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A B S T R A C T

Silver fir (Abies albaMill.) is a flexible European tree species, mainly vegetating within the mountainous regions of
Europe, but its growth responses across its latitudinal and longitudinal range have not yet been satisfactorily
verified under changing environmental conditions. This study describes the tree-ring increment of silver fir in
research plots across a latitudinal gradient from the northern range in Czechia (CZ), through Croatia (HR) to the
southernmost range in Italy (IT). The research aims to analyze in detail the dynamics and cyclicity of the ring-
width index (RWI) and how it relates to climatic factors (temperature and precipitation), the North Atlantic
Oscillation (NAO), and total solar irradiance (TSI), including the determination of latitude. The results show that
the main drivers affecting fir growth are the seasonal NAO index and TSI. Monthly temperatures affect RWI early
in the vegetation season, while lack of precipitation during the summer is a limiting factor for fir growth,
especially in July. Seasonal temperatures and temperatures in June and July negatively impact, while seasonal
precipitation totals in the same months positively influence the RWI in all research plots across meridian. The
longest growth cycles in fir RWI were recorded in the northernmost studied plots in CZ. These cyclical fluctuations
recede approaching the south. The cyclic increase in RWI is related to the TSI, which decreases its effect from
north to south. The TSI's effects vary, positively impacting CZ but negatively influencing HR while remaining
relatively neutral in IT. On the other hand, seasonal NAO tends to negatively affect silver fir growth in HR and CZ
but has a mildly positive effect in IT. In conclusion, the TSI and the influence of the seasonal NAO index are
prevalent in the fir RWI and are accompanied by a greater cyclicity of RWI in Central Europe (temperature op-
timum) than in the Italian Mediterranean region, where this tree species is limited by climatic conditions,
especially lack of precipitation.
1. Introduction

The natural distribution of silver fir (Abies albaMill.) is in Central and
Southern Europe, with the core areas of its distribution located in areas
with relatively high precipitation during the growing season (Konnert
and Bergmann, 1995; Vola�rík and H�edl, 2013; Gazol et al., 2015). The
silver fir distribution in the Mediterranean area is limited by climate
change, where the tree species is retreating to higher mountainous areas
k).
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during the recent years. Due to increase in average temperatures, climate
change allows for the expansion of this tree species to North-Eastern
Europe, provided that precipitation is sufficient (Ani�c et al., 2009;
Ruosch et al., 2016; Vitasse et al., 2019). Currently, fir is experiencing an
increase in economic importance, making it an alternative to spruce in
the restoration of monocultures in Central Europe during climate change
(Vacek et al., 2023; Bosela et al., 2019; Mikulenka et al., 2020). At lower
latitudes, fir distribution is limited mainly by insufficient precipitation
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(Pinto et al., 2008; Podr�azský et al., 2018), which can be compensated by
higher soil water content and abundant atmospheric moisture in valleys
or localities with adequate ground moisture (Vitasse et al., 2019).
However, fir does not tolerate permanently waterlogged habitats
(Ku�cerav�a et al., 2013). The other aspects determining its northern limit
of distribution and growth in mountainous areas are low temperatures
and spring frosts (Maxime and Hendrik, 2011; Gazol et al., 2019).

Silver fir expands to new habitats much slower than European beech
(Fagus sylvatica L.) (Magri, 2008) or Norway spruce (Picea abies (L.)
Karst.) (Caudullo et al., 2016; Tinner and Lotter, 2006). It is tolerant to
shading and can grow at an older age after the canopy opens (Ku�cerav�a
et al., 2013). Compared to beech, it tolerates frosts better but not
droughts (Maxime and Hendrik, 2011). The expansion of fir was previ-
ously limited by the impact of the air pollution calamity in the late 20th
century when acid rain reduced fir stands in mountainous areas in Cen-
tral Europe (Vacek et al., 2023; Kol�a�r et al., 2015; Mikulenka et al.,
2020). Ultimately, the natural regeneration of fir is strongly limited by
wildlife-induced damage (Vola�rík and H�edl, 2013; Slana�r et al., 2017;
Vacek, 2017).

Climate change negatively affects the growth of forest tree species,
the so-called divergence between drought and precipitation distribution
in Europe (Stagge et al., 2017; Vacek et al., 2023). Among other things,
this is caused by rising air temperatures, which are also reflected in more
frequent and longer dry periods (Saffioti et al., 2016; Kelebek et al., 2021;
Oss�o et al., 2022). The climate of Europe is significantly influenced by the
North Atlantic Oscillation (NAO) and divergent wind patterns, but these
vary with climate change and may affect climatic conditions differently
along latitudinal gradients. In particular, the NAO at the beginning of the
vegetation season slightly influences temperatures of the summer
(Kjellstr€om et al., 2013).

The NAO has been linked to both precipitation and the influence of
the airflow on dry seasons (Tsanis and Tapoglou, 2019). Precipitation
totals in Central and Southern Europe are significantly influenced by
NAO and are also significantly related to the solar cycle (Laurenz et al.,
2019). Solar cycles influence European temperatures and indirectly affect
NAO as well (Bice et al., 2012). The sunspot number cycle is associated
with the cloud formation (and properties) in the atmosphere, which is
also caused by cosmic ray ionization, and thus indirectly related to the
cooling or warming of the planet (Jayaraman et al., 1998; Haywood and
Boucher, 2000; Maghrabi and Kudela, 2019). The solar cycle can also
affect jet streams, making them either direct or blocked, resulting in ir-
regularities in the NAO over the solar cycle (Hall et al., 2015; Ma et al.,
2018).

The circulation of NAO is determined by a positive or negative phase.
A negative phase can bring cooler weather with less precipitation to
Central Europe and warmer weather with more precipitation to the
Mediterranean region. Conversely, the positive phase of NAO can cause
warmer wet weather in Central Europe and cooler dry weather in the
Mediterranean (Vicente-Serrano et al., 2011; Yao and Luo, 2014; Steirou
et al., 2017; Tatli and Menteş, 2019).

Recently, there has been a continuous increase in air temperature in
the northern hemisphere which is dissipated by the NAO flow, especially
in winter and pre-spring. Conversely, in summer and autumn, the impact
of NAO on temperature evolution is less prominent (Iles and Hegerl,
2017). When NAO is blocked, significant frost often occurs during the
winter period, and conversely, high temperature extremes develop dur-
ing a positive NAO (Diao et al., 2015). However, overall, NAO appears to
influence the pattern of precipitation more than temperature (Kjellstr€om
et al., 2013; Lüdecke et al., 2020).

The influence of the NAO and the solar cycle is also reflected in the
annual growth of trees. Across Europe, there may be different responses
between NAO and tree-ring analyses, but the relationship is not spatially
regular and is often associated with other indirect effects of local climate
and seasonal tree growth (St. George, 2014). However, NAO can have a
considerable indirect influence on tree-ring increment, primarily during
February, when precipitation can affect future groundwater levels at the
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site (Akhmetzyanov et al., 2023). For example, European beech tree-ring
increment in central Italy shows minimal variation and association with
NAO (Piovesan et al., 2008). In Central Europe, however, there have been
changes in tree-ring increment responses to the NAO over the last cen-
tury, with the 20th century showing different trends than the 19th cen-
tury (St. George, 2014). The circulation of NAO is immediately affected,
but also up to three years in the solar cycle retroactively, causing jet
streams to be blocked again (Gray et al., 2016). Therefore, the solar cycle
may also be reflected in the tree-ring growth in Europe. It appears, for
example, in tree rings in Russia (Shumilov et al., 2011; Kasatkina et al.,
2019), Portugal (Dorotovi�c et al., 2014), Bulgaria (Komitov, 2021), or
even Central and Southern Europe (Surový et al., 2008; �Simůnek et al.,
2021b).

The total solar irradiance (TSI) represents the amount of solar energy
received at the top of the Earth's atmosphere (Lean et al., 2005). The
sunspot cycle manifests in the TSI, which causes the oscillation de-
viations with solar cycle (Lean et al., 1995; Kopp et al., 2016). For the
global surface temperature anomaly, the TSI and cloud covers have
played a significant role (Singh and Bhargawa, 2020). The TSI is a part of
the influence from the solar cycle and solar forcing from Top-down
(theory working on direct solar radiation and UV influence) and
Bottom-up mechanisms (indirect solar effect on the air circulation
mechanisms), while these kinds of forcing do not amplify direct forcing
by a large amount.

Two primary theories, the Top-down and Bottom-up mechanisms,
attempt to explain how solar cycles affect climate patterns. The Top-
down mechanism emphasizes the role of solar radiation, particularly
total solar irradiance (TSI), in directly impacting atmospheric processes.
The variability in TSI influences the Earth's energy budget, affecting
temperature and weather patterns. Numerous studies have explored the
relationship between TSI and climate parameters (Wang et al., 2005;
Gray et al., 2010).

On the other hand, the Bottom-up mechanism focuses on the indirect
influence of solar activity on climate through modulating atmospheric
circulation patterns. The NAO is a key component in this theory, repre-
senting the fluctuations in atmospheric pressure over the North Atlantic
region. NAO phases, as highlighted in works, are associated with distinct
climate patterns in Europe (Hurrell, 1995; Jones et al., 1997).
Solar-induced changes in atmospheric circulation, as proposed by the
Bottom-up mechanism, can impact regional climates and subsequently
influence tree growth, as observed in dendrochronological studies (Esper
et al., 2002; Büntgen et al., 2012).

The interplay between TSI, NAO, and the solar cycle is complex and
interconnected. TSI acts as a direct driver in the Top-down mechanism,
influencing temperature and weather, while NAO, in the Bottom-up
mechanism, reflects the solar-induced changes in atmospheric circula-
tion that contribute to regional climate variations.

The influence of the NAO and the TSI in relation to the solar cycle has
not been considered in the most recent scientific works regarding the
analysis of tree-ring increment in the Central European region in context
to southern European region. Therefore, the main objective of this paper
is to describe the factors influencing the tree-ring growth of silver fir in a
geographical gradient of sites lying on the 16th meridian from Central
Europe to the south of the Apennine Peninsula. The study evaluates the
period from 1990 to 2021, in which the most intense changes in air
temperatures occurred, creating divergence in the sensitivity of the tree-
ring data to climate (St. George, 2014) and in the response of tree species
to altitude to warmer air temperatures (Di Filippo et al., 2007; Tumajer
et al., 2017), while this time period also excludes the effect of the air
pollution effect in the Czech republic sites (Kol�a�r et al., 2015; Putalov�a
et al., 2019; Mikulenka et al., 2020). The aims of this study are (i) to
determine the influence of climatic factors (temperature and precipita-
tion), NAO, and TSI on the tree-ring growth of silver fir across the
geographical latitudinal gradient of distribution and (ii) to analyze the
cyclical characteristics and fluctuations of the tree-ring increment of
silver fir from Central to Southern Europe.
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2. Methods

2.1. Study area

The study area is located across the European distribution of silver
fir—from Czechia (CZ) in the north, through Croatia (HR) to the southern
edge of the distribution in Italy (IT) (Fig. 1). Research plots were estab-
lished in mountainous areas (660–1,334m a.s.l.) with natural presence of
silver fir with a mean age of 60–74 years, with admixed Norway spruce
and European beech. The research plots are located near the 16th me-
ridian focusing on the occurrence of fir in those forest environments.
Three mountain ranges were selected for the study, with three research
sites chosen in each mountain range to capture the growth variability in
the areas studied. In Czechia, the northernmost study sites are located in
the Hrubý Jeseník Mountains. In Croatia, the Medvednica Mountains,
which is in the middle of its natural range, and in Italy, the plots are
located in the Lucanian Apennines in the southernmost part of the firs’
range (see Table 1). Typologically, the communities belong to the asso-
ciation Luzulo-Abiete-tum albae and Vaccinio vitis-idaeae-Abietetum albae
Oberdorfer 1957.

The precipitation and temperature conditions are different for each of
the states, characterized by the meteorological station. Detailed climatic
conditions of the research plots are described in Table 2. In Czechia, the
research plots, according to the K€oppen classification, are located in the
Fig. 1. Location of research plots (upper figure) in Czechia, Croatia, and Italy with
with the 16-meridian highlighted. Meteorological and data indicators (down part) u
1990–2021: (a) monthly temperature; (b) monthly precipitation; (c) monthly TSI nu
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Dfb humid continental climate, characterized by hot summers and cold
winters. In Croatia, the research plots are in the Cfa humid subtropical
climate, characterized by humid summers and cool to mild winters.
Italian research plots are located in Csb, a warm-summer Mediterranean
climate characterized by a dry-summer climate (K€oppen, 1936). The
duration of the growing season spans from 120 to 140 days.
2.2. Data collection

For dendrochronological analysis of the samples, silver fir increment
cores were obtained using the Pressler auger (Hagl€of, Långsele,
V€asternorrland, Sweden) at a height of 1.3 m above the ground,
perpendicular to the trunk axis. Structurally homogeneous fir stands with
a full stem density were selected for sampling. Samples were collected in
50 m � 50 m research plots from randomly selected (RNG function,
Excel) healthy dominant and co-dominant trees according to the Kraft
classification (Kraft, 1884), as the significant growth response (compared
to sub-dominant and suppressed trees, Reme�s et al., 2015). The average
diameter of the evaluated trees at breast height was at least DBH > 20
cm. All tree heights on the research plots were measured with a Laser
Vertex hypsometer (Hagl€of, Långsele, V€asternorrland, Sweden) with an
accuracy of 0.1 m. The DBH of all trees was measured using a Mantax
Blue metal caliper (Hagl€of, Långsele, V€asternorrland, Sweden) with tool
accuracy of 1 mm. A total of 315 dendrochronological samples were
the meteorological stations used for dendrochronological analyses (black flags)
sed in the research describes average monthly average value in calendar year in
mber and NAO.



Table 1
Basic site and stand characteristics of silver fir research plots.

Plot name Location Altitude
(m a.s.l.)

Exposure Slope
(%)

Mean
(m)

Mean
(cm)

Volume
(m3⋅ha�1)

Soil type Climate class

CZ_1 50�2204000N
16�2104100E

790 S 10 21.2 25.8 346 Cambisols Dfb

CZ_2 49�5603400N
17�1304900E

660 SE 3 23.6 31.8 387 Gleysol Dfb

CZ_3 49�5603600N
17�1304700E

670 SE 3 22.1 28.9 398 Gleysol Dfb

HR_1 45�5403000N
15�5803300E

923 E 4 19.4 28.4 246 Cambisols Cfa

HR_2 45�5401700N 15�5800900E 978 SE 2 22.6 32.2 361 Cambisols Cfa
HR_3 45�5500300N 15�5804900E 876 SE 2 21.4 28.7 227 Cambisols Cfa
IT_1 40�4200300N 15�4305000E 944 NW 10 18.7 23.0 220 Cambisols Csb
IT_2 40�3004200N 15�4600100E 1,324 NE 9 21.8 27.4 288 Cambisols Csb
IT_3 40�2400900N 15�5605700E 1,158 N 9 25.4 28.1 289 Cambisols Csb

Notes: climate classification according to K€oppen (1936): Cfa—humid subtropical climate, Csb—Warm-summer Mediterranean climate, Dfb—warm-summer humid
continental climate.

Table 2
Basic site stand characteristics of silver fir plots.

Plot Met. station
name

GPS of met. station Station altitude
(m a.s.l.)

Distance to
plot (km)

Seasonal period
(range)

Annual
temp. (�C)

Seasonal
temp. (�C)

Annual prec.
(mm)

Seasonal prec.
(mm)

CZ_1 Sv�etl�a Hora 50�0204600N
17�2305000E

593 82.3 May–September 6.6 13.9 661 363
CZ_2 15.5
CZ_3 15.3
HR_1 Puntijarka 45�54028.800N

15�58004.800E
988 0.6 May–September 7.4 14.3 1255 585

HR_2 0.2
HR_3 1.5
IT_1 Potenza 40�37047.900N

15�48000.200E
720 9.8 May–September 12.5 18.9 695 209

IT_2 13.4
IT_3 28.3

Notes: Met.—meteorological; Temp.—mean year air temperature; Prec.—annual precipitation.
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collected, out of which 289 samples were selected for further dendro-
chronological analyses.

Tree-ring width was measured on all the increment cores using a
LINTAB measuring table equipped with an Olympus microscope. The
measuring table has a precision of 0.01 mm, and the TSAP-Win software
was utilized to record the chronologies of each tree-ring width. (Rinn-
tech, 2010). Subsequent cross-dating of the measured tree-ring cores was
carried out using Cdendro software (Cybis Elektronik & Data AB, Swe-
den). The cross-correlation index (CC) for measured tree-ring sample was
greater than C > 25 compared to the other samples (Larsson, 2013).

Monthly air temperature and precipitation data for Czechia were
obtained from the Czech Hydrometeorological Institute, Prague (�CHMÚ,
2022). Monthly air temperature and precipitation data from Croatia were
provided by the Croatian Meteorological and Hydrological Service
(DHMZ, 2022). Monthly air temperature and precipitation data from
Italy were provided by the Italian Civil Protection Authority, Region
Basilicata (PCRB, 2022). The TSI data were taken from the Solar In-
fluences Data Analysis Center from Royal Observatory of Belgium,
Brussels (Dewitte and Nevens, 2016; Dewitte et al., 2022; Royal Obser-
vatory of Belgium, 2023). Data on annual and monthly NAO index are
calculated from Gibraltar and SW Iceland and were taken from the Cli-
matic Research Unit, University of East Anglia (Jones et al., 1997;
CRU-UEA, 2022). Fig. 2 shows the primary precipitation, temperature,
TSI, and NAO data, used in this study. This figure also indicates the range
between monthly seasonal and of seasonal precipitation to temperature
on the plots in CZ, HR and IT.
2.3. Data analysis

Silver fir dendrochronological data were processed in R software
(Team R Core, 2022) using the “dplR” package (Bunn, 2008, 2010). The
detrending of each tree-ring chronology was conducted by fitting a
4

negative exponential curve with interleaved splines using the "dplR"
package instructions (Bunn et al., 2018). This detrending eliminates the
age-related trend while retaining low-frequency climate signals (Fritts,
1976; Cook et al., 1990). From detrended tree ring curves, an average
tree-ring series was calculated, like a robust mean from individual
measured samples, which builds a mean value chronology. An expressed
population signal (EPS) was computed for the detrended tree-ring data.
The EPS indicates the reliability of a chronology by measuring the pro-
portion of the combined variance within the hypothetical infinite tree
population. To ensure data suitability for climate comparison, a signifi-
cant EPS threshold of EPS > 0.85 was applied (Bunn et al., 2018). We
computed various indices to assess the characteristics of the chronology,
including the signal-to-noise ratio (SNR) that measures the signal
strength, inter-series correlations (R-bar) indicating the relationships
between series, and the first-order autocorrelation (Ar1) capturing the
temporal dependencies within the series (Fritts, 1976; Wigley et al.,
1984). The EPS, SNR, R-bar, and Ar1 indices were computed using the
guidelines provided in the "dplR" instructions (Bunn and Korpela,
2018a). These indices are based from known fundamental principles in
dendrochronology (Fritts, 1976; Cook et al., 1990; Speer, 2010). A
description of the dendrochronological characteristics is provided in
Table 3.

Spectral analyses of the data were performed using Statistica 13
software (StatSoft, 2013). The calculation was performed using the
“Single Fourier (Spectral) Analysis” function, using the “Periodogram”

plot by “Period” output. In addition, correlation coefficients and
cross-correlations were calculated using this software, with the threshold
for statistically significant correlation results set at standard p < 0.05. A
wavelet plot was also created using the “signal” and “dplR” software
packages for silver fir dendrochronological data for the period 1990 to
2021 (Ligges et al., 2015; Bunn et al., 2018).

Precipitation and temperature analyses are characterized by the



Fig. 2. Institutional or open access data (1990–2021) used in this study: (a) Temperature and seasonal temperature of utilized meteorological stations; (b) Precip-
itation and seasonal precipitation from the participating meteorological stations; monthly precipitation to temperature in point graph for seasonal and off-seasonal
monthly data for plot (c) CZ, (d) HR and (e) IT; (f) NAO index and TSI data.

Table 3
Characteristics of tree-ring chronologies for silver fir for research plots in 1990–2021.

Plot name No. trees Mean RW (mm) SD RW Mean min–max (mm) Age min–max Ar1 R-bar ESP SNR

CZ_1 30 2.37 1.09 1.40–4.57 47–76 0.77 0.44 0.96 22.97
CZ_2 32 3.34 1.25 1.94–4.85 42–68 0.67 0.45 0.96 24.98
CZ_3 35 3.28 1.18 2.24–4.96 41–63 0.69 0.45 0.97 29.13
HR_1 33 2.12 1.21 1.42–3.21 51–76 0.70 0.27 0.91 9.52
HR_2 31 2.17 1.26 1.35–2.99 54–75 0.80 0.30 0.91 10.43
HR_3 31 2.21 1.86 1.33–3.18 51–73 0.74 0.30 0.91 10.43
IT_1 33 2.92 1.42 1.85–4.59 38–71 0.71 0.24 0.91 10.61
IT_2 29 3.08 1.76 2.06–4.15 38–66 0.75 0.25 0.90 9.41
IT_3 35 2.33 2.33 1.74–3.40 42–75 0.67 0.41 0.95 18.69

Notes: No. trees—number of trees; Mean RW—mean ring width in mm; SD RW—standard deviation from ring width in mm; Mean min–max—average ring width
increment of the smallest and largest of core sample in the plot; Age min–max—age range of youngest and oldest sample tree; Ar1—first order autocorrelation; R-
bar—inter-series correlation; EPS—expressed population signal; SNR—signal-to-noise ratio.
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nearest climate station for each state (Table 2). The data used for analyses
were transformed into yearly sampled (annual interval) data series. The
precipitation, temperature and NAO datasets were performed from
monthly dataset intervals into the yearly intervals. The monthly data sets
were separated into the more detailed factors. The TSI data were ac-
quired as daily records and were converted into monthly values by taking
the arithmetic average of all days within a month. We used classical
annual data, which represent the arithmetic average the 12months in the
year, and this method was applied to calculate temperature, TSI, and
NAO. Precipitation was calculated as the total sum for each of the 12
months in the year. These annual indicators used in our study are
described in the results as temperature, precipitation, NAO, and TSI.

The monthly period fromMay to September was used to calculate the
yearly interval seasonal data. Seasonal temperature, seasonal TSI, and
seasonal NAO were calculated as the arithmetic mean of the monthly
values for those seasonal months. To calculate seasonal precipitation,
5

sums of monthly precipitation totals for the given seasonal periods were
used. This seasonal windowwas intentional to minimize variability in the
beginnings and ends of the growing season. Seasonal data evaluated in
this time window reflect the actual vegetation period common to all
research plots.

The data named as P10–C4 indicates the data interval between the
months of October of the previous year to April of the current year while
this interval describes cumulative effect in the off-season period. The
data named as C6-7 indicates the data interval between the months of
June to July in the current year while this data shows the strongest effects
during the vegetation period.

The principal component analysis (PCA) was performed in the CAN-
OCO 5 program (�Smilauer and Lep�s, 2014) to evaluate the relationships
between the radial width index, air temperature, precipitation, total solar
irradiance and North Atlantic oscillation for Czechia, Croatia, Italy and
all countries together in period 1990–2021. Prior to analysis, the data
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was standardized, centralized and logarithmized. The results of PCAwere
presented in a species and environmental variables diagram.

DendroClim 2002 software was used to analyze monthly correlations
between the detrended RWI (ring-width index) and temperature, pre-
cipitation, NAO index, and TSI. This software was applied to analyze the
response and correlation functions during the months from May of the
previous relative vegetation season to September of the current relative
vegetation season (Biondi and Waikul, 2004). This software operates
with RWI (in annual intervals) and compares it with individual monthly
data, which are used once per year interval. Through this step, the soft-
ware creates an average curve for a given month, allowing for a com-
parable annual interval of RWI with the yearly interval of that month.
The advantage of these monthly correlations is that they describe the
course of RWI throughout the year, which may be useful in depicting the
influence of our studied factors. The benefit of this analysis is that it il-
lustrates how RWI behaves concerning the solar cycle and NAO in
monthly intervals, concurrently describing the impact of precipitation
and temperature on RWI from the previous growing season to the.

3. Results

3.1. Silver fir tree rings in relation to NAO, TSI and climate

The research plots show different growth of silver fir in the context of
latitude over the study period from 1990 to 2021 (Fig. 3). The tree-ring
analyses in CZ show a cyclical skewing of the tree-ring series in all
research plots, and this skewing is visually replicated in the TSI data
(Fig. 3a). However, the similarity to the NAO waveform is smaller in the
CZ plots than for the TSI (Fig. 3d). The fluctuations with the TSI during
solar cycle are lower in the HR research plots (Fig. 3b), but the waveform
of the tree-ring growth reflects the course of the NAO better (Fig. 3e).
Research plots in HR are much less cyclic and form shorter fluctuations
that vary from year to year. Research plots in IT show the least similarity
to the course of the seasonal NAO and TSI (Fig. 3c, f). Regarding fir
growth fluctuations, the tree-ring analyses are most balanced in IT and do
not show considerable variation among the RWIs.

In terms of NAO indicators, the RWI of research plots in the PCA
(Fig. 4a, b, c) indicates that the seasonal NAO index has the highest link
with plots in CZ, HR, and IT. High connections of the RWI were also
observed with the seasonal NAO for all plots in the overall PCA (Fig. 4d).
The influence of NAO C6-7 on the RWI was less pronounced than that of
Fig. 3. Ring-width index (RWI) of silver fir on research plots in 1990–2021 compare
(b) Croatia, (c) Italy; RWI and NAO index in (d) Czechia, (e) Croatia, (f) Italy.
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the seasonal NAO. Conversely, the annual NAO had the least impact
among the NAO factors.

According to the PCA, all factors of TSI (annual TSI, seasonal TSI, TSI
C6-7, and TSI P10–C4) showed the highest link with RWI in research
plots in CZ, followed by HR. However, plots in IT exhibited the weakest
relationship with TSI indicators and RWI. Consequently, the significance
of TSI diminishes in research plots from north to south. In Fig. 4d, rep-
resenting the overall PCA, TSI emerges as the most influential indicator.
Additionally, this figure illustrates that research plots in CZ followed the
solar cycle, while plots in HR exhibited an antiphase relationship with
the solar cycle according to RWI. Plots in IT did not show a clear link to
TSI, and their response to studied factors appeared more random.
However, the RWI of plots in IT was more closely related to seasonal
temperature and temperature in C6-7, with precipitation in C6-7 and
seasonal precipitation emerging as more significant factors compared to
TSI in Italian plots.

In almost all countries (Fig. 4a, b, c), seasonal precipitation and
precipitation in C6-7 positively associate with RWI, while seasonal
temperature and temperature in C6-7 consistently exhibit a negative
correspondence. Therefore, temperature during the season consistently
emerges as a negative factor for the radial growth of silver fir in all
countries.

The RWI tree-ring series are also often influenced by monthly tem-
perature, precipitation, TSI, or NAO, according to the recorded data.
Thus, there may be a significant correlation with the RWI data that most
influences the tree-ring increment, but often is a combination of several
factors (Fig. 5). This graph is intended to demonstrate how the RWI be-
haves during the pre-growing season and the current growing season
against studied factors. The highest observed correlations (p < 0.05)
between RWI and monthly data were observed for TSI in HR, specifically
for HR_1, HR_2, and HR_3. The TSI in HR correlates with RWI in almost
all months, with correlations having similar negative results for the
current relative and previous vegetation season. Furthermore, many
correlations were observed in the CZ research plots. The significant re-
sults were recorded in the research plot CZ_1. Research plot CZ_2
recorded the most results during the current vegetation season from June
to September, and CZ_3 had a significant result in July and August of the
current year. Research plots in IT observed the least values between TSI
and RWI. Correlations (positive) were only found for plot IT_2 in
September of the current year, and plot IT_3 was correlated (negative) in
August of the current year.
d with TSI number and NAO index: RWI and TSI in research plots in (a) Czechia,



Fig. 4. Ordination diagram showing results of the
principal component analysis of relationships between
the radial width index (RWI), temperature
(TemAnn—annual temperature, TemSea—seasonal
temperature, Tem6-8—temperature from June to
August of the current year, Tem10-4—temperature
from October of the previous year to April of the
current year), precipitation (PrecAnn—annual pre-
cipitation, PreSea—seasonal precipitation, Pre6-
8—precipitation from June to August of the current
year, Pre10-4—precipitation from October of the
previous year to April of the current year), total solar
irradiance (TSI, TSI6-8—total solar irradiance from
June to August of the current year, TSI10-4—total
solar irradiance from October of the previous year to
April of the current year) and North Atlantic oscilla-
tion (NAO, NAO6-8—North Atlantic oscillation from
June to August of the current year, NAO10-4— North
Atlantic oscillation from October of the previous year
to April of the current year) for three research plots in
Czechia (a), Croatia (b), Italy (c) and all countries (d)
in period 1990–2021.

Fig. 5. Correlation coefficients of RWI with monthly NAO index, TSI, temperature, and precipitation from May of the preceding year (all capital letters) to September
of the current year (lower case letters) for the period 1990–2021 only correlation coefficients with statistically significant values (α ¼ 0.05) are displayed.
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The results of RWI and monthly NAO index data show that research
plots in CZ and HR are negatively correlated, while they are positively
correlated in IT. Most correlations between RWI and NAO are in the
months of the vegetation season of the current year for almost all
research plots. Most common results between RWI in CZ and NAO were
recorded in July when all research plots (CZ_1, CZ_2, and CZ_3)
7

correlated negatively with the NAO index during the current vegetation
season. Research plots in HR correlated negatively with NAO from May
to June during the current vegetation season. Significant results for HR_1
were found for January and May in the current vegetation season. The
HR_2 plot correlates with NAO in June and August. The HR_3 plot cor-
relates in May, June, and August. The study areas in IT correlate
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positively with NAO, and significant results can be found in the previous
vegetation season. However, these IT plots have fewer common signifi-
cant months. July and August of the previous and current vegetation
seasons for IT_1 and IT_3 are worth mentioning.

Monthly precipitation is most similar to the NAO index and RWI
correlations, where significant values in June, July, and August show
opposite correlations to the NAO index. Concerning the NAO to RWI
correlations, these precipitation values may vary from plot to plot. In
general, precipitation most significantly affects fir growth in July. The
correlations of monthly temperatures to RWI are observed primarily at
the beginning of the vegetation season and even outside of it, where
positive correlations are observed from January to March. For tempera-
tures, positive correlations are recorded outside the vegetation season for
all three states surveyed. In the research plots HR_1 (May), IT_1 (July),
and IT_2 (June), negative correlations are recorded with averagemonthly
temperatures during the vegetation season. Monthly temperatures are
predominantly negatively correlated with RWI across all plots during the
growing season, whereas monthly precipitation totals mainly exhibit
positive correlations with RWI during the growing season. Some plots are
statistically significant with precipitation and temperature, some are not,
but the overall trend is evident from the results.
3.2. Cyclical tree-ring growth of silver fir from north to south

The spectral analysis in Fig. 6 reveals that the research plots in the CZ
and their RWI undergo the longest cycles, reaching values up to 0.30 on
Fig. 6. Single spectral analysis of silver fi
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the Periodogram Values axis at period nine or further. These 9þ year
cycles are the longest for the CZ plots (the northernmost plots), with the
short-term 3 to 5-year cycles being much smaller. Research plots in HR
experience more noticeable short-term cycles of around three to four
periods but reach the highest values on the Periodogram Values axis (up
to 0.45). Other cycles in HR are shorter and less intense when compared
to plots in CZ. However, the research plots in HR also experience 9 to 16-
year cycles that are smaller in terms of Periodogram values (up to 0.21).
The research plots in IT are the lowest in cyclicity and show different
periods in the RWI growth compared to the plots in HR and CZ. The
research plots in IT show 2 to 8-year cycles in RWI and are up to 0.11
regarding the Periodogram Values axis, which is almost three times
smaller compared to CZ and HR. Thus, in the IT plots, the increase in RWI
is non-cyclical compared to HR and especially CZ.

The wavelet power spectrum analysis in Fig. 7 shows that the research
plots have different cycles of RWI, but each state is characterized by its
basic periodic features. The research plots in CZ observed from 9 to 14-
year cycles. These observed cycles can be found in almost all CZ
research plots. The least observed is CZ_2 from 1990 to 2015, followed by
CZ_1 (significant cycle from 1997 to 2008), and the least cyclical vari-
ability is CZ_3 (significant cycle from 1995 to 2005). The RWI research
plots in HR experienced minor cyclical fluctuations that are below the
level of statistical significance and only observed 3.1-year periods for plot
HR_3. Research plots in HR are also characterized by 2 to 4-year cycles
that are less apparent than those in CZ. Research plots in IT show the
most divergent spectral analysis results. However, there are also
r RWI research plots in 1990–2021.



Fig. 7. Wavelet power spectrum for silver fir RWI research plots from 1990 to 2021. The thick black line represents the 95% significance level against the noise level.
Power2 describes a relative unit of variance comparable to time series.
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observed 3 to 4-year cycles for IT_1 circa 2015. For plot IT_3, an obser-
vation of cycle is found from 2010 to 2018 in a 9 to 7-year period. In this
context, it should be noted that the wavelet analysis shows comparative
results that are not common to all plots and only significant results are
shown here.
9

4. Discussion

4.1. Growth conditions for silver fir from Central Europe to the
mediterranean

The results of this study clearly show that silver fir tree-ring in-
crements react in all research plots with both TSI and NAO index, more
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than temperature and precipitation. The highest reactionwith the TSI has
even been recorded in the northernmost research plots in CZ and
decreased southward across HR and IT (Fig. 4d). In Czechia and Croatia,
the precipitation is concentrated mainly during the vegetation season,
while in contrast, in the Italian experimental plots (Figs. 1 and 2), the
highest precipitation comes during the winter season. Monthly precipi-
tation (according to Fig. 1) varies during the growing season fromMay to
September, ranging from 65 to 88 mm for CZ, 109–115 mm for HR, and
26–52 mm for IT (which is the opposite of the patterns observed in CZ
and HR) on average during the month. It can be suggested that when
precipitation is more influenced by NAO than temperature (Kjellstr€om
et al., 2013; Laurenz et al., 2019), this phenomenon most likely in-
fluences the occurrence of dry periods that negatively affects tree-ring
growth. In addition, there is also a strong link between drought vari-
ability in Europe and NAO (Vicente-Serrano et al., 2011, 2016). Cold
extremes may play an additional role in the variation of the tree-ring
analyses in Central Europe, thus being bigger than warm extremes in
terms of deviations from the monthly average (Diao et al., 2015), which
is supported by Figs. 1 and 2, where the CZ climate station shows the
lowest temperatures and is also the northernmost in the lowest altitude.

The influence of the solar cycle through TSI and the NAO index can be
observed from the results of this study. These are the different factors that
determine the variability of fir growth, primarily in Central Europe in the
research plots from CZ and HR. In IT, the research plots also show stable
development and a steady decrease in growth. The studied tree-ring se-
ries are also influenced by NAO, which are highly linked with research
plots in each of the studied countries. In the Mediterranean, fir decline
has been observed in recent years due to increased environmental aridity
(Gazol et al., 2019), but results from our mountain sites in IT show that fir
has stable non-cyclical increments compared to plots in HR and CZ. Since
1980, there has been a stronger response of tree-ring growth to the NAO,
which mainly influences local seasonal climate, especially winter tem-
peratures, which has been observed for spruce in Canada and Sweden, for
example (Ols et al., 2018). The effect of NAO has shortened in recent
years in Central Europe and reduced winter periods (Hern�andez-Almeida
et al., 2015). Understandably, winter frosts are responsible for the
reduced growth of silver fir in mountain areas (Mauri et al., 2016; Jar-
zyna, 2021).

In the Mediterranean, tree-ring series are typically limited by high
summer temperature, which has a delayed effect on tree growth. Fir is a
tree species that is poorly adapted to warm and summer drought con-
ditions (Nussbaumer et al., 2020; Walder et al., 2021), as confirmed in
Figs. 4 and 5, where research plots in IT and HR show a high opposite
trend with seasonal temperatures and temperature in mainly current
June and July (also can be seen in season) while precipitation has a
positive effect. With respect to monthly temperature distribution, the
areas in IT are more negatively affected, where negative correlations are
observed in May and June. The dry conditions prevailing during the
positive phases of the winter NAO have had a significant negative effect
on the plots located in the western and central Mediterranean, where the
influence of NAO has generally decreased over the last six decades (Chen
et al., 2015). Overall, a significant limiting factor for fir growth has been
the lack of summer precipitation, particularly in July (which confirmed
also PCA for precipitation in current June to July). Similarly, other
studies have documented that June and July are the most important
months in terms of the influence of climatic factors on fir radial growth
and cell production of wood formation (Maxime and Hendrik, 2011;
Cuny et al., 2013).

Precipitation during the growing season positively influences the
radial growth of fir trees, while temperatures exhibit a negative impact
on growth during season and individual months across all research plots
along the meridian. This indicates the dependence of fir trees on pre-
cipitation management. Conversely, higher temperatures during the
season often result in increased evaporation, intensifying drought con-
ditions for fir growth during the growing period. The positive effect of
precipitation and the negative impact of temperatures during the summer
10
season is a well-established phenomenon, widely documented, for
instance, in France (Lebourgeois et al., 2010). Similar outcomes
regarding the influence of temperature and precipitation during the
growing season on silver fir have been observed in Spain and Italy (Gazol
et al., 2015). It can be concluded that this pattern of precipitation and
temperature is a consistent phenomenon across Europe.

4.2. The solar cycle like a most visible cycle in silver fir tree rings across
latitude

Since 1990, the solar cycle has been present in silver fir tree-rings
across the results of PCA, but the 11-year cycle is also present in RWI
spectral wavelet analyses across the experimental plots. According to the
spectral analysis, research plots in CZ peak in cycles from 9 to 14 years,
while plots in HR peak in 9 to 16-year cycles, and in IT, the research plots
peak in 8 to 9-year cycles in two out of three cases. However, depending
on the annual duration, the solar cycle can be from 8 to 14 years long
(Hathaway, 2015), which is very close to the results of the silver fir RWI
spectral analysis across the meridian. The observation of the solar cycle
can be explained by several factors acting in different forms on tree
growth across the meridian, where a common factor for all states could
be the influence of the TSI, for example. TSI shows the variability of
radiation reaching the surface of the planet, and 0.1% of it is merely the
11-year cycle, which is higher during the solar maximum (Kopp, 2021).
Not only TSI but also the entire light spectrum shows a strong correlation
with the wavelength of solar irradiance during the solar cycle TSI
(Tsiropoula, 2003; Woods et al., 2022). The solar cycle also accompanies
the cosmic radiation cycle, which influences the formation of cloud cover
during minimum solar activity, resulting in an increase in the albedo
effect, and thus, possible climate cooling. But this effect is not large
enough to change the current climate situation (Ormes, 2018). Linked to
the solar cycle is the circulation of water flow on the planet (Al-Tameemi
and Chukin, 2016), and this is directly observed before NAO in the
precipitation and temperature cycle over the entire European continent
(Laurenz et al., 2019; Lüdecke et al., 2020).

The Top-down (direct solar irradiance variability) mechanism in solar
forcing, in our view, exerts a relatively smaller effect on our studied tree-
ring series. It is noteworthy that the inverse influence between the plots
in CZ and HR concerning TSI aligns with the theory of the Bottom-up
mechanism of solar influence on European ecosystems (Gray et al.,
2010; Muraki et al., 2011). In this context, the NAO circulation emerges
as a pivotal cyclic mechanism governing surface weather patterns on our
planet (Smith et al., 2019, 2020). This suggests that the NAO may play a
more significant role in shaping the climate and, subsequently, the
growth of tree-ring series in our study. Thanks to the positive influence of
TSI in CZ (positive phase) and the negative impact of the solar cycle in HR
(antiphase), we can infer that these types of oscillations may create
different conditions for forest growth within the framework of the solar
cycle. However, this effect may also appear counterintuitive depending
on the location of occurrence.

Due to the cyclic changes in wind pattern oscillations within the NAO,
we lean towards a combination of solar cycle which influences are
manifested through precipitation and temperatures on tree-ring series.
Therefore, the white fir reacts similarly to both seasonal precipitation
and temperatures across the meridian, as it thrives on having sufficient
moisture during the season. However, higher temperatures alter hu-
midity conditions, creating drier periods, which in turn affect fir growth
that can by cyclically different across the meridian but causes of high or
low ring increment are still preserved.

Regarding the solar cycle, the most frequent studies on the European
continent have been performed with the annual growth of beech, which
shows a relationship with the sunspot number in Czechia, Italy (�Simůnek
et al., 2020a, 2021b), and Bulgaria (Komitov, 2021). The solar cycle has
also been described in studies on Scots pine (Pinus sylvestris L.) in Russia
and Slovakia (Shumilov et al., 2011; Dorotovi�c et al., 2014; Matveev
et al., 2017; Kasatkina et al., 2019). Nevertheless, it is imperative to note
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that the influence of the solar cycle on tree rings has not been extensively
explored on a larger geographical scale studies in Europe.

The impact of latitude on the length of the sunlight day and its effects
on tree ring growth is an important factor to consider in understanding
growth variability and cyclicity. Research findings in northern China,
situated at higher latitudes, reveal the effect of the sunshine daytime on
tree-ring growth. The research showed an important link between the
temperature and sunlight duration hours that can lead to vapor pressure
deficit which affects tree-ring growth (Li et al., 2022). The dependence of
tree ring growth variability on the latitude length is not connected to the
impact of drought on tree-level resilience (Bose et al., 2020). Further-
more, investigated trees across a North American latitudinal gradient,
establishing a positive correlation between tree ring width and day
length while highlighting the critical role of daylight duration in shaping
tree ring formation (Johnson et al., 2016).

Our findings indicate that the largest cycles are recorded in growth
patterns in the northernmost research plots in the CZ, followed by plots in
HR, where fluctuations are lower, but the trend of tree ring variability is
more of a decadal nature. In contrast, growth variations on research plots
in Italy (IT) are minimal. The length of the daylight day remains a rela-
tively constant factor for each year. We must also note that with
increasing elevation, meaning as forests ascend to higher altitudes, the
impact of solar radiation on tree growth, coupled with temperature,
becomes more significant (�Cerný et al., 2020). However, the more we go
to south, the less TSI is shown to be an important factor for tree growth,
where in IT (the highest research altitude) there is a more subtle
connection with the growth of RWI than in CZ, where the altitude of the
research plots is the lowest.

This effect of the largest growth cycles being more pronounced from
north to south could also be accentuated by the contrast between con-
tinental and Mediterranean climates. Trees in the Mediterranean climate,
characterized by hot dry summers andmild rainy winters, exhibit specific
patterns in their tree-ring growth. Increased growth often occurs during
periods with sufficient precipitation, typically limited to the winter
months. Conversely, in a continental climate with more pronounced
temperature extremes between summer and winter, tree-ring series are
influenced differently. Studies indicate that trees in continental regions
may tend to show greater variability in their growth. (St. George, 2014).
However, mountain Mediterranean climates may be more sensitive to
drought, but mountain conditions in turn reduce this drought effect
(Bhuyan et al., 2017). While the plots in Italy show less cyclic growth,
they are, in fact, situated at the highest altitudes.

Climate change in recent years has been primarily caused by rising
global temperatures, which increase tree-ring increment in mountainous
areas (Ponocn�a et al., 2018; �Simůnek et al., 2019). However, mid- and
low-altitude forest environments are more susceptible to fluctuations in
climatic conditions, and thus, for example, cyclical recurrence of bark
beetle calamities or droughts may occur (Heinimann, 2010; Maxime and
Hendrik, 2011; Milad et al., 2011). In this study, the solar cycle is
confirmed for silver fir tree rings in CZ and HR but can also be found in
the cycle of salvage harvests in CZ, which multiply the devastation
caused by severe droughts due to rising temperatures and uneven dis-
tribution of precipitation over the vegetation season (�Simůnek et al.,
2020b, 2021a). Moreover, due to the low cyclicity of IT research plots, it
can be theorized that cyclic forestry problems in southern Italy are less
substantial than those in Central Europe.

4.3. Silver fir in the recent years of the climate change and its time series
limits

This study describes the tree-ring growth of fir since 1990, which
covers the least-biased period of fir tree-ring series in the research plots.
This period in the tree-ring series of the research plots has not experi-
enced significant economic interventions, and the plots in CZ are also no
longer affected by any distinctive air pollution, which significantly
influenced or even degraded fir stands in the past (Łuszczy�nska et al.,
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2018; Mikulenka et al., 2020). This degradation of silver fir by air
pollution (particularly SO2) lasted until the 1980s (Elling et al., 2009), so
it can be assumed that stands from the 1990s onwards were no longer
significantly affected.

Firs are not only sensitive to air pollution but also to climate change,
i.e., long periods of drought or temperature fluctuations (Bert, 1993;
Gazol et al., 2015). The consequences of rising temperatures have been
visible in our research, especially since 2000, when temperature trends in
Europe started to rise significantly (Naumann et al., 2021). This period
has therefore caused divergences in tree-ring increment to other factors
tracked through the course of climate change (Conte et al., 2018;
Ponocn�a et al., 2018; Ahmed et al., 2020; Li et al., 2023). Since 1990,
tree-ring divergence in response to climate events has become increas-
ingly apparent (D’Arrigo et al., 2008; Zhang et al., 2018; Li et al., 2023).
However, the response of tree-ring growth to climate fluctuations can
vary substantially. Previous dendrochronological studies confirmed the
considerable adaptation of silver fir to warmer temperatures (�Stefan�cík
et al., 2018; Walder et al., 2021) and demonstrated more drought
tolerance than expected (Vitali et al., 2017).

However, climate change may reduce the abundance of silver fir and
considerably affect its range (Dobrowolska et al., 2017), but a shift in the
distribution of fir towards higher altitudes and northward is predicted
(Büntgen et al., 2014; Klop�ci�c et al., 2017). The effect of elevation on the
occurrence of silver fir in our research ranges from 660 to 1,324 m, with
the lowest plots in CZ and the highest in IT. This indicates that silver fir
thrives in the south, especially in mountainous regions, where higher
elevations compensate for the increase in temperatures further south
along the meridian. An interesting example is that temperatures in CZ
and HR are very similar, despite a 395 m difference in elevation between
meteorological stations. Even in the Italian research plots with the
highest altitude, variability of fir growth and negative effect of high
temperatures are evident. On the other hand, the genetic diversity and
provenance of fir trees also play a crucial role, where some populations
are very tolerant to drought and may also reach high production poten-
tial (Teodosiu et al., 2019; Mihai et al., 2021).

By reducing the growth of RWI since 1990, it was possible to better
describe the factors influencing the growth of silver fir along the me-
ridian during climate change, while the data was not affected by the
pollution load.

5. Conclusion

The results of this dendrochronological study show that silver firs’
increment has been different across the research plots from Central to
Southern Europe around the 16th meridian in the period since 1990
when ongoing climate change and extreme temperature fluctuations
became more pronounced. Of the factors investigated, the greatest in-
fluence was shown to be a seasonal NAO index and TSI. An important
result is also the negative impact of seasonal temperatures and temper-
atures during the months of June and July, as well as the positive in-
fluence of seasonal precipitation totals during the months of June and
July on all studied plots. Monthly temperatures correlate with tree-ring
increment RWI at the beginning of the vegetation season, while precip-
itation during the summer, and the weather in July and specially in
current June to July play the leading role regarding tree-ring increment.
The most prominent interaction between the TSI and RWI is observed in
CZ and decreases toward the south. The TSI may have varying effects,
with a positive impact in the CZ and simultaneously a negative influence
in HR, while it tends to be more neutral in IT. On the other hand, seasonal
NAO tends to negatively impact the silver fir's RWI in HR and CZ, while in
IT, it has a slightly positive effect. Fir shows a highly observed cyclical
increment in the northern range of its distribution in CZ as the cyclical
pattern and variation along the meridian to the south disappear,
demonstrating the association of cycles with the influence of seasonal
NAO and TSI. Thus, our research suggests that silver fir growth is sys-
tematically influenced by the parameters examined across the north-
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south range of its distribution. The findings of this study can be applied as
a basis for long-term planning in forest management to determine
recurring cyclic events. However, it is essential to focus on suitable
provenances, silvicultural practices, and other factors affecting the
growth and distribution of this historically abundant tree species in the
context of changing environmental conditions.
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