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Abstract

SEDMAKOVA, D., DEBNAR, S., JEZfK, M., SEDMAK, R., PITTNER, J., PAROBEKOVA, Z., JALOVIAR, P., Su-
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Folia Oecologica, 53 (3): 181-192.

In high-mountain Norway spruce stands, contrasting tree health and strong within site growth divergence
may alter climate sensitivity and obscure climate reconstructions when trees are analysed together. We test-
ed whether blue intensity (BI) chronologies, developed for all trees or separately by health status, provide
stronger climatic signals than tree-ring width (TRW) chronologies. We established 12 plots and sampled
neighbouring canopy trees of similar size and social position but contrasting health status (healthy vs. de-
clining or dead). High resolution tree-ring images were used to develop indexed TRW and BI chronologies
and assess their temperature sensitivity. During 1961-1990, BI showed stronger correlations with tempera-
ture than TRW, whereas in recent period 1991-2022 TRW became more strongly related to temperature in
healthy trees. In declining or dead trees, BI retained a stronger temperature signal than TRW. These find-
ings indicate that tree health and recent warming may alter the climate-growth relationships and that BI and

TRW provide complementary information for climate reconstruction.
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Introduction

Tree-ring-based reconstructions of interannual weather
variability are essential for understanding past and pre-
dicting future climate dynamics because they capture the
full range of climate fluctuations beyond mean conditions,
including extremes (SAKALIS and KASTRIDIS, 2025; ALAM
et al., 2025). These reconstructions also help to assess the
magnitude of anthropogenic impacts by providing a long-
term baseline against which recent warming trends can be
compared (BJORKLUND et al., 2023). High mountain and
treeline sites are commonly selected for temperature re-
constructions because tree growth there is strongly limited
by growing-season temperature (FrITTs, 1976).

Tree-ring width (TRW) is a broadly applied param-
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eter representing overall growth conditions but in tem-
perate high-mountain spruce forests its climate signal can
be relatively weak. In the Carpathians, including Slova-
kia, high-elevation spruce TRW commonly explains up
to 20%, and rarely up to 40%, of seasonal temperature
variance (BURras et al., 2018; Pora et al., 2022). Non-cli-
matic factors, such as disturbance, biologically inherited
individual growth divergence, health status, or methods
used, can further affect the climate signal extraction and the
reconstruction accuracy (CERMAK et al., 2019; BUNTGEN
et al., 2021; SEDMAKOVA et al., 2022; JIANG et al., 2022).
Maximum latewood density (MXD) represents a superior
parameter for reconstructing summer temperatures, but its
applicability is limited by the high costs and technical chal-
lenges involved in sample processing (SCHWEINGRUBER et
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al., 1978; BJIORKLUND et al., 2014; RyDVAL et al., 2014).

The technique of measuring reflected blue light in-
tensity (BI) offers a more accessible alternative to X-ray
densitometry for obtaining tree-ring predictors sensi-
tive to climate (WILSON et al., 2019). Its application can
nevertheless be constrained by colour biases and image
resolution. High resolution tree-ring imaging combined
with appropriate measurement software (e.g. CooRe-
corder, LARSSON, 2013) can help reduce these uncertain-
ties (BABST et al., 2009; RypvaL et al., 2014; FRaANK and
Nicorusst, 2020).

The primary objective of this study is to determine
whether high resolution tree-ring imaging combined with
BI measurement enables more precise extraction of tem-
perature signals from Norway spruce chronologies.

We hypothesise that:

i) Blue intensity, in comparison to tree-ring width,
allows the extraction of a stronger climatic tem
perature signal.

ii) Health-specific groups (healthy and declining or
dead) of spruce trees show higher growth syn-
chronicity and stronger climatic signals within
groups compared with all spruce trees analysed
together.

iii) Correlations with climate differ among identified
health-specific groups, thus reflecting the influ-
ence of tree health conditions on growth diver-
gence.

iv) Recent warming has a stronger effect on tree-ring
width chronologies than on blue intensity chro-
nologies.

Materials and methods
Study area

The mountain range “Pol'ana” and the National Nature Re-
serve (NNR) “Zadna Pol'ana” are characterized by relatively
high air humidity, which contributes to higher stand volumes
and larger tree sizes compared with other spruce-dominated
mountain forests in Slovakia. Enhanced mortality events in
spruce-dominated stands were recorded in 1996 and 2004
following windstorms and subsequent bark beetle outbreaks
(Konopka and KoNOPKaA, 2005). However, spruce forests
at high elevations have retained the character of natural for-
ests and are relatively well-preserved.

For this study, we selected a high-mountain for-
est vegetation zone dominated by spruce, mixed with
mountain ash, maples, and beech trees. Norway spruce
accounted for an average of 93% of the stand basal area.
The study area was located at an elevation of 1,250-1,449
m asl, with a slope gradient of 5-25° and an E-S-SW
aspect. Spruce trees reached an average height of 19 m
at 100 years of age. The average stand basal area was 47
m? ha'. For the period 1950-2022, the mean annual tem-
perature (T__ ) was 3.4 °C and precipitation sum (P_ ) is
1,172 mm (EasyClimate — an R package; CRUZ-ALONSO
etal., 2023).

182

Climate data

High-resolution mean daily precipitation and temperature
data for Europe, covering the period 19502022, were ob-
tained at spatial resolution of 0.0083° (approximately 1 X
1 km) and used for the dendroclimatic analyses (EasyCli-
mate — an R package; CrRuz-ALONSO et al., 2023). Stan-
dardized annual deviations from mean temperature (T __ )
and precipitation sum (P__) values (1950-2022) for the
sampling location (NNR “Zadna Pol'ana”) were calculated
and graphically presented as annual Z-scores. Long-term
trends were illustrated using Lowess smoothing with a
stiffness of 0.5 to provide a clearer overall representation
of past and recent climate conditions.

We focused on mean temperatures for May—Au-
gust (T _.) and May—October (T iase)s representing the
presumed main climatic windows with the strongest
influence on tree-ring formation. The May—October
window was included because late-season controls on
Norway spruce growth can extend into autumn. Photo-
period and precipitation can influence the duration of
cell production and growth cessation, while latewood
maturation and lignification may continue into October
at some high-elevation Central European sites (JEZIK et
al., 2021; Popa et al., 2022). Daily data were aggregated
into monthly means to calculate these seasonal averag-
es. The seasonal climate series were smoothed using a
5-year moving average to illustrate temporal trends and
divided into two periods: the climatically stable period
(1961-1990) and recent warming period (1991-2022).
The region experienced a temperature increase of ap-
proximately 0.86 °C since 1990, together with increased
climate variability (BALAZ and PEcHO, 2012). In partic-
ularl, changes in precipitation amount and seasonality,
as well as an increase in extreme rainfall, have also been
reported (GDINA et al., 2017).

Radial increment parameter extraction from den-
drometers

Changes in stem circumference were monitored continu-
ously during the 2007-2019 seasons. We used high-res-
olution band DRL26 dendrometers with embedded data
loggers (resolution 1 pm; EMS Brno, Czech Republic),
which were attached to the sample trees at a height of 2.5
m. Hourly mean values were derived from measurements
taken at 30-min intervals.

Seasonal daily increment (SCI) chronologies were
calculated as differences between consecutive daily mea-
surements. Monthly SCI values for analyses of season-
al growth dynamics were calculated as the sum of daily
SCI values for each month. Relative monthly values were
used to characterize intra-seasonal growth dynamics.
Three younger spruce trees were selected for monitoring
in 2007, and four additional large, dominant spruce trees
were added in 2018. Mean monthly current and cumu-
lative growth curves were calculated from 3-7 spruce
trees and fitted using a distance-weighted least squares
smoothing procedure.



Tree-ring sampling

In the NNR "Zadna Pol'ana", Norway spruce trees were
sampled in autumn 2023. Selected forest stands were sur-
veyed following the contour lines (isohypses), with sam-
pling plots established approximately every 200—-300 m. At
each plot, a healthy spruce tree with a dominant position
(defined as having the largest diameter among the 10 near-
est trees) was selected together with a nearby conspecific
dead or declining canopy tree. For dead trees, standing
trees in the first decay class were sampled. Selection was
based on the presence of needles, fine twigs, and branches,
intact sapwood with minimal decay, the presence of the
top of the crown, and intact bark. A tree was considered
dead when it had 100% needle loss. Declining trees were
defined as having >75% needle loss, whereas healthy trees
had <35% needle loss.

Diameter at breast height (DBH) of the trees was
measured using a calliper in the direction of core sam-
pling. Twelve sampling plots were established at the site.
Two dead trees were sampled on two of the plots, resulting
in a total of 26 sampled trees: 12 healthy (H) and 14 declin-
ing or dead (D) spruce trees with dominant or co-dominant
social positions within the stands. The H and D tree groups
were comparable in pith age (125 + 19 yrs), DBH size (48.0
+ 9.8 ¢cm), mean annual increment (0.385 + 0.060 cm yr )
and social status. The mean basic specific gravity per stem
was 0.369 +0.041 g cm™ for living trees and 0.380 + 0.061
g cm™ for standing dead trees, with no significant difference
between the groups (SEDMAKOVA et al., 2024).

Tree-ring width and blue intensity measurements

Increment cores were transported to the laboratory in
plastic straws, placed into 5 mm wooden bars, air-dried,
mounted, and progressively sanded to a minimum grit size
600 until the wood cells were clearly visible under the mi-
croscope. Emphasis was placed on obtaining a perfectly
flat sample surface to minimize potential measurement ar-
tefacts during digital image analysis. Digital images were
obtained using the advanced Tree-Ring Image Capturing
System (ATRICS; LEVANIC, 2007). This system provides
greater detail and higher resolution than images from con-
ventional scanners because optical magnification under a
microscope has many advantages over digital magnifica-
tion, particularly for samples containing extremely narrow
growth rings. Each core was scanned sequentially under
dark conditions at a resolution of 3,800—4,500 dpi.

Tree-ring widths (TRW) were measured to an accu-
racy of 0.01 mm and graphically cross-dated using Co-
oRecorder software (Cybis Elektronik & Data AB, Salts-
jobaden, Sweden, MaxwEgLL and LARrssoN, 2021). The
dating, i.e., the correct assignment of calendar years to in-
dividual rings, was subsequently checked against the com-
piled reference chronology in TSAP software (Rinntech;
RINN, 2003) and confirmed using COFECHA software
(HorLwMmEs, 1983).

Blue intensity (BI) values, representing the amount of
blue light reflected from the wood surface, were obtained

from images of the measured and cross-dated tree-ring
width series. As denser wood reflects less light, BI val-
ues were inverted so that higher BI values corresponded to
higher wood density. For each tree-ring, latewood BI was
calculated as the mean value of the darkest 30% of pixels
in the latewood section. This measure, referred to as “30%
inverted Blue Intensity”, was used in subsequent analyses
as a proxy for maximum latewood density (MXD; RYDvAL
et al., 2014; HEETER et al., 2022). Following the semi-au-
tomatic measurements, each ring was manually checked.
Colour distortions caused by damaged wood, cracks, or
other image artefacts were corrected to ensure that they did
not affect the BI measurements.

Chronology development

TRW and Bl series were individually detrended by age-de-
pendent spline smoothing, a method that more naturally
fits tree-ring growth (MELvIN et al., 2007). The initial
spline value was set to 50 years, and a positive slope was
allowed at the end of the fitted curve. Indexed series values
were derived as ratios between the observed and fitted val-
ues. We selected this detrending approach and constructed
standardized chronologies without autoregressive (AR)
modelling to retain non-age-related mid-term positive
trends observed in the absolute TRW series of healthy (H)
old spruce trees during the recent period. Mean chronolo-
gies were established using Tukey’s bi-weight robust mean
and truncated to ensure a minimum replication of five trees
since 1901, thereby reducing the effects of outliers (Cook
and KAIRTUKSTIS, 1990).

Indexed ring-width (RWI) and blue intensity (BI)
chronologies were developed for all spruce trees (All) and
separately for health-specific groups of healthy (H) and
declining or dead (D) trees. For each group of trees and
tree-ring parameter, standard dendrochronological sta-
tistics were calculated from the raw tree-ring series. The
mean between tree correlation (RBT), expressed popula-
tion signal (EPS) and signal to noise ratio (SNR) were cal-
culated from the established chronologies (WIGLEY et al.,
1984) using the “dpIR” R package (BunN, 2008).

Climate—growth relationships

Assuming temperature control over radial growth and
that warmer growing seasons promote wider tree rings
and greater lignification and cell-wall density, resulting in
higher inverted BI values, we used mean temperature as
the primary climatic variable.

Climate—growth relationships were assessed sepa-
rately for each tree group using Pearson correlation coef-
ficients between annual standardized RWI and BI indices
and mean monthly temperatures from April of the previ-
ous year to October of the current year. Seasonal means
for May—August (ijja) and May—October (ijjaso) were
evaluated together with other combinations of tempera-
ture months, and the strongest seasonal relationships were
identified for these time windows. Correlations were then
calculated separately for the 1961-1990 and 1991-2022.
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Finally, running correlations were calculated and
graphically presented between standardized RWI and
May—August mean temperature (ijja), as well as between
standardized RWI and seasonal May—August precipita-
tion sum (P ). The analyses were performed separately
for the health-specific tree groups using a 20-year moving
window over the period 1950-2022 in the “TreeClim” R
package (ZANG and Bionpi, 2015).

Results

Two mid-term periods of approximately equal length,
1961-1990 and 1991-2022, with distinct climatic con-
ditions, were selected to compare tree-ring width (RWI)
and blue intensity (BI) parameters. The colder period
(1961-1990) showed no significant temperature trend and
was characterized by temperatures below the long-term

Fig. 1. a) Standardized mean annual temperature (T

average, together with a drier climate in the last decade.
In contrast, the 1991-2022 period exhibited a mid-term in-
creasing temperature trend, while precipitation fluctuated
around normal levels (Fig. 1a).

In NNR “Zadna Pol'ana”, trees initiated xylem pro-
duction in early May and completed xylogenesis in Oc-
tober with mature wood formation (Fig. 1b). By early
August, approximately 90% of tree-ring formation was
accomplished (Fig. 1c). Within the 2007-2019, two grow-
ing seasons showed an early cessation of cambial activity
in early August, which may have reduced secondary-wall
formation, lignification and mature-wood formation.

The D tree group showed lower mean TRW and high-
er variability and sensitivity (Table 1). For both TRW and
BI, D chronologies had lower between-tree correlations
and expressed population signal values than H chronolo-
gies (Table 1-2). However, the tested differences were not
statistically significant.

) and precipitation sum (P__) values at study area (NNR “Zadné Porla-

na”) showing the above/below normal or extreme deviations; smoothed values illustrate the long-term (1950-2022) trends; b)
Relative current and c¢) cumulative monthly radial increments showing the main season window of spruce tree-ring formation,
red solid line refers to mean growth trajectory of 2007-2019 intra-seasonal growth.

Table 1. Basic descriptive characteristics of the measured TRWs and the established standardized chronologies. Spruce All — all
grouped trees, H — group of healthy trees, D — group of declining or dead trees, Range — time span in calendar years of the tree-
ring series, Length — mean length of the tree-ring series in years, TRW — tree-ring width in mm, SD — standard deviation, GINI
— coefficient of inequality, AR1 — first order autocorrelation, NT — number of trees included, RBT — between trees correlation,
EPS — expressed population signal, SNR — signal-to-noise ratio.

Spruce Range  Length TRW SD GINI AR1 NT RBT EPS SNR
All 1838-2023 123 1.80 0.94 0.29 0.83 26 0.294 0916  10.851
H 1855-2023 125 1.83 0.82 0.24 0.81 12 0.392 0.886 7.741
D 1838-2023 121 1.77 1.04 0.33 0.85 14 0.235 0.811 4.300
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Table 2. Basic descriptive characteristics of the measured Bls and the established standardized chronologies. Spruce All — all
grouped trees, H — group of healthy trees, D — group of declining or dead trees, Range — time span in calendar years of the
tree-ring series, Length — mean length of the tree-ring series in years, BI - blue intensity, SD — standard deviation, GINI — co-
efficient of inequality, AR1 — first order autocorrelation, NT — number of trees included, RBT — between trees correlation, EPS

— expressed population signal, SNR — signal-to-noise ratio.

Spruce Range  Length BI SD GINI AR1 NT RBT EPS SNR
All 1838-2023 123 1.57 0.20 0.07 0.44 26 0.258 0.900 9.044
H 18552023 125 1.57 0.20 0.07 0.43 12 0.371 0.876 7.081
D 1838-2023 121 1.57 0.19 0.07 0.45 14 0.186 0.762 3.209

Table 3. Climate-growth correlations between standardized tree-ring width (RWI) and latewood blue intensity (BI) chronolo-
gies and mean seasonal temperature during the stable (1961-1990) and warming (1991-2022) periods. Significant Pearson’s
correlation coefficients (p < 0.05) are marked with an asterisk; Spruce All — all grouped trees, H — group of healthy trees,

D — group of declining or dead trees, T

— mean seasonal May—August temperature, T .

mjjaso

— mean seasonal May—October

temperature.

Index Spruce T i T jisso T i T o

(1961-1990) (1961-1990) (1991-2022) (1991-2022)
RWI All 0.37* 0.37* 0.48% 0.60*
BI All 0.60%* 0.59* 0.30 0.43%*
RWI H 0.41%* 0.32 0.53* 0.63*
BI H 0.60* 0.57* 0.23 0.36*
RWI D 0.32 0.37* 0.31 0.47%*
BI D 0.57* 0.57* 0.41* 0.47*

Fig. 2. Healthy (H) spruce trees — established standardized a) RWI and b) BI chronologies, red line denotes fitted spline to illustrate
the medium-term trend; RWI — ring width index, BI — blue intensity index, ¢) n — sample depth of chronologies.
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Fig. 3. Dead or declining (D) spruce trees — established standardized a) RWI and b) BI chronologies, red line denotes fitted spline
to illustrate the medium-term trend; RWI — ring width index, BI — blue intensity index, ¢) n — sample depth of chronologies.

Fig. 4. Comparison of regional standardized blue intensity (BI) chronology with standardized seasonal May—August mean tem-
perature deviations (Tmjja) over 1950-2022 period of healthy spruce trees. Dashed curves represent 5-year moving averages.

The standardized RWI chronologies showed posi-
tive correlations with mean seasonal temperatures, with
correlation windows beginning in May and extending to
August or October (Table 3). During the climatically sta-
ble period (1961-1990), the highest RWI-temperature

correlation was observed in H trees for T, @=041p
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<0.05, n = 30), compared with all trees (r = 0.37, p <
0.05, n. = 30) and D trees (r = 0.32, p > 0.05, n_ = 30).
BI showed consistently stronger temperature correlations
across tree-health groups (r=0.57-0.60, p <0.05, n..= 30).

During the warming period (1991-2022), the rela-
tionships between RWI, BI and mean seasonal tempera-



Fig. 5. Running correlation coefficients (coef) between standardized RWI chronology and seasonal temperature (T . ) and pre-

mjja-

cipitation sum (P ) calculated for a 20-year moving window over the period 1950-2022 for a) healthy (H) and b) declining

or dead (D) spruce trees.

ture changed (Fig. 2, Table 3). RWI showed the strongest
temperature correlation in H trees for T . ~(r = 0.63, p
< 0.05, n.. = 32), whereas the D-tree RWI correlation
remained weak and statistically non-significant for T i
(r=032,p>0.05,n, ,=32). BI correlations were lower
than RWI in H trees (r = 0.23-0.36, p < 0.05) but remained
comparatively stronger in D trees (r=0.41-0.47, p > 0.05).

The BI chronology of D trees retained increasing in-
dex values and showed higher correlations with tempera-
ture than the BI chronology of H trees. In contrast, the RWI
chronology of D trees showed a decreasing growth trend
and weaker climate relationships during the recent warm-
ing period than the H chronology (Fig. 3). The extreme
weather course during the 2019-2020 and 2021-2022
seasons, which triggered minimum BI values, may have
contributed to the declining trend in the BI chronology of
H trees during the recent warming period (Fig. 2, 4).

The shift in temperature sensitivity of H and D trees
was accompanied by a change in their sensitivity to pre-
cipitation during the main growing season, with the pre-
viously negative association changing to a weak positive
relationship (Fig. 5).

Discussion

Blue intensity and tree-ring width as a temperature
proxy

The results of our study contribute to a better understand-
ing of current climate-growth relationships in high-moun-
tain Norway spruce forests. One main finding is that blue
intensity (BI) and tree-ring width (TRW) capture com-

plementary information on climate—growth relationships,
and their relative sensitivity changes with tree health and
climatic conditions. Our findings are consistent with previ-
ous studies demonstrating the potential of BI as a tempera-
ture proxy. Latewood BI in Picea species growing at high
elevations captures a strong growing season temperature
signal and can outperform ring width (BJORKLUND et al.,
2014; WANG et al., 2020; Popa et al., 2022; ZHENG et al.,
2025). Frank and Nicorussi (2020), for example, utilized
30 cores from Norway spruce trees at a high-elevation site
in the northern Alps and obtained strong correlations be-
tween temperature and latewood BI chronologies. In the
eastern Canadian taiga, BI in black spruce showed stron-
ger responses to May—August temperatures than TRW,
and these were highly correlated with maximum latewood
density (MXD), a conventional density metric (WANG et
al., 2020). Similarly, in the Carpathians, spruce BI showed
substantially stronger and more coherent growing season
temperature signals than TRW (JIANG et al., 2022).

In our study, we extracted and compared climate sig-
nals from high-resolution digital images of Norway spruce
tree rings using BI and TRW. Under climatically stable
conditions, BI chronologies generally exhibited stron-
ger relationships with seasonal temperature than TRW
chronologies. The strongest Bl-temperature correlations
(explaining approximately 36% of the seasonal tempera-
ture variance), indicate that Bl may be particularly suitable
for temperature reconstructions, especially for D trees, for
which TRW temperature sensitivity was weaker (Popa et
al., 2022; JIANG et al., 2022; JIANG et al., 2025). During
the recent warming period, however, the relative strength
of the two proxies changed. TRW showed a stronger rela-
tionship with temperature in H trees, whereas BI retained
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a stronger relationship in D trees. This pattern indicates
that the two proxies may respond differently to climate
under changing environmental conditions (RYDVAL et al.,
2018; Pora et al., 2022). The divergence between proxies
also highlights the importance of considering tree health
when interpreting climate signals derived from tree-ring
parameters. Tree health may influence how different tree-
ring properties respond to climatic variability, with BI po-
tentially retaining a stronger temperature signal in stressed
or declining trees, whereas TRW may more directly reflect
changes in radial growth and associated reduction in cli-
mate sensitivity (RYDVAL et al., 2018; JIANG et al., 2022).

An extreme combination of seasonal temperature
and precipitation anomalies in 1974 may have acted as a
predisposing factor for long-term growth divergence in
co-occurring Norway spruce trees, differentiating resil-
ient individuals from those that became highly defoliated
and chronically declining (SEDMAKOVA et al., 2022). The
year 1974 was also identified as a negative pointer year
in Czech spruce chronologies (RYBNICEK et al., 2012).
Such growth declines can persist for decades, indicat-
ing a long-term shift in growth trajectories rather than a
transient reduction (CAMARERO et al., 2021; SEDMAKOVA
et al., 2022). The neighboring-pair sampling used in this
study improves regional comparability by reducing differ-
ences in local site conditions. However, some differences
between health classes may still reflect shared local envi-
ronmental conditions rather than tree health alone (SHAW
et al., 2025). Future studies could explicitly account for
the hierarchical sampling design using paired statistical
approaches or mixed-effects models to further disentangle
the effects of tree health from local site variation (HARRI-
SON et al., 2018).

Bl is generally considered a surrogate for wood den-
sity, and wood density tends to decrease with increasing
tree ring width (e.g. SEDMAKOVA et al., 2024). Therefore,
the recent increase in radial growth observed in H trees
may be associated with lower wood density and conse-
quently lower BI values. Conversely, decreasing mid-term
growth trends in D trees may be associated with increas-
ing BI values. In conifers, species-specific latewood width
can remain relatively stable despite variability in TRW,
consequently, wider rings with a smaller proportion of
latewood tend to have lower wood density (WANG et al.,
2002; MAKINEN et al., 2002).

Growth diverging groups of spruce trees and climate
sensitivity

Our results suggest that tree health, disturbance history,
and growth divergence should be considered when de-
veloping conifer-based climate reconstructions. In the D
tree group, trees had lower TRW, greater variability, lower
between-tree synchronicity, weaker TRW climate signals,
and different BI-temperature relationships. Grouping trees
according to health status strengthened the common cli-
mate signal in the H tree group. This suggests that, in H
trees, radial growth remains primarily temperature limited
and may have benefited from recent warming, although
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other environmental factors may also influence growth
responses. In uneven-aged stands, climate—growth rela-
tionships may be distorted when trees are analysed joint-
ly because neighbouring trees of different ages, sizes or
health status can exhibit contrasting growth responses to
the same climatic conditions. They may also show differ-
ent or temporally unstable climate—growth relationships.
Strong, site-specific growth divergence among neighbour-
ing Norway spruce trees has been reported in the Western
Carpathians since the 1970s and may be related to differ-
ences in their ability to recover from climatic stress (Bu-
RAS et al., 2018; SEDMAKOVA et al., 2022). Small-scale gaps
and differences in suppression and canopy accession may
also contribute to divergent TRW trajectories (BJORKLUND
et al., 2014; HoLEKsA et al., 2017; JIANG et al., 2022). Re-
duced coherence in TRW measurements can complicate
the extraction of common climatic signals (RyDvAL et al.,
2018; JIANG et al., 2022). Overall, our findings indicate that
disturbance and tree decline may reduce the consistency of
climate signals derived from TRW, whereas BI may retain
a comparatively stronger temperature signal in declining
trees. BI also showed relatively low synchronicity in the D
group and the relatively small number of sampled trees in
some groups may have reduced statistical power. The ex-
pected increase in the frequency and severity of wind and
bark beetle disturbances under future climate conditions
could further affect the resilience of Norway spruce for-
ests (HONKANIEMI et al., 2020; DESAINE et al., 2022), but
implications for future climate reconstructions remain un-
certain. Bl may therefore be less affected by some forms of
disturbance than TRW and provide a comparatively more
stable climatic signal.

High-resolution reconstructions of recent warming

Based on our results, climate sensitivity appears to change
between the stable and warming periods, suggesting that
the climatic window associated with tree growth may have
changed during recent warming. Recently reconstructed
past temperatures based on within-year BI records consis-
tently indicate that recent decades have been warmer than
previous periods spanning several centuries, with warm-
ing trends often exceeding the range of natural variability
(Davr et al., 2021; CHEN et al., 2023; BAKHTIYOROV et al.,
2025). Unlike more stable BI temperature signals, TRW
may be more sensitive and potentially less stable under
recent warming (BUras et al., 2018; JIANG et al., 2022).
The reduced ability of TRW records to capture recent
warming trends in Picea has been linked to growth diver-
gence (D’ARRIGO et al., 2008; BURAS et al., 2018). Nor-
way spruce growth responses to climate are heterogeneous
and temporally variable, suggesting that TRW—climate
relationships may be non-stationary (CERMAK et al., 2019;
BuRras et al., 2018; SEDMAKOVA et al., 2022). Several stud-
ies have also reported shifts in climate sensitivity under
recent warming and increasing climatic extremes across
the distribution range of Norway spruce (BoSEra et al.,
2020; Pora et al., 2023; ORESKOVIC et al., 2024; Pora et
al., 2024; PUTALOVA et al., 2019; BICKOVSKIS et al., 2025).



Although these studies do not explicitly address individ-
ual-tree growth divergence, their findings are consistent
with the possibility that climate sensitivity varies among
trees and changes over time. TRW—climate correlations are
also sensitive to chronology type, with some studies report-
ing a weakening of correlations during the early 1990s fol-
lowed by subsequent strengthening (CERMAK et al., 2019).

In our study, the relationships between tree growth
and seasonal climate variables also shifted between the
recent warming period (1991-2022) and the climatically
stable period (1961-1990). We found a shift from stronger
relationships with temperature (T, . ) during 1961-1990
toward the extended period (T . ) during 1991-2022.
This may indicate an increasing influence of the late-sea-
son temperature on tree growth. The relationship between
spruce growth and seasonal precipitation also appeared to
change, with the previously negative association becoming
weakly positive. Under warming, spruce growth at higher
elevations may remain temperature-limited while increas-
ingly reflecting a combination of temperature and precip-
itation effects (JEZIK et al., 2021). Environmental condi-
tions may be shifting towards growth-optimum conditions,
while strong and temporally stable temperature limitation
associated with the extremely short growing season may
become increasingly restricted to higher-elevation treeline
ecotones. These interpretations remain tentative because
mechanisms behind a possible weakening of the tempera-
ture signal were not directly tested.

In our study, recent extreme years provide an illustra-
tion of how BI can respond differently from TRW. Espe-
cially in 2020 and 2022, extreme weather may have con-
tributed to the formation of "light" rings and pronounced
reductions in BI values in the H tree group. This suggests
that BI may respond to changes in latewood formation,
lignification and wood density rather than simply record-
ing radial growth. In high-mountain regions, historical
'light' rings have more commonly been associated with
cold and wet summers, potentially linked to volcanic erup-
tions (PIERMATTEI and CRIVELLARO, 2025). Recent extreme
drought in 2022, or the transition from drought conditions
to sudden cold rainy spells during lignification in 2020,
may have reduced cell enlargement and secondary wall
thickening, potentially resulting in formation of narrower
tracheids with thinner walls and lower density (BALDUCCI
et al., 2016; VIEIRA et al., 2020). Extreme weather condi-
tions that cause early cessation of growth may therefore
contribute to reduced latewood density and lower BI val-
ues (LARYSCH et al., 2021). In contrast, the D tree group
showed an increase in BI values, which may reflect in-
creased lignification or denser xylem formation per unit
area as a possible adaptive response towards hydraulically
safer xylem despite reduced radial growth (KERET et al.,
2024). Early signs of wood degradation, damage to con-
ductive tissues and bacterial activity, possibly associated
with bark beetle infestation in healthy trees, have also
been observed and may contribute to substantial changes
in xylem properties and tree functioning (SEDMAKOVA et
al., 2024). Once conductive tissues and cambial activity
are largely impaired, the growth of D trees may become

less responsive to interannual climatic variability. Tree-
ring formation may then be increasingly influenced by
internal damage, pathogens, and hydraulic failure than by
interannual climate (VIEIRA et al., 2020; L1 et al., 2023;
DECUYPER et al., 2020). Although BI may provide a stron-
ger temperature signal than TRW under some conditions,
it is not free from potential biases caused by density fluc-
tuations unrelated to climate (WANG et al., 2020; ZHENG et
al., 2025). Overall, if temperature becomes a progressive-
ly weaker limiting factor for tree growth at high-elevation
sites, the reliability of future temperature reconstructions
based on spruce may decrease (RUTHERFORD et al., 2003).
Combining multiple tree-ring parameters, such as TRW and
BI, may therefore provide a more robust approach to cap-
turing climate signals. Alternatively, the use of other tem-
perature-sensitive tree species, such as beech, could com-
plement spruce-based reconstructions where appropriate.

Conclusions

In the present dataset and under the climatic conditions
studied, BI generally provided a stronger and more coher-
ent temperature signal than TRW during the climatically
stable period, whereas the relative strength of the two
proxies changed during recent warming. Overall, the hy-
potheses were supported to varying degrees. Hypothesis
I was supported, as BI generally provided stronger tem-
perature signals than TRW under climatically stable con-
ditions. Hypothesis II was partially supported: health-spe-
cific grouping revealed differences in climate—growth
relationships and chronology coherence, but differences
in synchronicity were not statistically significant. Hypoth-
esis I was supported, as climate—growth relationships
differed between healthy and declining or dead trees. Hy-
pothesis IV was only partially supported: recent warming
strengthened the temperature signal in TRW relative to
BI in healthy trees, whereas BI remained comparatively
stronger in declining or dead trees. These findings indicate
that the relative performance of TRW and BI as climat-
ic proxies depends on climatic conditions and tree health
status. Combining both parameters may therefore provide
complementary information when reconstructing climate—
growth relationships in disturbed or declining Norway
spruce stands.

Acknowledgements

The Scientific Grant Agency of the Ministry of Education,
Research, Development and Youth of the Slovak Republic
and the Slovak Academy of Sciences supported the research
[contract no. VEGA-1/0515/23]. This study was also con-
ducted within the framework of the project supported by the
Slovak Research and Development Agency [contract no.
APVV-21-0199]. The authors thank Zoltan Medve for the
measurements of the tree-ring series. The authors gratefully
acknowledge the State Nature Conservancy of the Slovak
Republic, Polana Protected Landscape Area Administra-

189



tion, for their assistance with fieldwork and are also thankful
to three anonymous reviewers who provided valuable com-
ments and suggestions that helped improve the manuscript.

References

Avrawm, T., SHAFIQ, M., RasHID, W., QasiM, M., 2025. Under-
standing past and predicting future climate changing
scenarios through tree rings in oak forest region of Khy-
ber Pakhtunkhwa, Pakistan. Inkwell Innovations in Life
Sciences, 2 (1): 1-11. https://doi.org/10.63079/iils.01.02.032

BaBsT, F., FRANK, D., BUNTGEN, U., NIEVERGELT, D., ESPER, J.,
2009. Effect of sample preparation and scanning resolu-
tion on the blue reflectance of Picea abies. TRACE Pro-
ceedings, 7: 188—195.

BAKHTIYOROV, Z., CHEN, F., CHEN, Y., WANG, S., ZHANG, H.,
Hu, M., Yug, W., HABIBULLOEYV, S., KAVTARADZE, G.,
RanmoNov, O., DOLGOVA, E., GURSKAYA, M., AGAFONOV,
L., KHaN, A., Tao, H., 2025. Tree-ring blue-intensity
reconstruction of the April-September maximum tem-
perature in the Greater Caucasus region of Georgia since
1780 CE. International Journal of Biometeorology, 69:
1753-1768. https://doi.org/10.1007/s00484-025-02930-7

BALAZ, P., PEcHO, J., 2012. Adaptdcia lesnych porastov na
zmenu klimy v katastralnom vzemi Poniky [Adaptation
strategy on climate change for forest stands in cadastral
area Poniky]. Bratislava: CEPA. (in Slovak).

BaLpuccl, L., CuNy, H., RATHGEBER, C., DESLAURIERS, A.,
GIOVANNELLIL A., Rossl, S., 2016. Compensatory mecha-
nisms mitigate the effect of warming and drought on
wood formation. Plant, Cell and Environment, 39:
1338-1352. https://doi.org/10.1111/pce.12689

BI¢KOVSKIS, K., JANSONS, A., JANSONE, D., MATISONS, R., 2025.
Meteorological sensitivity of tree-ring width of Scots
pine and Norway spruce in drained stand. In 24th Inter-
national Scientific Conference “Engineering for Rural
Development”: proceedings, Jelgava, Latvia, May 21-
23:1054-1061. https://doi.org/10.22616/erdev.2025.24.
tf237

BIORKLUND, J., GUNNARSON, B.E., SEFTIGEN, K., ESPER, J.,
LinperHOLM, H.W., 2014. Blue intensity and density
from northern Fennoscandian tree rings: exploring the
potential to improve summer temperature reconstruc-
tions with earlywood information. Climate of the Past,
10: 877-885. https://doi.org/10.5194/cp-10-877-2014

BJORKLUND, J., SEFTIGEN, K., STOFFEL, M., FoNTI, M., KOT-
TLOW, S., FRANK, D., ESPER, J., FoNTI, P., GoOssE, H.,
GRrUDD, H., GUNNARSON, B., NIEVERGELT, D., PELLIZ-
ZARI, E., CARRER, M., VON ARX, G., 2023. Fennoscan-
dian tree-ring anatomy shows a warmer modern than me-
dieval climate. Nature, 620: 97—103. https://doi.org/10.1038/
s41586-023-06176-4

BoSErA, M., TUMAIJER, J., CIENCIALA, E., DOBOR, L., KULLA,
L., MARCIS, P., Pora, 1., SEDMAK, R., SEDMAKOVA, D.,
SiTKO, R., SEBEXN, V., STEPANEK, P., BUNTGEN, U., 2020.
Climate warming induced synchronous growth decline
in Norway spruce populations across biogeographical
gradients since 2000. Science of the Total Environment,
752: 141794, https://doi.org/10.1016/j.scitotenv.2020.141794

BunN, A.G., 2008. A dendrochronology program library in
R (dpIR). Dendrochronologia, 26: 115-124. https://doi.
org/10.1016/j.dendro.2008.01.002

BUNTGEN, U., ALLEN, K., ANCHUKAITIS, K.J., ARSENEAULT,

190

D., BOUCHER, E., BRAUNING, A., CHATTERJEE, S., CHERU-
BINI, P., CHURAKOVA, O.V., COrRONA, C., GENNARETTI,
F., 2021. The influence of decision-making in tree ring-
based climate reconstructions. Nature Communications,
12: 3411.

Buras, A., SpYT, B., JANECKA, K., Kaczka, R., 2018. Diver-
gent growth of Norway spruce on Babia Géra Mountain
in the western Carpathians. Dendrochronologia, 50:
33-43. https://doi.org/10.1016/j.dendro.2018.04.005

CAMARERO, J., COLANGELO, M., GAZOL, A., AZORIN-MOLINA,
C., 2021. Drought and cold spells trigger dieback of
temperate oak and beech forests in northern Spain. Den-
drochronologia, 66: 125812. https://doi.org/10.1016/j.
dendro.2021.125812

CERMAK, P., RYBNICEK, M., ZID, T., STEFFENREM, A., KOLAR, T.,
2019. Site- and age-dependent responses of Picea abies
growth to climate variability. European Journal of Forest
Research, 138: 445—460. https://doi.org/10.1007/s10342-
019-01182-6

CHEN, Q., YUE, W., CHEN, F., HADAD, M., RoIG, F., ZHAO, X.,
Hu, M., Cao, H., 2023. Warm season temperature re-
construction in North China based on tree-ring blue in-
tensity of Picea meyeri. Journal of Geographical Scie-
nces, 33: 2511-2529. https://doi.org/10.1007/s11442-
023-2187-6

Cook, E.R., KaRIUksTIS, L.A., 1990. Methods of dendro-
chronology: applications in the environmental sciences.
Dordrecht: Springer.

CRrRUZ-ALONSO, V., PUCHER, C., RATCLIFFE, S., Ruiz-BENITO,
P., ASTIGARRAGA, J., NEUMANN, M., HASENAUER, H.,
RODRIGUEZ-SANCHEZ, F., 2023. The easyclimate R
package: easy access to high-resolution daily climate
data for Europe. Environmental Modelling and Soft-
ware, 161: 105627.

D’ARrIGO, R., WILSON, R., LIEPERT, B., CHERUBINI, P., 2008.
On the “divergence problem” in northern forests: a re-
view of the tree-ring evidence and possible causes. Global
and Planetary Change, 60: 289-305.

Davr, N., Rao, M., WILsON, R., ANDREU-HAYLES, L., OELKERS,
R., D’ARRIGO, R., NACHIN, B., BUCKLEY, B., PEDERSON,
N., LELaND, C., SUrRAN, B., 2021. Accelerated recent
warming and temperature variability over the past eight
centuries in the Central Asian Altai from blue intensity
in tree rings. Geophysical Research Letters, 48 (16):
€2021GL092933. https://doi.org/10.1029/2021g1092933

DECUYPER, M., CHAVEZ, R., CUFAR, K., ESTaY, S., CLEVERS, J.,
PRISLAN, P., GRICAR, J., CREPINSEK, Z., MERELA, M., DE
Luis, M., NotivoLr, R., DEL CAsTILLO, E., ROZENDAAL, D.,
BonGers, F., HEROLD, M., SAss-Kraassen, U., 2020.
Spatio-temporal assessment of beech growth in relation
to climate extremes in Slovenia — an integrated approach
using remote sensing and tree-ring data. Agricultural and
Forest Meteorology, 287: 107925. https://doi.org/10.1016/
j.agrformet.2020.107925

DESAINE, 1., BADERS, E., ROMANS, E., KRISANS, O., SEIPULIS, A.,
JaNsoNs, A., 2022. The detection of disturbance effects
of Norway spruce (Picea abies (L.) Karst.) in UAV multi-
spectral imagery. ISPRS Annals of the Photogrammetry,
Remote Sensing and Spatial Information Sciences, 3: 689—
695. https://doi.org/10.5194/isprs-annals-V-3-2022-689-
2022

FraNK, T., Nicorusst, K., 2020. Testing different earlywood/
latewood delimitations for the establishment of blue in-
tensity data. Dendrochronologia, 64: 125775.



Fritts, H.C., 1976. Tree rings and climate. London: Acade-
mic Press. 571 p.

GDINA, M., GRAJCIAR, M., CHOCHOLOVA, L., KOSOVSKY, P,
MALATINSKA, L, SKULTETY, J, TAMASOVA, A, THUMOVA,
L, VIEsTOvA, E, ZELMANOVA, M., 2017. The seventh
national communication of the Slovak Republic on cli-
mate change. Bratislava: Ministry of Environment of
the Slovak Republic.

HaRrRISON, X., DONALDSON, L., CORREA-CANO, M.E., EvANS,
J., FisHEr, D., GoopwiNn, C.E.D., RoBinson, B.S.,
HobpaGsoN, D., INGER, R., 2018. A brief introduction to
mixed effects modelling and multi-model inference in
ecology. Peer.J, 6: e4794. https://doi.org/10.7717/peerj.4794

HEETER, K., KING, D., HARLEY, G., Kaczka, R., 2022. Video
tutorial: measuring blue intensity with the CooRecorder
software application. Dendrochronologia, 76: 125999.

HOLEKSA, J., JALOVIAR, P., KUCBEL, S., SANIGA, M., SVOBODA,
M., SZEWCZYK, J., SZWAGRZYK, J., ZIELONKA, T., Zy-
WIEC, M., 2017. Models of disturbance driven dyna-
mics in the West Carpathian spruce forests. Forest Eco-
logy and Management, 388: 79—89. https://doi.org/10.1016/
j-.foreco.2016.08.026

HorMmes, R.L., 1983. Computer-assisted quality control in
tree-ring dating and measurement. Tree-Ring Bulletin,
43: 69-78.

HonkaNiEM, J., RAMMER, W., SEIDL, R., 2020. Norway spru-
ce at the trailing edge: the effect of landscape configura-
tion and composition on climate resilience. Landscape
Ecology, 35: 591-606.

JEZix, M., BLAZENEC, M., MEZEL, P., SEDMAKOVA, D., SED-
MAK, R., FLEISCHER, P., BOSErA, M., KURJAK, D., STREL-
covA, K., DITMAROVA, ., 2021. Influence of weather
and day length on intra-seasonal growth of Norway
spruce and European beech in a natural montane forest.
Canadian Journal of Forest Research, 51: 1799-1810.

JIANG, Y., BEGoviC, K., LEXA, M., NOGUEIRA, J., VON ARX, G.,
TUMAIJER, J., KAaczkA, R., OULEHLE, F., KOrROLYOVA, N.,
BiorkLuND, J., SEFTIGEN, K., TREML, V., WILSON, R.,
RyDpvAL, M., 2025. Impact of pollution on the tempera-
ture sensitivity of multiple Norway spruce tree-ring
parameters in Central Europe. Agricultural and Forest
Meteorology, 372: 110725. https://doi.org/10.1016/j.
agrformet.2025.110725

JIaNG, Y., BEGoVIC, K., NOGUEIRA, J., SCHURMAN, J.S., Svo-
BODA, M., RypvaL, M., 2022. Impact of disturbance
signatures on tree-ring width and blue intensity chronolo-
gy structure and climatic signals in Carpathian Norway
spruce. Agricultural and Forest Meteorology, 327: 109236.

KEerEr, R., DREW, D., HiLLs, P., 2024. Xylem cell size regu-
lation is a key adaptive response to water deficit in Eu-
calyptus grandis. Tree Physiology, 44 (7): tpac068. https://
doi.org/10.1093/treephys/tpac068

Konorka, J., Konopka, B., 2005. Prirodné katastrofy, ich
priciny a nasledky. Natural disasters, their causes, and
consequences. In Kunca, A. (ed.). Aktualne problémy
v ochrane lesa 2005: zbornik referdtov z medzindrod-
ného seminara konaného 28.-29. aprila 2005 v Ban-
skej Stiavnici. Zvolen: Lesnicky vyskumny Gistav Zvo-
len, p. 26-36.

LARssON, L., 2013. CooRecorder and Cdendro programs of
the CooRecorder/Cdendro package.

LARryscH, E., STANGLER, D., NAzZARI, M., SEIFERT, T., KAHLE,
H., 2021. Xylem phenology and growth response of Eu-
ropean beech, silver fir and Scots pine. Forests, 12 (1):

75. https://doi.org/10.3390/£12010075

LEVANIC, T., 2007. ATRICS —a new system for image acquisi-
tion in dendrochronology. Tree-Ring Research, 63: 117-122.

L1, S., Lu, S., WANG, J., CHEN, Z., ZHANG, Y., DuaN, J.,
L, P., WaNG, X., Guo, J., 2023. Responses of physio-
logical, morphological and anatomical traits to abiotic
stress in woody plants. Forests, 14 (9): 1784. https://doi.
org/10.3390/f14091784

MAXWELL, R.S., LARrssoN, L., 2021. Measuring tree-ring
widths using the CooRecorder software application.
Dendrochronologia, 67: 125841.

MAKINEN, H., SARANPAA, P., LINDER, S., 2002. Wood-density
variation of Norway spruce in relation to nutrient opti-
mization and fibre dimensions. Canadian Journal of
Forest Research, 32: 185-194.

MELVIN, T.M., Brirra, K.R., Nicorussi, K., GRABNER, M.,
2007. Time-varying-response smoothing. Dendrochro-
nologia, 25: 65-69.

ORESKOVIC, M., TRLIN, D., ANIC, 1., ORSANIC, M., PRSA, L.,
Mikac, S., 2024. Climate sensitivity and tree growth
patterns in subalpine spruce-dominated forests. Forests,
15 (11): 1972. https://doi.org/10.3390/f15111972

PIERMATTEL A., CRIVELLARO, A., 2025. Blue rings in trees
and shrubs: traces of past cold summers caused by
volcanic eruptions. Forest@, 22 (1): 45-46. https://doi.
org/10.3832/efor4832-022

Pora, A., Pora, 1., BADEA, O., BoSErA, M., 2024. Non-linear
response of Norway spruce to climate variation. Envi-
ronmental Research,252:119073. https://doi.org/10.1016/
j-envres.2024.119073

Pora, A., Pora, 1., RoiBu, C.-C., BADEA, O.N., 2022. Do diffe-
rent tree-ring proxies contain different temperature
signals? Plants, 11: 2428. https://doi.org/10.3390/plants
11182428

Popa, A., VAN DER MAATEN, E., PoPa, 1., VAN DER MAATEN-
THEUNISSEN, M., 2023. Early warning signals indicate
climate change-induced stress. Science of the Total
Environment, 912:169167. https://doi.org/10.1016/j.scito-
tenv.2023.169167

PUTALOVA, T., VACEK, Z., VACEK, S., STEFANCIK, I, BULUSEK, D.,
KrAr, J., 2019. Tree-ring widths as an indicator of air
pollution stress. Central European Forestry Journal, 65:
21-33.

REem, E., LuckMmaN, B., Kunz, M., EsPEr, J., D’ARrRIGO, R.,
LeLanp, C., WiLsoN, R., 2025. Expanding the Yukon
tree ring blue intensity network. The Holocene, 36: 95-106.

RINN, F., 2003. TSAP-win: time series analysis and presenta-
tion for dendrochronology. User reference. Heidelberg:
RINNTECH.

RUTHERFORD, S., MANN, M., DELWORTH, T., STOUFFER, R.,
2003. Climate field reconstruction under stationary and
nonstationary forcing. Journal of Climate, 16: 462—479.

RyBNICEK, M., CERMAK, P., KOLAR, T., ZID, T., 2012. Growth
responses of Norway spruce (Picea abies (L.) Karst.) to
the climate in the south-eastern part of the Ceskomorav-
skd Upland (Czech Republic). Geochronometria, 39:
149-157. https://doi.org/10.2478/s13386-012-0003-7

RyDVAL, M., DRUCKENBROD, D., SvOBODA, M., TROTSIUK, V.,
JANDA, P., MIKOLAS, M., CADA, V., BACE, R., TEODOSIU,
M., WiLsON, R., 2018. Influence of sampling and distur-
bance history. The Holocene, 28: 1574—1587.

RYDVAL, M., LARsSON, L.-A., McGLYNN, L., GUNNARSON,
B.E., LOADER, N.J., Young, G.H.F., WiLson, R. 2014.
Blue intensity for dendroclimatology. Dendrochronolo-

191



gia, 32: 191-204.

SakaLis, V., KasTRIDIS, A., 2025. Reconstructing hydrocli-
matic variability. Forests, 16 (5): 773. https://doi.org/
10.3390/£16050773

SEDMAKOVA, D., JALOVIAR, P., MISiKOVA, O., SUMICHRAST, L.,
SLOVACKOVA, B., KUCBEL, S., VENCURIK, J., BOSEEA, M.,
SEDMAK, R., 2024. Small gap dynamics in high moun-
tain spruce forests. Plants, 13: 3502.

SEDMAKOVA, D., SEDMAK, R., KUDELA, P., DURICA, P., SANI-
GA, M., JALOVIAR, P., KucgeL, S., 2022. Divergent
growth responses of healthy and declining spruce trees
to climatic stress: a case study from the Western Car-
pathians. Dendrochronologia, 76: 126023. https://doi.
org/10.1016/j.dendro.2022.126023

SHAW, L.J., RABIEY, M., Josg, M.S., CLARKE, T., BROOME, A.,
CorBETT, L., BooTH, O. R., BARRETT, G.A., PRESTON,
G. M., BARsouM, N., SCHONROGGE, K., JACKSON, R.W.,
Ray, D., 2025. Associations between local-scale soil and
tree context factors and Acute Oak Decline (AOD):
plant-soil feedbacks and the cause-effect conundrum.
Plant and Soil, 515: 1153—1178. https://doi.org/10.1007/
s11104-025-07649-3

SCHWEINGRUBER, F.H., FriTTS, H.C., BRAKER, O.U., DREW,
L.G., ScHAR, E., 1978. The x-ray technique as applied
to dendrochronology. Tree-Ring Bulletin, 38: 61-91.

192

VIEIRA, J., CARVALHO, A., CAMPELO, F., 2020. Tree growth un-
der climate change. Frontiers in Plant Science, 11: 90.

WANG, L., PAYETTE, S., BEGIN, Y., 2002. Relationships be-
tween anatomical and densitometric characteristics of
black spruce and summer temperature at tree line in
northern Quebec. Canadian Journal of Forest Research,
32: 477-486.

WANG, E,, ARSENEAULT, D., BOUCHER, E., GLOAGUEN, G., DEHARTE,
A., YU, S., TrRou-KEcHOUT, N., 2020. Temperature sensi-
tivity of blue intensity and ring width data. Dendrochro-
nologia, 64: 125771.

WIiGLEY, T.M.L., Brirra, K.R., JONES, P.D., 1984. On the ave-
rage value of correlated time series. Journal of Climate
and Applied Meteorology, 23: 201-213.

WILSON, R., ANCHUKATITIS, K., ANDREU-HAYLES, L., CooK, E.,
D’ARrriGo, R., Davi, N., HABERBAUER, L., Krusic, P.,
LuckMan, B., MoriMoTO, D., OELKERS, R., 2019. Im-
proved dendroclimatic calibration using blue intensity
in the southern Yukon. The Holocene, 29: 1817-1830.

ZANG, C., Bionpy, F., 2015. treeclim: an R package for the
numerical calibration of proxy—climate relationships.
Ecography, 38: 431-436.

ZHENG, Y., WILSON, R., WANG, M., REID, E., 2025. Tree-ring
blue intensity and climate sensitivity. Dendrochronolo-
gia, 94: 126420.

Received April 2, 2026
Accepted August 19, 2026






Zpráva o přístupnosti





		Název souboru: 

		sedmakova final.pdf









		Autor zprávy: 

		



		Organizace: 

		







[Zadejte osobní informace a informace o organizaci pomocí dialogu Předvolby > Identita.]



Přehled



Kontrola nenašla v tomto dokumentu žádné problémy.





		Vyžaduje ruční kontrolu: 0



		Vyhovuje podle ruční kontroly: 2



		Nevyhovuje podle ruční kontroly: 0



		Přeskočeno: 1



		Vyhovuje: 29



		Neúspěch: 0







Podrobná zpráva





		Dokument





		Název pravidla		Stav		Popis



		Příznak oprávnění k usnadnění přístupu		Vyhovuje		Je třeba nastavit příznak oprávnění k usnadnění přístupu



		Pouze obrazový soubor PDF		Vyhovuje		Dokument není PDF pouze s obrázky



		Tagovaný soubor PDF		Vyhovuje		Dokument je tagované PDF



		Logické pořadí čtení		Vyhovuje podle ruční kontroly		Struktura dokumentu poskytuje logické pořadí čtení



		Primární jazyk		Vyhovuje		Je určen jazyk textu



		Titul		Vyhovuje		Titul dokumentu je zobrazen v titulním pruhu



		Záložky		Vyhovuje		Záložky jsou obsaženy ve velkých dokumentech



		Barevný kontrast		Vyhovuje podle ruční kontroly		Dokument má vhodný barevný kontrast



		Obsah stránky





		Název pravidla		Stav		Popis



		Tagovaný obsah		Vyhovuje		Veškerý obsah stránek je tagovaný



		Tagované anotace		Vyhovuje		Všechny anotace jsou tagované



		Pořadí procházení		Vyhovuje		Pořadí procházení polí souhlasí s pořadím ve struktuře



		Kódování znaků		Vyhovuje		Je zadané spolehlivé kódování znaků



		Tagovaná multimédia		Vyhovuje		Všechny multimediální objekty jsou tagované



		Blikání obrazovky		Vyhovuje		Stránka nezpůsobí blikání obrazovky



		Skripty		Vyhovuje		Žádné nepřístupné skripty



		Časované odpovědi		Vyhovuje		Stránka nevyžaduje časově omezené reakce



		Navigační vazby		Vyhovuje		Navigační vazby se neopakují



		Formuláře





		Název pravidla		Stav		Popis



		Tagovaná pole formulářů		Vyhovuje		Všechna formulářová pole jsou tagovaná



		Popisy polí		Vyhovuje		Všechna pole formulářů mají popis



		Alternativní text





		Název pravidla		Stav		Popis



		Alternativní text obrázků		Vyhovuje		Obrázky vyžadují alternativní text



		Vnořený alternativní text		Vyhovuje		Alternativní text, který se nikdy nepřečte



		Spojené s obsahem		Vyhovuje		Alternativní text musí být přidružený k nějakému obsahu



		Skryje anotaci		Vyhovuje		Alternativní text by neměl skrýt anotaci



		Alternativní text dalších elementů		Vyhovuje		Další elementy, které vyžadují alternativní text



		Tabulky





		Název pravidla		Stav		Popis



		Řádky		Vyhovuje		TR musí být dceřiným prvkem prvku Table, THead, TBody nebo TFoot



		TH a TD		Vyhovuje		TH a TD musí být dceřinými prvky TR



		Záhlaví		Vyhovuje		Tabulky by měly mít záhlaví



		Pravidelnost		Vyhovuje		Tabulky musí v každém řádku obsahovat stejný počet sloupců a v každém sloupci stejný počet řádků.



		Přehled		Přeskočeno		Tabulky musí obsahovat souhrn



		Seznamy





		Název pravidla		Stav		Popis



		Položky seznamu		Vyhovuje		LI musí být dceřiným prvkem L



		Lbl a LBody		Vyhovuje		Lbl a LBody musí být dceřinými prvky LI



		Záhlaví





		Název pravidla		Stav		Popis



		Přiměřené vnoření		Vyhovuje		Přiměřené vnoření










Zpátky nahoru

