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Abstract: Silver fir (Abies alba Mill.) is still counted among drought-tolerant tree species. However, its ability to cope
with the recent extremely dry period has not yet been sufficiently studied. The objective of research was to analyse di-
fferences in the climate-growth response between silver fir, Norway spruce (Picea abies L. Karst.) and European larch
(Larix decidua Mill.) growing in areas with large-scale disintegration of spruce stands. In 2019-2021, the increment
cores were sampled at 16 sites along the altitudinal gradient of 340—775 m a.s.l. in different regions of the Czech Re-
public affected by bark beetle outbreak. The radial growth pattern of fir was compared with that of spruce or larch
growing under the same site conditions. In fir, the missing rings were frequently recorded during the period of peak SO,
pollution load in 1966—1985, but they were rarely identified in recent years. In spruce and larch, missing rings were less
common and occurred mainly in the recent dry period after 2015. Fir was less sensitive to summer drought compared
to larch and especially to spruce, which showed high sensitivity to summer drought regardless of the altitude. The sig-
nificant positive response of fir to summer precipitation was recorded at sites up to 450 m a.s.l, however, its sensitivity
to drought has increased in the last two decades. Hence, when considering the wider use of fir, it is necessary to respect
its ecological requirements as much as possible in order to preserve its vitality and production potential in changing
climatic conditions.
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Forest ecosystems have been under heavy pres-
sure from environmental changes (Allen et al. 2010;
Seidl et al. 2017). The rise in air temperatures, more
frequent and intense periods of drought and heat
waves affect forest trees significantly (Senf et al.
2020). Species that grow in limiting ecological con-
ditions, whether it is at the xeric edge of their distri-
bution range or outside their ecological niches, are

prone to drought-induced dieback (Camarero et al.
2013; Gazol et al. 2015; Gazol, Camarero 2016).
In addition, climate scenarios predict a continued
significant rise in temperatures by 2050, negatively
affecting tree performance (Buras, Menzel 2019).
Therefore, the key issue for forest management
is the resistance and resilience of individual tree
species to drought.
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In Europe, silver fir is a key tree species for main-
taining a high biodiversity of forest ecosystems
thanks to its shade tolerance, plasticity to environ-
mental conditions and ability to coexist with many
tree species (Dobrowolska et al. 2017). In relation
to the predicted climate changes, the higher resis-
tance of fir to drought (Zang et al. 2014) and the
ability to withstand low temperatures during
the winter (Savill et al. 2016) are important. At the
same time, however, it is necessary to take into
account the higher sensitivity of fir to low air hu-
midity (Guicherd 1994) and late frosts (Uradni¢ek
et al. 2009).

The vast decline of Norway spruce and Scots
pine (Pinus sylvestris L.) has been observed in re-
cent years in the Czech Republic and other Central
European countries (Bosela et al. 2021; Haber-
stroh et al. 2022). The primary cause was recur-
rent droughts with subsequent activation of biotic
pests and pathogens (Cienciala et al. 2017). In the
regions of North Moravia and the Bohemian-
Moravian Highlands, with intense spruce dieback,
we observed survival of vital silver fir populations.

Previous dendroecological studies proved that
silver fir is more drought tolerant than Norway
spruce, European larch or European beech (Fagus
sylvatica L.) (van der Maaten-Theunissen et al.
2012; George et al. 2019; Vitasse et al. 2019a) and
similarly drought tolerant to Douglas fir (Pseu-
dotsuga menziesii /Mirb./ Franco) (Vitali et al.
2017). However, the fir ability to cope with the
recent dry period, which has been extreme in du-
ration and intensity, has not yet been sufficiently
studied.

Here, we analyse the growth pattern and spatio-
temporal variation in the climate-growth response
of Silver fir (Sf), Norway spruce (Ns) and/or Eu-
ropean larch (El) growing in mixed stands distrib-
uted in different regions of the Czech Republic
along the altitudinal gradient between 340 m a.s.l.
and 775 m a.s.l., which corresponds with the al-
titudinal zone of intensive spruce dieback. The
aim of the study was to confirm or refute differ-
ences between the studied tree species in terms
of sensitivity to drought and to assess the tem-
poral stability of the climate-growth relationship.
We hypothesize that even fir trees have recently
become more sensitive to rising temperatures and
lack of precipitation due to chronic drought stress,
which is gradually leading to the depletion of the
tree internal reserves.
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MATERIAL AND METHODS

Study sites. The study was carried out in the
Czech Republic in five different regions (Table 1,
Figure 1). The regions of Mésto Albrechtice and
Cerné Hora represent areas where large-scale dis-
integration of spruce stands has already occurred,
while in Tabor, Rozmitdl and Pisek, the decline
of spruce still has a patchy character. The origi-
nal intention was to compare the growth dynam-
ics of fir and spruce, but due to the high mortality
of spruce in the Mésto Albrechtice region, it was
necessary to include larch in the comparison, be-
cause spruce was no longer available at altitudes up
to 500 m a.s.L.

In each region, 2—5 mature stands where fir oc-
curred in a mixture with spruce or larch were
chosen. A total of 16 sample sites were selected
(Table 1, Figure 1) covering an altitude gradient
of 340-775 m a.s.l. and representing nutrient-
medium, nutrient-rich and moist sites according
to forest ecosystem classification (Viewegh et al.
2003). According to the Koppen-Geiger climate
classification, all sites are in the Dfb category,
i.e. humid continental climate with warm summers
(Beck et al. 2018). Most sites belong to the upper
colline vegetation belt, sites MA5, ROZ2 and ROZ3
can be classified as submontane (Chytry 2017). The
sites, except MA5, are characterized by mean annu-
al temperatures between 8.6 °C and 9.3 °C and total
annual precipitation ranging between 588 mm and
705 mm. Site MAS5 is cooler and wetter, with a mean
annual temperature of 7.8 °C and annual precipita-
tion of 859 mm (Figure 2). The climatic characteris-
tics were calculated based on monthly temperature
means and monthly precipitation sums obtained
from Climatic Research Unit gridded Time Series
(CRU TS) with 0.5° resolution (Harris et al. 2020)
for the assessed period 1962-2018. Standard forest
management is applied in all stands with the excep-
tion of MA5, which is located in a nature reserve.
Most of the managed stands are single-layered,
even-aged, 100—135 years old, established by artifi-
cial regeneration with regular thinning application.
The two oldest stands, ROZ2 and M A4, probably
originated from natural regeneration. Site MA4
was the only one recorded with an age difference
between tree species, where fir was about 50 years
older than larch and spruce.

Data collection. Increment cores were collected
in 2019-2021 during the dormant season. At least
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Table 1. Basic characteristics of sample sites

Region Site ; Coordinates. Altitude Forest type complex Stand age Species
latitude  longitude (ma.s.l) (years) sampled
TB1 49.3703 14.6716 441 4H 98
Tébor TB2 49.4047 14.5653 460 3S 135 Sf, Ns
TB3 49.4112 14.6362 410 4A 127
ROZ1 49.5546 13.8056 590 50 116
Rozmital ROZ2 49.5665 13.7805 775 6S 195 Sf, Ns
ROZ3 49.5502 13.7672 705 5K 113
Pisek PS1 49.2861 14.2886 430 - 108 S Ns
PS2 49.2940 14.2919 410 108
CH1 49.5690 16.7636 610 5K 99
Cerna Hora CH2 49.5661 16.7951 540 4S 107 Sf, Ns
CH3 49.5644 16.7763 540 50U 120
MA1 50.2343 17.5768 340 4B 115 St, El
MA2 50.1858 17.6181 450 4S 137 St, El
Meésto Albrechtice MA3 50.2119 17.5306 540 4S 124 Sf, Ns, El
MA4 50.1519 17.5068 640 4A 169 Sf, Ns, El
MA5 50.1238 17.4044 710 5B 187 Sf, Ns

3H - loamy oak-beech; 3S — nutrient-medium oak-beech; 4A — stony-colluvial lime-beech; 4H — loamy beech; 4S — nutrient-
medium beech; 4B — nutrient-rich beech; 5B —nutrient-rich fir-beech; 5K — acidic fir-beech; 50 — nutrient-medium beech-fir;

5U — moist ash-maple floodplain; 6S — nutrient-medium spruce-beech; Sf — silver fir; Ns — Norway spruce; El - European larch
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Figure 1. Localization of sample sites against the background of the forest nature areas of the Czech Republic
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Figure 2. Climograph showing mean annual temperatures
and total annual precipitation for individual regions/sites

20 dominant or codominant trees per tree spe-
cies were selected in each stand; thus, we obtained
two or three tree sets for each site. Two cores
per tree were taken at breast height (1.3 m above
ground) using a Haglof increment borer (Haglof,
Sweden). To avoid compression wood, core sam-
pling was performed along the contour line. Tree-
ring widths (TRW) were measured to the nearest
0.01 mm, using the TimeTable measuring stage
(VIAS, Austria).

Data processing and chronology development.
Ring-width series were visually crossdated and sta-
tistically verified using the PAST 4 (Knibbe 2004)
and COFECHA programme (Grissino-Mayer
2001). Successfully crossdated series were included
in the final dataset. Anomalies in tree-ring forma-
tion, such as partly and completely missing rings
(Brauning et al. 2016), were detected during this
stage. The occurrence of missing rings and growth
decline were used as indicators of stress periods.
Basic statistics of raw tree-ring measurements are
shown in Table 2.

In order to remove both age-related trends
in TRW and other non-climatic noise, we performed
individual-based detrending using a cubic smooth-
ing spline with a 64% variability cut-off at the mean
segment length of a given tree set. The remaining
autocorrelation was eliminated by autoregressive
modelling in ARSTAN software (Cook, Krusic 2005).
The resulting residual chronologies were aggregated
in site-species-level chronologies by calculating the
biweight robust means. For each chronology mean
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nificant principal components was selected based
on those with eigenvalues greater than 1 (Kaiser rule).

Climate-growth relationship. The gridded
monthly climatic data from the CRU TS dataset
with 0.5° resolution (Harris et al. 2020) were used
for the growth-climate response analysis. The se-
lected climate series corresponded to the closest
grid point to each sample site. In addition to average
monthly temperatures and monthly precipitation
totals, climatic variables related to drought stress
such as the Standardized Precipitation Evapotrans-
piration Index - SPEI (Vicente-Serrano et al. 2010)
and self-calibrating Palmer Drought Severity Index
— scPDSI (Wells et al. 2004) were derived from the
CRU TS dataset.

Long-term growth-climate relationships were
evaluated for each tree set using a simple correlation
analysis (Pearson’s correlation coefficient) for the pe-
riod 1962-2018. Monthly climatic variables entered
the analysis in sequence from April of the previous
year to August of the current year, i.e. the observa-
tion year for growth parameters. In addition to the
monthly data, we also calculated the seasonal aver-
age for the summer months (June—August) to deter-
mine correlations with TRW indices.

To assess the temporal stability of the climate-
growth relationship, we computed moving cor-
relations. The method is based on progressively
shifting the period of a fixed number of years across
time to compute the correlation coefficients. In this
study, we chose a window of 20 years starting with
the period 1962-1981. Standardized TRWSs were
gradually correlated with seasonal climatic values
related to drought stress, such as the mean temper-
atures, the sum of precipitation, SPEI and scPDSI
during the peak growing season (June—August).

All statistical analyses were performed in Origin-
Pro software (Version 9.9, 2022).
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Table 2. Basic characteristics of raw tree-ring measurements and residual tree-ring chronologies

Raw measurements Residual chronology
No. )
Region Site Species of trees/ Mean Prop(.)rt.lon Series intercorrel. Mean 1%t order Mean
series TRW  of missing e e EPS
. VSs. mean sensitivity autocorrel.  sensitivity
(mm)  rings (%)
TB1 St 19/35 1.88 0.92 0.618 0.305 0.68 0.237 0.96
Ns 20/32 2.14 0.24 0.625 0.279 0.68 0.236 0.96
St 19/32 1.85 1.96 0.706 0.313 0.77 0.289 0.97
Téabor TB2
Ns 18/32 1.81 0.76 0.667 0.326 0.65 0.258 0.96
TB3 St 16/30 1.65 3.72 0.681 0.298 0.78 0.254 0.96
Ns 16/27 2.09 0.40 0.683 0.322 0.62 0.267 0.95
ROZ1 St 20/37 2.02 2.42 0.601 0.261 0.83 0.214 0.96
Ns 25/48 2.21 0.23 0.513 0.215 0.78 0.164 0.94
St 13/23 1.63 1.05 0.636 0.279 0.79 0.244 0.94
Rozmitdl ROZ2
Ns 19/36 1.47 0.10 0.610 0.249 0.79 0.187 0.95
ROZ3 St 22/43 1.81 0.97 0.602 0.255 0.81 0.188 0.95
Ns 19/36 1.93 0.08 0.621 0.208 0.73 0.153 0.95
PS1 St 16/30 1.88 0.00 0.713 0.261 0.73 0.260 0.96
Ns 15/29 2.82 0.00 0.688 0.327 0.60 0.266 0.94
Pisek
PSo St 19/34 2.29 0.00 0.636 0.321 0.68 0.259 0.96
Ns 15/29 2.82 0.00 0.592 0.327 0.60 0.266 0.94
CH1 St 15/27 1.83 2.28 0.592 0.320 0.76 0.241 0.93
Ns 14/27 2.03 0.00 0.632 0.238 0.57 0.197 0.95
. St 18/32 2.03 0.25 0.604 0.262 0.74 0.192 0.93
Cerna Hora CH2
Ns 10/20 2.48 0.00 0.705 0.259 0.73 0.247 0.94
CH3 St 11/21 1.80 1.67 0.614 0.267 0.83 0.227 0.90
Ns 9/15 2.23 0.00 0.615 0.218 0.69 0.168 0.90
MA1 St 14/26 2.04 2.32 0.624 0.311 0.79 0.252 0.94
El 15/30 1.78 0.82 0.668 0.339 0.75 0.321 0.95
MA2 St 19/37 1.32 1.76 0.652 0.324 0.71 0.294 0.97
El 16/30 1.22 0.51 0.608 0.330 0.61 0.269 0.94
Sf 21/39 1.49 1.41 0.687 0.267 0.83 0.250 0.97
Mésto MA3 Ns 19/34 1.93 0.27 0.633 0.264 0.73 0.231 0.96
Albrechtice El 19/35  1.85 0.17 0.663 0.269 0.68 0.232 0.96
St 18/33 1.09 2.77 0.672 0.277 0.80 0.246 0.96
MA4 Ns 18/33 1.65 0.05 0.576 0.239 0.74 0.189 0.94
El 16/30 1.14 0.96 0.654 0.276 0.78 0.231 0.96
MAS St 11/21 1.80 2.29 0.648 0.275 0.82 0.245 0.93
Ns 13/21 1.82 0.71 0.560 0.263 0.85 0.214 0.91

TRW — tree-ring width; EPS — expressed population signal; Sf — silver fir; Ns — Norway spruce; El — European larch
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RESULTS of intensive regeneration in the 1990s. The increase

Growth dynamics. Ring-width chronologies
of fir and spruce show synchronous year-to-year
fluctuations within the given region as well as be-
tween different regions. Mean ring-width se-
ries for individual tree species calculated based
on a pooled dataset from all sample sites illustrate
the major differences in growth dynamics between
tree species (Figure 3). Series of fir and spruce have
a synchronous course until the end of the 1950s.
Later, from the 1960s to the 1980s, fir experienced
a deep growth depression, followed by a period

in fir growth was interrupted by a drought in 2003,
after which growth stagnated or decreased. Spruce
showed its first growth reduction in the period
1992-1995 and then a steep growth decline after
2003 with an increasing occurrence of missing
rings. Inter-annual ring-width variations in larch
differ from those of both fir and spruce. However,
similarly like in spruce, there was also a growth de-
cline after 2003 in larch, but it had a lower intensity.

Missing rings are most common in fir (Figure 4,
Table 2). The anomalies in tree-ring formation
were recorded with a similar frequency in all re-
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Figure 3. Mean ring-width series for silver fir (Sf), Norway spruce (Ns) and European larch (EI)
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Figure 4. Occurrence of missing rings in individual years for silver fir (Sf), Norway spruce (Ns) and European larch (El)
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gions with the exception of Pisek, where no miss-
ing rings were determined. Here, fir has also shown
almost no growth decline since 1960. In other re-
gions, missing rings in fir mostly occurred in the
period 1966-1985 but they were rarely identi-
fied in recent years (Figure 4). Missing rings were
much less common in spruce and larch than in fir.
In spruce, they occurred mainly in the last dry peri-
od after 2003, with a steep increase after a dry year
in 2015. For larch, missing rings occurred in sev-
eral periods: 1915-1923, 1976-1984, 1991-1996
and after 2015, with the most missing rings record-
ed in 2019 and 2020.

The PCA revealed that ring-width chronologies
were relatively similar. The first principal compo-
nent (PC1) retained 43.5% of the total variance and
represented the tree-ring width variability common
to all species growing in different regions, since
it was strongly related to all tree sets (Figure 5A).
The signal captured in PC1 indicates a high com-
mon variance in tree growth driven by climatic fac-
tors. PC2 (14.5%) divided chronologies into groups
according to the tree species and was positively
related to larch and spruce and negatively to fir
chronologies. It points to a higher similarity in the
growth pattern of spruce and larch and to the dis-
similarity of fir. PCA loadings on PC3 were differ-
entiated mainly by region (Figure 5B), separating
the eastern Moravian regions from the western
Bohemian regions. However, PC3 retains only 9.9%
of the overall variance. This means that regional af-
filiation explains only a small part of the common
variability in tree growth.

Climate-growth relationship

The correlation analysis showed a significant
(P < 0.05) positive effect of higher temperatures
during the winter and early spring on the growth
of fir in sites at an altitude above 700 m a.s.l. and in
a moist site CH3 located in a cool valley position.
Summer temperatures had no effect on fir growth
in any of the sample sites (Figure 6A). Similarly, for
larch, there was no significant effect of summer
temperatures on most sites. However, a negative
effect of high spring temperatures in the previ-
ous year was obvious for larch trees. On the other
hand, spruce growth was negatively affected main-
ly by high temperatures during the summer of the
current year and in September of the previous year
in lower sites up to 550 m a.s.l.

The growth of all three species was positively re-
lated to precipitation totals in the summer months

of the current year (Figure 6B). They clearly had
a significant (P < 0.05) positive effect on the growth
of spruce at all sample sites across the altitude gra-
dient studied and then also on the growth of larch,
with the exception of the highest site, MA4.
By contrast, for fir, a significant (P < 0.05) relation-
ship with summer precipitation was observed only
at two sites in lower locations.

The relationship of growth to the SPEI index
followed the same pattern as the relationship
of growth to precipitation and confirms the higher
sensitivity to summer drought in spruce and larch
compared to fir (Figure 6C).

The relationship of growth to the scPDSI corrob-
orated strong limitation of spruce growth by the
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Figure 5. PCA loading plots of residual tree-ring chronolo-
gies for the common period 1962-2018; (A) PC1 against
PC2; (B) PC2 against PC3; percentage indicates the propor-
tion of the variance explained by a given principal compo-
nent, the vector name consists of the site name (e.g. MA4)
and tree species code (sf — Silver fir, ns — Norway spruce,
el — European larch)
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dry summer period, while larch and fir were less
responsive (Figure 6D).

The temporal stability of the climate-growth re-
lationship was studied using moving correlations.
We focused on seasonal climatic values related
to drought stress. The overall individual stabil-
ity at the site- and tree-species levels can be seen
in Figure 7, which illustrates the shift in the climate-
growth relationship between the two 20-year peri-
ods 1962-1981 and 1999-2018. Scattering of the
correlation values around the diagonal line repre-
sents the theoretical perfect stationary response.
The growth response to summer temperatures was
unstable at both the individual and the global level,
resulting in an asymmetrical displacement of the
cloud of points (Figure 7A). While in the period
1962-1981 the relationship of growth to summer
temperatures was insignificant for all tree species
and sites, and the values of correlation coefficients
reached positive values, in the period 1999-2018,
spruce and fir showed a statistically significant
(P < 0.05) negative relationship with temperatures
at most sites. The growth response of larch did not
change significantly.

The response to summer precipitation was indi-
vidually unstable but overall stable with the in-
dividual responses symmetrically divided by the
diagonal line (Figure 7B). Spruce growth was signif-
icantly (P < 0.05) positively related to precipitation
in both periods at most sites, whereas for larch and
most fir populations the correlations were insig-
nificant in both time windows. However, a distinct
shift in the growth response of fir was obvious for
the SPEI index (Figure 7C). The fir became more
sensitive to drought in the recent 20-year period.

DISCUSSION

In this study, we focused on spatiotemporal
changes in the growth response to climate depend-
ing on tree species and regional affiliation. Analy-
ses were restricted to trees > 100 years old to avoid
the age-related effect on the climate-growth rela-
tionship (Carrer, Urbinati 2004), and the stands
were selected at sites well supplied with nutrients
to eliminate the effect of site quality.

For spruce at site CH1, the resulting chronology
reached less than 60 years, although the age of the
stand was around 100 years. This was due to the fre-
quent occurrence of stem rot in spruce trees at this
lower site. Therefore, we analysed the growth pat-
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tern for the period 1962-2018, which was common
to all sites and tree species.

The observed deep growth depression in fir from
the early 1960s to the late 1980s corresponds to the
findings of other studies from different parts of Eu-
rope (Becker et al. 1989; Elling et al. 2009; Gazol
et al. 2015; Vitali et al. 2017; Bosela et al. 2018). The
growth decline was probably the result of exposure
to atmospheric pollution, in particular to sulphur di-
oxide, to which fir is sensitive (Elling et al. 2009; Mi-
kulenka et al. 2020). With 3 150 kilotons in 1985, SO,
emissions in the Czech Republic were the highest
in Europe (Hinova 2020). Pollution had a clear effect
on the growth pattern of fir during this period and
may have modified the growth response to climatic
factors (Rydval, Wilson 2012; Kol4r et al. 2015).

The vitality of silver fir has increased since the
end of 1980s in many stands in Central and West-
ern Europe (Biintgen et al. 2014; Gazol et al. 2015;
Bosela et al. 2018) due to a decrease in SO, emis-
sions, air warming with constant precipitation and
an increase in nitrogen deposition (Elling et al.
2009; Biintgen et al. 2014). Our study shows that the
increase in fir growth was interrupted by a drought
in 2003 (Ciais et al. 2005), after which growth stag-
nated or decreased.

Spruce growth failed during the hot and dry peri-
ods in the first half of the 1990s (Brazdil et al. 2009).
After an extreme drought in 2003, followed by sev-
eral dry years with further extremes in 2015 (Ionita
etal.2017) and 2018 (Salomon et al. 2022), there was
a rapid decline in spruce growth in most locations
with an increasing occurrence of failures in tree-
ring formation, which indicates severe drought
stress (Brauning et al. 2016). The correlation analy-
sis also clearly indicated high sensitivity of spruce
to drought across the altitude gradient. Also, van
der Maaten-Theunissen et al. (2012) and Vitali et al.
(2017) detected higher sensitivity of spruce to sum-
mer droughts compared to that of co-occurring sil-
ver fir, regardless of the elevation.

Silver fir is generally more resistant to drought
than Norway spruce, larch and European beech (re-
viewed in Vitasse et al. 2019b). However, Cailleret
and Davi (2011) reported higher sensitivity of sil-
ver fir to summer water stress compared to beech
under mountain conditions in the Mediterranean
area. Our study confirmed higher drought tolerance
in fir compared with larch and particularly spruce.
The fir tree has a deep taproot system (Uradnicek et
el. 2009) that allows it to use water from deeper soil
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layers. In addition, this species controls its transpi-
ration efficiently via the rapid closure of its stomata
in response to a vapour-pressure deficit (VPD) in-
crease (Nourtier et al. 2014). Both functional traits
allow fir to cope with dry periods.

In the entire period 1962-2018, fir showed low-
er sensitivity to summer drought, however, in the
most recent 20-year period, the susceptibility of fir
to summer temperatures and SPE! values has in-
creased. In 1999-2018, the highest positive corre-
lation with SPEI was recorded in the Pisek region.
Here, we observed the mortality of fir trees after
the drought in 2018. This means that even the rela-
tively drought-resistant fir may currently experi-
ence local decline due to drought stress in Central
European conditions. So far, the decline of silver
fir triggered by drought has been reported mainly
from southwestern Europe, where fir populations
grow at their xeric distribution limit (Macias et al.
2006; Linares, Camarero 2012). However, drought-
induced tree decline and mortality are complex
phenomena. Trees weakened by drought are sus-
ceptible to secondary stressors, including pests and
pathogens (Mattson, Haack 1987; Gaylord et al.
2013). Also, nutritional imbalances may accelerate
the decline and death of climatically stressed trees
(Hevia et al. 2019; Gonzales de Andrés et al. 2022).
Silver fir shows humus forms with lower surface
humus accumulation, but with soil chemistry very
comparable with that of Norway spruce (Podrazsky
et al. 2018). The importance of impaired nutrition
may increase in the future, as the concentration
of nutrients in foliage is decreasing in the long term
on a European scale (Jonard et al. 2015).

CONCLUSION

Fir is a vital tree species that showed a remarkable
ability to recover from a decline period in the 1970s
and 1980s when air pollution peaked. In recent
years, the strongest abiotic stressor has been cli-
mate change manifested by periods of drought and
an increased frequency of extreme events. Com-
pared to European larch and Norway spruce, silver
fir is more resistant to a lack of precipitation, how-
ever, its sensitivity to drought has increased in the
last two decades, and in some sites at a lower eleva-
tion, fir is currently showing symptoms of decline,
even in the central part of its distribution range.

Due to the intense dieback of spruce and pine
stands, fir appears to be a promising coniferous

tree species that certainly has a high potential for
use in mixed temperate forests in Central European
conditions. However, it is necessary to apply cau-
tious forest management with respect to the eco-
logical requirements of this tree species.

The selected sites do not represent the entire
ecological amplitude of the investigated tree spe-
cies, which can be considered a weak point of the
study. The selection was restricted to the alti-
tudinal zone up to 800 m a.s.l, i.e. the zone with
large-scale disintegration of spruce stands. Future
research should focus also on sites in the montane
zone, as changes in the growth-climate relationship
can be expected even there. In this study, larch was
studied only at a limited number of sites. More at-
tention should be paid to this tree species in sub-
sequent studies as it is expected to be more widely
used in mixed forests of the temperate zone.

REFERENCES

Allen C.D., Macalady A.K., Chenchouni H., Bachelet D.,
McDowell N., Vennetier M., Kitzberger T., Rigling A.,
Breshears D.D., Hogg E.H., Gonzalez P., Fensham R.,
Zhang Z., Castro J., Demidova N., Lim J.H., Allard G.,
Running S.W., Semerci A., Cobb N. (2010): A global over-
view of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. Forest Ecology
and Management, 259: 660—684.

Beck H.E., Zimmermann N.E., McVicar T.R., Vergopolan N.,
Berg A., Wood E.F. (2018): Present and future Képpen-
Geiger climate classification maps at 1-km resolution.
Scientific Data. 5: 180214.

Becker M.G., Landmann G., Lévy G. (1989): Silver fir decline
in the Vosges mountains (France): Role of climate and sil-
viculture. Water, Air, and Soil Pollution, 48: 77—-86.

Bosela M., Lukac M., Castagneri D., Sedmdk R., Biber P., Car-
rer M., Kondpka B., Nola P., Nagel T.A., Popa I, Roibu C.C.,
Svoboda M., Trotsiuk V., Biintgen U. (2018): Contrasting
effects of environmental change on the radial growth of co-
occurring beech and fir trees across Europe. Science of the
Total Environment, 615: 1460—1469.

Bosela M., Tumajer J., Cienciala E., Dobor L., Kulla L.,
Mar¢is P, Popa I., Sedmak R., Sedmdakova D., Sitko R.,
Seben V., gtépének P, Biintgen U. (2021): Climate warming
induced synchronous growth decline in Norway spruce
populations across biogeographical gradients since 2000.
Science of the Total Environment, 752: 141794.

Brauning A., De Ridder M., Zafirov N., Garcia-Gonzélez I.,
Petrov Dimitrov D., Gértner H. (2016): Tree-ring features: In-
dicators of extreme event impacts. IAWA Journal, 37: 206-231.

77



Original Paper

Journal of Forest Science, 69, 2023 (2): 67-79

Bréazdil R., Trnka M., Dobrovolny P., Chromd K., Hlavinka P,
Zalud Z. (2009): Variability of droughts in the Czech Re-
public, 1881-2006. Theoretical and Applied Climatology,
97:297-315.

Biintgen U., Tegel W., Kaplan J.O., Schaub M., Hagedorn F,
Biirgi M., Brazdil R, Helle G., Carrer M., Heussner K.U., Hof-
mann J., Kontic R., Kyncl T., Kyncl J., Camarero J.J., Tinner W.,
Esper J., Liebhold A. (2014): Placing unprecedented recent
fir growth in a European-wide and Holocene-long context.
Frontiers in Ecology and the Environment, 12: 100-106.

Buras A., Menzel A. (2019): Projecting tree species composition
changes of European forests for 2061-2090 under RCP 4.5
and RCP 8.5 scenarios. Frontiers in Plant Science, 9: 1986.

Cailleret M., Davi H. (2011): Effects of climate on diameter
growth of co-occurring Fagus sylvatica and Abies alba
along an altitudinal gradient. Trees, 25: 265-276.

Camarero J.J., Manzanedo R.D., Sanchez-Salguero R.,
Navarro-Cerrillo R.M. (2013): Growth response to cli-
mate and drought change along an aridity gradient in the
southernmost Pinus nigra relict forests. Annals of Forest
Science, 70: 769-780.

Carrer M., Urbinati C. (2004): Age-dependent tree-ring
growth responses to climate in Larix decidua and Pinus
cembra. Ecology, 85: 730-740.

Chytry M. (2017): Current vegetation of the Czech Republic. In:
Chytry M., Danihelka J., Kaplan Z., Py$ek P. (eds): Flora and
Vegetation of the Czech Republic. Cham, Springer: 229-337.

Ciais P, Reichstein M., Viovy N., Granier A., Ogée J., Al-
lard V., Aubinet M., Buchmann N., Bernhofer C., CarraraA.,
Chevallier F, De Noblet N., Friend A.D., Friedlingstein P,
Griitnwald T., Heinesch B., Keronen P., Knohl A., Krin-
ner G., Loustau D., Manca G., Matteucci G., Miglietta F.,
Ourcival J.M., Papale D., Pilegaard K., Rambal S., Seufert G.,
Soussana J.E,, Sanz M.]., Schulze E.D., Vesala T., Valentini R.
(2005): Europe-wide reduction in primary productivity
caused by the heat and drought in 2003. Nature, 437: 529-533.

Cienciala E., Tumajer J., Zatloukal V., Beranova J., Hold S.,
Huanova L., Rus R. (2017): Recent spruce decline with biotic
pathogen infestation as a result of interacting climate,
deposition and soil variables. European Journal of Forest
Research, 136: 307-317.

Cook E.R., Krusic P.J. (2005): Program ARSTAN A tree-ring
standardization program based on detrending and autore-
gressive time series modeling, with interactive graphics.
Available at: https://ininet.org/program-arstan-a-tree-
ring-standardization-program-based-on-de.html

Dobrowolska D., Boncina A., Klumpp R. (2017): Ecology and
silviculture of silver fir (Abies alba Mill.): A review. Journal
of Forest Research, 22: 326—335.

Elling W., Dittmar C., Pfaffelmoser K., Rotzer T. (2009): Den-

droecological assessment of the complex causes of decline

78

https://doi.org/10.17221/172/2022-JFS

and recovery of the growth of silver fir (Abies alba Mill.)
in Southern Germany. Forest Ecology and Management,
257:1175-1187.

Gaylord M.L., Kolb T.E., Pockman W.T., Plaut ].A., Yepez E.A.,
Macalady A.K., Pangle R.E., McDowell N.G. (2013):
Drought predisposes pinon—juniper woodlands to insect
attacks and mortality. New Phytologist, 198: 567-578.

Gazol A., Camarero J.J. (2016): Functional diversity enhances
silver fir growth resilience to an extreme drought. Journal
of Ecology, 104: 1063—1075.

Gazol A., Camarero J.J., Gutiérrez E., Popa I., Andreu-Hay-
les L., Motta R., Nola P., Ribas M., Sangiiesa-Barreda G.,
Urbinati C., Carrer M. (2015): Distinct effects of climate
warming on populations of silver fir (Abies alba) across
Europe. Journal of Biogeography, 42: 1150-1162.

George J.P, Grabner M., Campelo F., Karanitsch-Ackerl S.,
Mayer K., Klumpp R.T., Schiiler S. (2019): Intra-specific
variation in growth and wood density traits under water-
limited conditions: Long-term-, short-term-, and sudden
responses of four conifer tree species. Science of the Total
Environment, 660: 631-643.

Gonzdlez de Andrés E., Gazol Burgos A., Querejeta Mer-
cader J.I,, Igual ].M., Colangelo M., Sanchez-Salguero R.,
Linares J.C., Camarero J.J. (2022): The role of nutritional
impairment in carbon-water balance of silver fir drought-
induced dieback. Global Change Biology, 28: 4439-4458.

Grissino-Mayer H.D. (2001): Evaluating crossdating accuracy:
A manual and tutorial for the computer program COFE-
CHA. Tree-Ring Research, 57: 205-221.

Guicherd P. (1994): Water relations of European silver fir
(Abies alba Mill.) in 2 natural stands in the French Alps
subject to contrasting climatic conditions. Annales des
Sciences Forestieres, 51: 599-611.

Haberstroh S., Werner C., Griin M., Kreuzwieser J., Seifert T.,
Schindler D., Christen A. (2022): Central European 2018
hot drought shifts Scots pine forest to its tipping point.
Plant Biology, 24: 1186-1197.

Harris 1., Osborn T.J., Jones P., Lister D. (2020): Version 4
of the CRU TS monthly high-resolution gridded multivari-
ate climate dataset. Scientific Data, 7: 109.

Hevia A., Sinchez-Salguero R., Camarero J.J., Querejeta J.I.,
Sangiiesa-Barreda G., Gazol A. (2019): Long-term nutri-
ent imbalances linked to drought-triggered forest dieback.
Science of the Total Environment, 690: 1254—-1267.

Hutinovd I. (2020): Ambient air quality in the Czech Republic:
Past and present. Atmosphere, 11: 214.

Ionita M., Tallaksen L.M., Kingston D.G., Stagge J.H.,
Laaha G, Van Lanen H.A.]., Scholz P., Chelcea S.M.,,
Haslinger K. (2017): The European 2015 drought from
a climatological perspective. Hydrology and Earth System
Sciences, 21: 1397-1419.



Journal of Forest Science, 69, 2023 (2): 67-79

Original Paper

https://doi.org/10.17221/172/2022-JES

Jonard M., Fiirst A., Verstraeten A., Thimonier A., Timmer-
mann V., Potoc¢i¢ N., Waldner P.,, Benham S., Hanses K.,
Merild P, Ponette Q., De la Cruz A.C., Roskams P, Nico-
las M., Croisé L., Ingerslev M., Matteucci G., Decinti B.,
Bascietto M., Rautio P. (2015): Tree mineral nutrition is de-
teriorating in Europe. Global Change Biology, 21: 418—430.

Knibbe B. (2004): PAST 4 — Personal Analysis System for
Tree Ring Research, version 4. Instruction manual. Vienna,
SCIEM/Bernhard Knibbe: 140.

Kolat T., Cermék P., Oulehle F.,, Trnka M., Stépének P,
Cudlin P., Hrugka J., Blintgen U., Rybni¢ek M. (2015):
Pollution control enhanced spruce growth in the “Black
Triangle” near the Czech-Polish border. Science of the
Total Environment, 538: 703-711.

Linares J.C., Camarero J.J. (2012): Growth patterns and sensi-
tivity to climate predict silver fir decline in the Spanish Pyr-
enees. European Journal of Forest Research, 131: 1001-1012.

Macias M., Andreu L., Bosch O., Camarero J.J., Gutiérrez E.
(2006): Increasing aridity is enhancing silver fir (Abies alba
Mill.) water stress in its south-western distribution limit.
Climatic Change, 79: 289-313.

Mattson W.J., Haack R.A. (1987): The role of drought in out-
breaks of plant-eating insects. BioScience, 37: 110-118.
Mikulenka P, Prokipkovd A., Vacek Z., Vacek S., Bulusek D.,
Simon J., Siminek V., Hijek, V. (2020): Effect of climate and
air pollution on radial growth of mixed forests: Abies alba
Mill. vs. Picea abies (L.) Karst. Central European Forestry

Journal, 66: 23-36.

Nourtier M., Chanzy A., Cailleret M., Yingge X., Huc R.,
Davi H. (2014): Transpiration of silver fir (Abies alba Mill.)
during and after drought in relation to soil properties in
a Mediterranean mountain area. Annals of Forest Science,
71: 683-695.

Podréazsky V., Vacek Z., Kupka I., Vacek S., Ttestik M., Cukor J.
(2018): Effects of silver fir (Abies alba Mill.) on the humus
forms in Norway spruce (Picea abies (L.) H. Karst.) stands.
Journal of Forest Science, 64: 245-250.

Rydval M., Wilson R. (2012): The impact of industrial SO,
pollution on North Bohemia conifers. Water, Air, and Soil
Pollution, 223: 5727-5744.

Savill P.,, Wilson S.M., Mason B., Jinks R. (2016): Silver
firs (Abies spp) of Europe and the Near East: Species,
silviculture, and utilisation potential. Quarterly Journal
of Forestry, 110: 18-30.

Salomén R., Peters R., Zweifel R., Sass-Klaassen U., Stege-
huis A., Smiljanic M., Poyatos R. et al. (2022): The 2018
European heatwave led to stem dehydration but not

to consistent growth reductions in forests. Nature Com-
munications, 13: 28.

Seidl R., Thom D., Kautz M., Martin-Benito D., Peltoniemi M.,
Vacchiano G., Wild J., Ascoli D., Petr M., Honkaniemi J.,
Lexer M.J., Trotsiuk V., Mairota P., Svoboda M., Fabrika M.,
Nagel T.A., Reyer C.P.O. (2017): Forest disturbances under
climate change. Nature Climate Change, 7: 395-402.

Senf C., Buras A., Zang C.S., Rammig A., Seidl R. (2020):
Excess forest mortality is consistently linked to drought
across Europe. Nature Communications, 11: 6200.

Uradni¢ek L., Madéra P, Tich4 S., Koblizek J. (2009): Dfeviny
Ceské republiky. Kostelec nad Cernymi lesy, Lesnicka
préace: 367. (in Czech)

Van der Maaten-Theunissen M., Kahle H.P.,, Van der Maat-
en E. (2012): Drought sensitivity of Norway spruce is higher
than that of silver fir along an altitudinal gradient in south-
western Germany. Annals of Forest Science, 70: 185-193.

Vicente-Serrano S.M., Begueria S., Lopez-Moreno J.I. (2010):
A multiscalar drought index sensitive to global warming:
the standardized precipitation evapotranspiration index.
Journal of Climate, 23: 1696-1718.

Viewegh J., Kusbach A., Mikeska M. (2003): Czech forest eco-
system classification. Journal of Forest Science, 49: 74—82.

Vitali V., Biintgen U., Bauhus J. (2017): Silver fir and Douglas
fir are more tolerant to extreme droughts than Norway
spruce in southwestern Germany. Global Change Biology,
23:5108-5119.

Vitasse Y., Bottero A., Cailleret M., Bigler C., Fonti P,
Gessler A., Lévesque M., Rohner B., Weber P, Rigling A.,
Wolgemuth T. (2019a): Contrasting resistance and resilience
to extreme drought and late spring frost in five major Euro-
pean tree species. Global Change Biology, 25: 3781-3792.

Vitasse Y., Bottero A., Rebetez M., Conedera M., Augustin S.,
Brang P, Tinner W. (2019b): What is the potential of silver
fir to thrive under warmer and drier climate? European
Journal of Forest Research, 138: 547-560.

Wells N., Goddard S., Hayes M.J. (2004): A self-calibrating Palm-
er drought severity index. Journal of Climate, 17: 2335-2351.

Wigley T.M.L., Briffa K.R., Jones P.D. (1984): On the average
value of correlated time series, with applications in den-
droclimatology and hydrometeorology. Journal of Climate
and Applied Meteorology, 23: 201-213.

Zang C., Hartl-Meier C., Dittmar C., Rothe A., Menzel A.
(2014): Patterns of drought tolerance in major European
temperate forest trees: Climatic drivers and levels of vari-
ability. Global Change Biology, 20: 3767-3779.

Received: November 19, 2022
Accepted: January 23, 2023
Published online: February 15, 2023

79



