 109.81
OnsetPGrowth Locality 1 704.17 47.88 <0.001
Year 3 319.83 21.75 <0.001
Residuals 16 14.71
EndPgrowth Locality 1 541.50 20.34 <0.001
Year 3 636.94 23.92 <0.001
Residuals 16 26.63
DurationPgowth Locality 1 10.67 0.22 0.64
Year 3 185.00 3.84 0.03
Residuals 16 48.21
10
A
LB
y L6
\
L4
-
L2 |>~
o
°
) °~\°
=
3
B 2016 =4
—_— 2017 s O
— 2018 -
—— 2019 o
@
L 6 g
4
- 4
L2
Lo
120 140 160 180 200 120 140 160 180 200 220

DOY

Figure 4. Time series of cumulative daily primary growth (Pgowin) in % (left) and time series of daily rate (right) in %
day~! at the ESP Bily Kriz (A) and Rajec (B) in 2016-2019. Vertical bars represent standard deviation.
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Table 3. Mean values and standard deviation (SD) of onset, end and duration of secondary growth
(Sgrowtn) and primary growth (Pgown) at the ESP Rajec and Bily Kriz in 2016-2019.

Onset End Duration
Mean Mean Mean
(DOY) Sb (DOY) SD (DOY) SD
S Bily Kriz ~ 131.21 8.80 259.37 21.75 115.11 21.59
growth Rajec 132.76 8.14 271.47 68.66 138.42 63.75
P Bily Kriz 14267 5.80 197.67 11.20 55.00 8.40
growth Rajec 131.83 9.93 188.17 10.80 56.33 8.42
4000 100
A
3000 A ‘
-»c
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. ©
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Figure 5. Time series of cumulative daily secondary growth expressed by stem radial increment (SRI) in um (left) and time
series of daily rate of SRI in pm day_1 (at the studied plots Bily Kriz (A) and Rajec (B) in 2016-2019. Vertical bars represent
standard deviation.

There were no significant differences between individual years (p = 0.48), but a sig-
nificant (p < 0.001) difference between the onset of Sgowih was observed between ESPs
(Table 2). The onset of Sgrowtn Was significantly shifted to the earlier part of the GS in both
ESPs in 2018. In general, there was a higher variability in the onset and especially in the
termination of Sgyoyih compared to Pgrowin. The difference between the earliest and the
latest termination of Sgyqym Was 163 days in Rajec, more than twice as long as observed
in Bily Kriz. There were also no significant differences between the termination of Sgrowtn
in the two ESPs (Table 2), but there was a significant difference between individual years.
The observed duration of the Sgyy i, period was significantly different between the ESPs
as well as between individual years (Table 2, Figure 7).

A positive relationship was found between the onset of Pgyoyih and Sgrowtn (R? =0.68 Rajec;
R? = 0.98 Bily Kriz) and also between the termination of Pgrowth and Sgrowth (R? = 0.65 Rajec;
R? = 0.45 Bily Kriz). While on average the onset of Pgowth and Sgrowtn 0ccurred at the same
time in Rajec, the Sgrowin preceded Pgrown by nine days in Bily Kriz. The end of Sgrowtn
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always occurred later than the end of Pgrowin; the only exception was in 2018, when Sgrowin
terminated at the same time as P owin (Figure 7).

A

60 4

40

t
|
I
I
I
I
I
I
I
I
I
I
|
!
I
I
I

nN
o

=]

SRI (um day™1)

40 1

Rate of Pgrowth (% day™1)

20 4

T T T T T T
0 S0 100 150 200 250 300 350

DOY

Figure 6. Mean value of daily rate of Sgowin (brown line; SRI) and Pgrowtn (green line; Pgrowtn)
calculated for all study years (2016-2019) at the ESP Rajec (A) and Bily Kriz (B). Vertical bars
represent standard deviation.
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Figure 7. Correlation between onset (A) of primary (Pgrown) and secondary growth (Sgrowtn) and end of Pgrowin and Sgrowtn
(B) at the ESP Bily Kriz (black circles) and Rajec (red circles) in 2016-2019. The 1:1 red line is drawn for reference. Vertical
and horizontal bars represent standard deviation.
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3.4. Time-Lag

There was no difference in time shift of these growth processes between plots. On
average, Sgrowth required 71 days more than Py owin to reach full process completion. We
observed the asynchrony of Pgroyih and Sgrowtn in both plots as well as a time lag between
the process completion of Pgyowin and Sgrowth- The process of Sgrowin formation up to 20%
completion preceded the same amount of Pgqy 1, completion. The border between earlier
process completion and the time lag of Sgrowth and Pgrowin Was observed in the interval
from 20 to 30% of process completion on both sites. After this inflection point, the time
lag between Sgrowih and Pyrowin gradually increased. In this sense, Pgrowin was completely
formed at the time when only 71% (Bily Kriz) or 77% (Rajec) of the Sgrowih was created
(Figure 8, Table 3).

Time lag (days)
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Figure 8. Timing and time lag of primary (Pgowh) and secondary growth (Sgrowin) at the ESP Bily Kriz (A) and Rajec (B) in
2016-2019. Time lag between seasonal dynamics of primary growth and secondary growth, both processes are expressed in
relative values (percentage of completion).

4. Discussion

Our aim was to provide insight into the role climate factors play in controlling Py owth
and Sgrowth 0f Norway spruce on two studied plots located at different altitudes. The
results confirm our third alternative tree response, in that both processes are not constant
over time and are strongly dependent on current climatic conditions, mainly during the GS.
The onset, end and duration of Pgowi, differed between studied plots and years as well.
On the contrary, Sgrowth showed only significant differences between years and growth
duration. Sgrowth began earlier than Py, but there was no observable difference in
the time-lag of Pgrowth and Sgrowtn between the two plots located at differing elevations
(Table 3, Figures 6 and 7).

4.1. Variation of Climatic Conditions and GS Prolongation

Overall, the major driving factors for forest ecosystems and their productivity are the
photoperiod and daylight cycles [36] in the Northern Hemisphere. It is generally known
that the onset of wood formation is a function of photoperiod, temperature, moisture
availability, spring forcing, and winter chilling; these external factors are critical for the
closely linked processes of Pgrowtn and Sgrowtn [37]. The critical day length for Norway
spruce provenances growth at around 55° of northern latitudes is 16 h [38]. In the case of
the Czech Republic, the daily duration of light availability at the time of primary growth
activity (budbreak) is around 14.3-15.1 h, with the maximum angle of the Sun above the
canopy around 60°.
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Therefore, many life-cycle events of plants that depend on a certain season respond to
day length signals, while other environmental factors such as temperature and light quality
continue to be important [36,39]. Temperature is also involved in the control of the growth
cycle [40]. The growth pattern for Norway spruce is fixed, but an increase in temperature
will potentially affect the phenology and dormancy of plants [40-42]. Trends for Central
Europe in 2051-2080 have predicted a dangerous increase in summer temperatures in the
range of +1.5-2.6 °C [43]. We observed annual air temperatures more than 1 °C above LTM
between the years 2016 and 2019. In the case of the GSse(, there was a shift of more than
1.7 °C for the lower elevation study plot (Rajec).

The importance of water availability for tree growth at low elevations is supported by
previous studies, e.g., [44-47]. The range of annual precipitation in the lower plot (Rajec)
showed that some years limited the growth of Norway spruce. Especially in the dry year of
2018, there was only 68% of the total sum of precipitation observed in the lower study plot
(Rajec) and growth was markedly reduced during the GS. The total deficit of precipitation
during the GS was 92 mm of precipitation according to Tolasz et al. [48]. On the other hand,
the Bily Kriz plot, at a substantially higher elevation, only showed a precipitation deficit
during GS 2018.

The length of the GS is affected by the increased air temperatures of a warming
climate [12,49]. Our study confirmed this connection. The length of the GS was prolonged
significantly, more so at the higher elevation study plot. At Bily Kriz, we observed a
dramatic 50-day increase in the number of days with a temperature above 15 °C (vegetation
summer) compared to LTM. Menzel and Fabian [12] reported that spring events such as
budbreak have advanced by 5 days and the average annual GS has lengthened by 10.8 days
since the 1960s. While climate warming reduces the occurrence of frost events, the warming-
induced lengthening of the GS of plants in the Northern Hemisphere may actually induce
more frequent frost days during the start of the GS [49].

4.2. Sgrowth Started Earlier Than Pgrowth

The onset of Sgowin did not differ along the gradient of microclimatic parameters
(Ta, P, VPD); however, the differences in climatic conditions between sites caused a shift
in the onset of Pgoym- It seems that the onset of Pgrowih and Sgrowtn are regulated by
different threshold values or trigger mechanisms so other variables need to be considered.
The onset of Pgowin is described as a function of photoperiod and only modulated by
the temperature [36]. The study plots significantly differ in temperature and amount of
precipitation. At higher elevation, there is a high probability of late frost, and spruce trees
are sensitive to frost probability at early phenological stages [50].

There were no differences in the onset of Sg;owih between the sites. A similar finding
has been reported for wider elevation gradients (400-1000 m.a.s.1.) of spruce plots [42].
Temperature was described as the main factor controlling the onset of Sgown. There were
no differences in the timing of Sgowin Onset, but Sgowin began earlier in higher tempera-
tures. Sgrowth began at a daily average temperature (10 days before Sgrou 1, inhibition) of
8.7 °C in Bily Kriz and 10.0 °C in Rajec. We speculate that the onset of Sgyowih is @ not linear
function of the temperature, but that water balance also needs to be considered. It appears
that there must be sufficient water available for the onset of Sgrowih. In certain instances,
the products of photosynthesis could be used as a protection against drought-induced
mortality [51] but could cause delays in the onset of Sgrowth-

Although the precise determination of cell division and cell enlargement from SDV is
still being investigated by the scientists, numerous studies provided mechanistic models of
how to separate irreversible growth and water related stem contraction [52,53]. One of these
models was used in case of this study [26]. The zero-growth concept assumes that there is
no growth under the period of stem shrinking. When the current value of SDV exceeded
the previous maximum value, the period of increases is attributed to irreversible stem
growth. Time overlaps between irreversible stem radial growth (automatic dendrometer)
and wood formation (micro-coring) were evaluated in many studies [54-57]. Based on
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the methodology which we used, we assume that irreversible growth detected in SDV is
directly associated with cell division and cell enlargement (i.e., Sgrowth)-

4.3. Timing of Pgrowth and Sgrowth Regulated by Different Triggers

As mentioned above, the inter-annual variability in the timing of Pgrowi and Sgrowth
is strongly affected by climatic conditions. These growth processes (bud development
or cambial activity) are driven and synchronized differently by many environmental
factors [58]. The timing of onset/end of both types of growth processes is strongly affected
by actual climatic conditions. For example, a significant shift in the onset of Pgrowin and
Sgrowth Was observed in the spring of 2018 when both processes began earlier due to the
extremely warm April, with temperatures of +5.5 °C in Rajec and +5.4 °C in Bily Kriz above
the LTM (Figures 4 and 5). The drought and heat wave (according to Blauhut et al. [59])
which were observed during GSsec in 2018 disrupted Sgyowin mainly in the Rajec plot
(Figure 5). Lisar and Agdam [60] confirmed that drought (water stress) is one of the most
important environmental stressors and occurs for several reasons. These reasons include
low rainfall, salinity, high or low temperatures, and high intensity of light, among others.
On the other hand, a cold and rainy spring in 2019 caused a significant delay of Pgrowin
(Figure 7). However, internal factors such as phytohormones and rate of photosynthesis
(carbohydrates) need to be taken into consideration [61]. The onset of Sgyowin is frequently
associated with the activity of the hormone auxin [61,62], which is formed in the buds and
consequently distributed to the other parts of the plant. In our study, the onset of Sgowtn
occurred before Py - This finding is in agreement with results of Gricar et al. [61], and
further supports the suggestion that the auxin present in dormant cambium is sufficient for
cambial reactivation. This could hypothetically remove the need of fixed time coincidence
of primary and secondary growth.

Photosynthetic rate and consequent stem radial growth are ultimately reduced under
a drought period or other stress conditions [61]. In particular, a wide variability in the
termination of Sgyowin Was observed. The timing of the Sgrowin period was observed from
DOY 132 to DOY 265. This is the part of the year where dry periods occur the most
frequently. Termination of Sgow, affected by a drought period was also reported by
others [42,63]. Pgrowih was not affected in the same level as Sgrowin. We assume that the
lack of precipitation in the time of Pgrown (first third of the GS) is compensated by the wet
soil remaining after the winter period [64]. This would mean that Py oy, Occurred at times
with a low risk of water scarcity.

5. Conclusions

We investigated the dynamics of primary and secondary growth using a novel method-
ological approach. The high temporal resolution of the data collected for primary growth
(apical meristem phenology) measured by phenocameras and secondary growth (radial
growth) measured by automatically dendrometers allows us to compare the timing and
sensitivity of these growth processes. All measured climatic parameters showed significant
shifts according to LTM (1961-2010). We observed a significant shift of the length of the
GS (more than 50 days), which strongly affected the timing of primary and secondary
growth. In the case of precipitation, the higher plot showed a lower deficit of total sum of
precipitation. In the year 2018, there was detected a critical amount of annual precipitation,
only 69% of LTM. The most extreme year according to weather conditions was 2018, with
temperatures above LTM and dry periods that caused the earliest onset of both types of
growths. On the other hand, these weather conditions were extremely unfavorable for
secondary growth. Onset and end of primary growth significantly differed between locality
and years, but the onset of secondary growth did not follow the gradient of microclimatic
parameters. On average, secondary growth requires 71 days more than primary growth to
reach full process completion. Despite an increasing number of meteorological extremes,
continuously monitoring primary or secondary growth can help to predict the health status
of forests in the near future.
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