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Abstract: The intensity and frequency of drought have increased considerably during the last decades
in southeastern Europe, and projected scenarios suggest that southern and central Europe will be
affected by more drought events by the end of the 21st century. In this context, assessing the
intraspecific genetic variation of forest tree species and identifying populations expected to be best
adapted to future climate conditions is essential for increasing forest productivity and adaptability.
Using a tree-ring database from 60 populations of 38-year-old silver fir (Abies alba) in five trial sites
established across Romania, we studied the variation of growth and wood characteristics, provenance-
specific response to drought, and climate-growth relationships during the period 1997-2018. The
drought response of provenances was determined by four drought parameters: resistance, recovery,
resilience, and relative resilience. Based on the standardized precipitation index, ten years with
extreme and severe drought were identified for all trial sites. Considerable differences in radial
growth, wood characteristics, and drought response parameters among silver fir provenances have
been found. The provenances’ ranking by resistance, recovery, and resilience revealed that a number
of provenances from Bulgaria, Italy, Romania, and Czech Republic placed in the top ranks in almost
all sites. Additionally, there are provenances that combine high productivity and drought tolerance.
The correlations between drought parameters and wood characters are positive, the most significant
correlations being obtained between radial growth and resilience. Correlations between drought
parameters and wood density were non-significant, indicating that wood density cannot be used as
indicator of drought sensitivity. The negative correlations between radial growth and temperature
during the growing season and the positive correlations with precipitation suggest that warming and
water deficit could have a negative impact on silver fir growth in climatic marginal sites. Silvicultural
practices and adaptive management should rely on selection and planting of forest reproductive
material with high drought resilience in current and future reforestation programs.

Keywords: silver fir; radial growth; wood characteristics; drought response; climate change

1. Introduction

Climate change is a major threat to forests in the 21st century. According to the reports
of the Intergovernmental Panel on Climate Change [1,2], temperatures have increased
globally, and the highest rates of warming have taken place in the last decades. Furthermore,
recent evidence has shown a significant increase in the frequency of extreme weather
events (prolonged droughts, heat waves, cold snaps, and floods) related to global climate
change [3,4].

Among the extreme meteorological events, drought is considered to have the largest
detrimental impact on forest ecosystems. Drought and heat stress associated with climate
change could fundamentally alter the productivity, genetic diversity, and distribution of
forest ecosystems [5-7]. In recent years, it was observed that drought frequency, severity,
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and duration increased in many regions in Europe [8]. The most affected regions have
been southern Europe with the Mediterranean region as a hotspot [9,10] and South-eastern
Europe, particularly the Carpathian region [11-13].

The moderate scenario projections (RCP4.5) show that southern Europe, western
Europe, and northern Scandinavia will be affected by a substantial increase in drought
frequency by the end of the 21st century. However, the extreme emission scenario (RCP8.5)
suggests that the entirety of Europe will be affected by more frequent and severe droughts
compared to the last century. Under both scenarios, drought frequency is projected
to increase in spring and summer everywhere in Europe, but especially in southern
Europe [14,15].

The climate changes will also enhance the action of the new biotic (pest and disease)
and abiotic disturbance factors (fire, windstorm) with major consequences for forest ecosys-
tems. Increasing the extreme events, such as drought and disturbance factors, in the near
future will pose serious threats to the growth and persistence of forest species than gradual
climate changes [16,17]. There is a consensus that the ability of forest ecosystems to provide
multiple goods and services will be impacted [18]. The mountain ecosystems and those
located at the edges of forest species’ distribution will be the most vulnerable.

Silver fir (Abies alba Mill.) is one of the main species of mountain ecosystems in Europe
with multiple functions, including ecological, economic, and soil protection roles. European
silver fir is a shade-tolerant species and can grow in an array of soil conditions, with various
amounts of nutrients, but prefers humid and deep soils [19]. Results so far regarding the
potential of silver fir to thrive under expected warmer and drier conditions are optimistic.
The species distribution models (SDMs) suggest that the suitable distribution area of silver
fir will decrease by the end of the century, particularly in the southern and eastern parts
of its distribution, but the lowest decrease is projected for silver fir compared to other
coniferous species [20,21]. On the other hand, paleoecological studies, as well as dynamic
models accounting for biotic and abiotic disturbances, suggest that this species has a high
potential to cope with the expected climate change [22] and can even expand in regions
with summer water deficit from central and eastern Europe [23,24]. Additionally, other
recent studies showed that European silver fir has high phenotypic plasticity [25] and is less
vulnerable to drought stress than other conifers of temperate forests [26-31]. However, a
possible decline may occur in the driest and warmest areas at the distribution edge [32-34].
Therefore, European silver fir could be one of the future species for consideration under
changing climate conditions, particularly at lower altitudes in the mixed vegetation layer.

Considering that drought events will become more frequent and intense in the near
future, the strategies to cope with climate change have to prepare forests by increasing
the adaptive capacity of tree populations [35]. Recent research shows that selecting and
transferring forest reproductive material adapted to the new environmental conditions
of the planting site could increase genetic diversity in those areas and could facilitate
the adaptation of forest species [36-38]. Therefore, assessment of intraspecific genetic
variation and identifying populations expected to be best adapted to the future climate
conditions is essential for increasing forest productivity and adaptability in the context of
climate changes.

Many classical studies in the field of dendrochronology have investigated the potential
impact of climate changes on tree growth [28,29,32]. Unfortunately, these studies do not
take into account the existence of intraspecific genetic variation, considering genetically
homogeneous species. Provenance trials, where tree populations throughout the entire
distribution of a species are tested in different site conditions, can provide important
data concerning intraspecific adaptive capacity and selection of suitable populations for
reforestation programs. These genetic tests facilitate the identification of climatic variables
that exert strong selective pressure on studied populations and the developing of the
models that can be used to predict species’ response to future climates [39,40].

Provenance trials have been used to analyze intraspecific variation in climate growth
response in several tree species, such as Pinus contorta [39,41], Pinus sylvestris, Fagus sylvatica
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and Quercus petraea [42], Quercus robur [43], Picea glauca [44,45], Pseudotsuga menziesii var.
menziesii [46,47], Picea abies [42,48-51], and Abies alba [34,52]. However, there are still
gaps in our knowledge concerning the intraspecific genetic response of forest species to
extreme climate events, such as severe or extreme droughts, because they require long-term
experiments and growth and climate assessments over several decades. Recent studies
have shown that there are significant genetic variations in drought response both within
and among trees populations [53-56]. The provenance-specific drought response for silver
fir has been investigated in even fewer studies [30,57,58].

The Romanian Carpathians represent the southeastern distribution limit of silver fir in
Europe. Meteorological records show a warming trend and increasingly severe and extreme
summer droughts in recent decades in this region. Considering that negative effects of
predicted climate change will be more pronounced, especially at the xeric edge of species
distribution range [14,15,34], knowing the adaptive capacity of silver fir becomes of major
importance. In this context, the aim of this study was to investigate the genetic adaptive
capacity and response of silver fir provenances originated from nine European countries to
extreme drought events that have occurred in this region in the last 22 years. Understanding
of the population’s performance in relation to climate stress, selection of the best adapted
seed sources to future climate conditions, and using them in reforestation programs (i.e.,
assisted migration) is essential for increasing forest productivity and adaptability.

Based on the assumption that drought will significantly impact silver fir ecosystems
in southeastern Europe, in the near future, the objectives of this study were to (1) assess the
genetic variation of radial growth and wood characteristics among silver fir provenances,
(2) evaluate the provenances-specific drought response, (3) establish the climate—growth
relationships, (4) determine correlations between radial growth and wood characteristics,
and drought parameters, and (5) provide practical information for sustainable forest
management in a changing climate context.

2. Materials and Methods
2.1. Trial Site and Plant Material

The study was conducted in a series of five provenances trials established in 1980 in
Romania. The provenance trials were established in five geographic regions with different
climatic conditions (Figure 1 and Table 1). Two trials are located outside of the natural
range of silver fir in Romanian Carpathians, in the European beech zone, while three are
within the natural range.

Table 1. Geographic and climatic variables for silver fir trial sites.

. Prow. Altitude TMA TMvyEgg SAP PMygg SPyeg  De Martonne De Martonne
Trials . o o
Region m °C C mm C mm Index Indexygg

Bucova D2 650 7.37 13.46 878 92 550 50 23
Domnesti C2 880 6.68 12.83 916 104 622 55 27
Moinesti A2 815 7.72 13.71 868 91 544 49 23
Sacele Bl 1225 492 10.91 1001 113 678 67 32
Strambu-Baiut Al 890 6.90 13.24 879 87 521 52 22

In these trials are tested 60 populations originating from the entire species distribu-
tion range in Europe (Figure 1). They were grouped as core, western, eastern, northern,
southeastern, and southern according to their location within the natural distribution
range (Table Al in Appendix A). Forty-three provenances are common in all trials, and
17 provenances are tested additionally at the Sacele trial only. The silver fir tested prove-
nances range from 38°33’ to 51°07’' N and from 4°00’ to 26°40’ E, and include both lower
as well as higher mountain regions (altitudes between 130-1600 m above sea level). In
four sites, the field layout was the randomized square lattice, type 7 x 7, with three rep-
etitions and 25 trees per plot planted at 1.0 x 2.0 m, while at the Sacele trial, the field
layout was the randomized square lattice, type 8 x 8, also with tree repetitions. The
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five field trials were established with six-year-old bare root seedlings, which have been
produced in the Sinaia nursery situated in the mountain beech zone, at 45°29" N latitude,
25°59" E longitude, and at 695 m a.s.l.

Strambu Baijut

Sl Moinesti|
; "Baufhzgacele
:" 1f.ﬁomnesti

S
0.

e
VAR

Figure 1. Location of silver fir provenances (triangles) and trials (circles). Gray area/dots—the
natural distribution of silver fir (by EUFORGEN).

2.2. Phenotypic and Climatic Data

In each provenance trial, four dominant or (co)dominant trees per provenance and
repetition (12 trees in total for each provenance) have been cored at 1.3 m breast height
using 5 mm increment borers (Haglof, Sweden), from slope-parallel stem radii, to avoid
tension and compression wood. In order to avoid tree damage, only one core per tree
was taken. Cores were dried and progressively sanded [59]. Then, the core samples were
scanned at 1200 dpi, using an Epson Expression 10,000 XL, and the ring width (RW),
earlywood width (EW), and latewood width (LW) were measured using the Ligno Vision
software package to the nearest 0.001 mm. Additionally, latewood proportion (LWP) was
calculated as an indicator of wood quality.

For each trial, the tree-ring series has been cross-dated using COFECHA [60] to avoid
dating errors due to missing or false rings, which could be present in an increment radial
core. Only the tree-ring series that presented intercorrelation values > 0.328 (p < 0.01) were
included in final tree-ring data. All tree-ring time series were standardized to a mean value
of one to obtain a width index (RWI) [61,62]. The negative exponential regression in the R
package dplIR [63,64] was applied for each raw measurement series, because it is determin-
istic, meaning that it follows a model of tree growth. The final tree ring data set comprised
2699 tree-ring series, 669 from the Sacele trial and 500 from each of the other four trials.
The analyzed period was 1997-2018, being the common interval for all tree-ring series.

Additionally, wood density (WD) in g/cm? was determined for each core sample and
whole analyzed period using the [65] formula:

Pc =1/[(Mmax/Mo) =1+ 1/pm] 1)

where: p. = conventional density (g/cm?), Mmax = weight of saturated sample (g), M, = weight
of dried sample (g), pyy = wood density (1.53 g/ cm?).
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The climatic data have been calculated using a daily gridded climatic dataset covering
the Romanian territory (ROCADA). The dataset used herein consists of a higher spatial
resolution (1 x 1 km) for improved reproduction of the climatic spatial variability and
has been made using state-of-the-art interpolation techniques [66]. The following climatic
variables have been calculated for each trial site over the period 1997-2018: mean annual
temperature (MAT); mean temperature during the growing season (April to September)
(MTygg); mean temperature for January (MTjan) and July (MTjyr) (the coldest and the
warmest months, respectively); mean temperature from October to December of the pre-
vious year (MTocT.pEC); mean temperature from October of the previous year to March
of the current year (MTocT-MAR); Mean temperature from January to March of the cur-
rent year (MTjan-maR); mean annual precipitation amount (MAP); mean precipitation
during the growing season (MPygg); mean precipitation of the coldest (MPjan) and the
warmest (MPjyr) months; mean precipitation from October to December of the previ-
ous year (MPocT.pEC); mean precipitation from January to March of the current year
(MPjan-MmAR); mean precipitation from October of the previous year to March of the cur-
rent year (MPoct-MaR); annual precipitation amount (SAP); precipitation amount in the
growing season (SPygg); precipitation amount in the autumn-winter of the previous year
(SPoct-DEC); precipitation amount from January to March of the current year (SPjan-maR);
precipitation amount from October of the previous year to March of the current year

(SPoct-MaR) (Table 2).

Table 2. Description of the wood and climatic characteristics.

Abbreviation Wood and Climate Characteristics

RW Ring width

EW Earlywood width

Lw Latewood width

Lwp Latewood proportion

DW Wood density

MAT Mean annual temperature

MTvgg Mean temperature during growing season (April to September)

MTjaN Mean temperature for January (the coldest month)

MTjur, Mean temperature for July (the warmest month)

MToct-DEC Mean temperature from October to December of previous year
MTocT-MAR Mean temperature from October of previous year to March of current year
MTjAN-MAR Mean temperature from January to March of current year

MAP Mean annual precipitation amount

MPyrg Mean precipitation during growing season

MPjaN Mean precipitation of the coldest month

MPjur, Mean precipitation of the warmest month

MPoct.pEC Mean precipitation from October to December of previous year
MPocT-MAR Mean precipitation from October of previous year to March of current year
MPjaN-MAR Mean precipitation from January to March of the current year

SAP Annual precipitation amount

SPocT-DEC Precipitation amount in autumn-winter of previous year

SPOCT-MAR Precipitation amount from October of previous year to March of current year
SPIAN-MAR Precipitation amount from January to March of current year

2.3. Determination of Drought Events and Drought Response Parameters

As an indicator for the meteorological droughts, we calculated the standardized
precipitation indices (SPI) [67], which account for anomalous low rainfall, over the period
1989-2018. Given that an extreme drought event obviously lasts two to three months, to
identify drought years within the analyzed period, we calculated SPI for three consecutive
drought months in each trial site. That allowed us to detect both seasonal and annual
variation of drought events during the analyzed period. The drought years have been
classified as follows: SPI < —2—extreme drought year, SPI between —1.99 to —1.50—severe
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drought year, SPI between —1.49 to —1.0—moderate drought year, SPI between —1.0 to
+1.0—normal precipitation year [57].

The response of provenances to drought events was evaluated by four drought pa-
rameters [68]: resistance (Res), recovery (Rec), resilience (Rsl), and relative resilience
(rRsl). Resistance was calculated as the ratio between ring width during (Dr) and before
the drought event (preDr): Res = Dr/preDr and indicates how much the radial growth
decreased during drought (Res > 1 means high tolerance, Res < 1 means low tolerance). Re-
covery was calculated as the ratio between the ring width after drought event (postDr) and
during drought (Rc = postDr/Dr) and indicates the revitalization capacity after a drought
period. Resilience (Rsl) represents the ratio of the ring width after drought (postDr) and
pre-drought (preDr): Rsl = postDr/preDr and describes the capacity of a provenance to
reach pre-drought increment after a drought event (Rsl > 1 means full restoration, Rs <1
means long-term growth reductions). Relative resilience (rRsl) was calculated by rRsl
= (postDr — Dr)/preDr. Pre-drought and post-drought ring widths were calculated as
average values for three-year period before or after the drought year.

2.4. Data Analysis

Analyses of variance were performed at two levels, each trial site and among sites,
using the GLM procedure (SPSS v20). The total amount of variation was divided into the
following sources of variation: provenance, site, year, and the interaction between them. All
effects were considered random, except for the trial location, which was considered fixed.

The following mixed model was applied:

Zijkln =u+ Pi + Sl + B] +Yk + PSﬂ + PYik + SYlk + ei]'k]n (2)

where: Zjj, = the trait (wood characters, drought parameters), i = the overall mean, P;,
Su By, Yk, PSy, PYik, SY1, and ey, are the effect due to the ith provenance, lth site, jth
repetition (block), kth year, interaction due to ith provenance and Ith site, interaction due
to ith provenance and kth year, interaction due to lth site and kth year, and random error
associated with the ijkInth trees.

In order to investigate to what extent the local adaptation to climate conditions
of origin location influence traits variation, Pearson correlations based on provenance
means were computed between the wood characters, the drought parameters, and the
geographical coordinates of the provenances’ origin for each trial site.

Relationships between the wood characters and the climatic variable of trial sites were
investigated by regression analysis. The growth response functions were developed to
assess the impact of climate at trial sites on provenances radial growth. The quadratic
models based on both temperature and precipitation were used to develop growth response
functions, considering them more suitable [34,40,41,44]. We used seven temperature
variables and 12 precipitation variables, and the best models were chosen based on the R?
coefficient (SPSS program, stepwise selection method).

3. Results
3.1. Identification of Drought Years

Large variation in mean annual temperature and annual precipitation amount were
recorded in each trial site (Figure 2). Based on SPI values we have identified the moderate,
severe, and extreme drought years in each trial site in the period 1989-2018 (Figure 3). Ten
years with extreme and severe drought during the analyzed period have been identified, in
all trial sites. Most of the extreme and severe drought events occurred after the year 2000.
Additionally, during this period, the most consecutive drought years were recorded, such
as 2002-2003, 2011-2012, and 2013-2015.

The number of extreme drought years during the analyzed period (1997-2018) have
varied among sites and ranged between three at Moinesti and Domnesti trials to five at the
Strambu Baiut trial. However, 2000, 2002, and 2011 were the common extreme drought
years in all testing sites.
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The most significant drought event occurred in 2000 when the highest number of
months with severe and extreme drought (nine at Moinesti, seven at Bucova, five at Sacele,
four at Stambu Baiut, and three at Domnesti) has been recorded (Table 3). Among all
extreme droughts, the 2000 drought had the longest duration in almost all sites. Further-
more, the drought overlapped with the growing season, in four of the five trial sites. The
2011 drought was characterized by the highest intensity and generally by two peaks, while
the 2002 drought by lower duration and intensity (five to two months with extreme and
severe drought).

<t VN O 0 N —~— A N T VOIS0 —— AN T VOO -~ AN TN O~
0 0 WV WV N0V 0V AN DN DD DDNDDNDNDNO DO OO OO QO e
A AR IR S DS S S SIS SIS SS o000 00O
~~~~~~~~~~~~~~~~ (o BN e B o BN o BN NN e NN NN o N o NN o HENe N o NN o N e o NiNe Nio BN e Bie |
s Bucova s Domnesti e )Moinesti e Sacele e Strambu Baiut

(a)

O > 0 N O — AN 0 T VOS> 0VND — A F VOO — AN N O
R0V OV X X D DADADADNDNDDNDDNDDDD O OO = =
[S) IS e C e JEe) Blo) Bike) Bic ) Nile) Mo Mie Ko Mo I i = I = B = T = = R e i T — = =R e e e R e i e I =
L I I T e e e R [ I o B o B o [N N o I o Y o I o YN I o I oX I o BN o NN B o I N I oS BN oY |

s Bucova == Domnesti === )Moinesti e Sacele e Strambu Baiut

(b)

Variation of the mean annual temperature (a) and annual precipitation amount (b) in trial sites.

3.2. The Effect of Provenance, Site, and Year on Radial Growth and Wood Characteristics

The analysis of variance for each trial site and analyzed period was presented in
Table 4. Results have highlighted that both provenance and year effects were significant
for studied traits in all trial sites. Provenance x year interaction was also significant in
three testing sites. Multifactorial analysis of variance across sites highlighted significant
provenance, year, and also site effects. Provenance x site and site x year interactions were
very significant also (Table 5).

Results indicate that, during the analyzed period, the studied characters have varied
significantly among sites (Figure 4). The highest values of average on experiment for RW
were obtained at Strambu Baiut trial (3.8 mm) followed by Sacele (3.7 mm) and Domnesti
(3.7 mm) trials. The lowest values were recorded at Moinesti trial (3.4 mm). Regarding the
LWP and WD, the highest value of average on experiment was obtained at Domnesti trial
(47% LWP and 0.36 g/ cm® WD). The lowest values for LWP (41%) and WD (0.34 g/ cm?)
have been recorded at Sacele and Bucova, respectively.
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Figure 3. Standardized precipitation index (SPI) for the trial sites. Trials are Bucova (A),
Domnesti (B), Moinesti (C), Sacele (D), and Strambu Baiut (E).

Table 3. The months when occurred extreme and severe droughts during 2000, 2002, 2003, and 2011.

2000 2002/2003 © 2011
Trial Extreme Severe Total Extreme Severe Total Extreme Severe Total
Drought Drought Months Drought Drought Months  Drought  Drought Months
I, II, VIII, V, X, X1,
Bucova XII VI, VII, X 7 11, IV I,V 4 XII v 5
Domnesti VI, XII VII 3 1L III, IV, V I 5 X, XI, XII - 3
Moinesti L VIL, VIII, I, VI, IX, X, 9 I\AAY% 11, IIT 4 V, XI VI, XII 4
XII XI
Sacele VI, VII, XII VIII, X 5 II I 2 XI, XII X 3
Strambu X, XII VI, XI 4 V, VI, VII VI 4 X, XI, XII - 3
Baiut

(M Explanatory note: the year 2003 was extremely dry at Strambu Baiut only.
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Table 4. Analysis of variance of wood traits for the period 1997-2018.
Source of Variance (s?)
Trial . . DF
Variation RW LW EW LWP WD
Provenance (P) 59 8750.95 *** 2054.92 *** 5973.12 *** 0.071 *** 0.002 ***
Repetition (B) 2 0.010 0.079 0.115 0.098 0.001
SACELE Year (Y) 21 1.880 *** 0.289 *** 1.422 #** 0.290 *** -
Interaction P x Y 1239 0.038 *** 0.011 0.018 * 0.004 -
Error 2640 0.032 0.010 0.017 0.004 0.001
Provenance (P) 42 5568.98 *** 1543.09 *** 2011.95 *** 0.015 *** 0.003 **
Repetition (B) 2 0.003 0.036 0.035 0.036 0.009
DOMNESTI Year (Y) 21 1.868 *** 0.497 *** 0.623 *** 0.088 *** -
Interaction P x Y 882 0.023 *** 0.007 *** 0.007 *** 0.001 -
Error 2838 0.015 0.005 0.006 0.002 0.001
Provenance (P) 42 4107.42 *** 1495.19 *** 3182.79 *** 0.072 *** 0.001
Repetition (B) 2 0.002 0.234 0.265 0.244 0.001
BUCOVA Year (Y) 21 1.080 *** 0.387 *** 0.568 *** 0.201 *** -
Interaction P x Y 882 0.024 0.008 0.012 0.003 -
Error 2838 0.023 0.009 0.011 0.004 0.001
Provenance (P) 42 3543.39 *** 1139.49 *** 1930.62 *** 0.036 *** 0.005
Repetition (B) 2 0.003 0.136 0.100 0.125 0.006
ST}?;:II\S?U Year (Y) 21 1.426 *+* 0.467 *+* 0.708 *** 0.213 ** i
Interaction P x Y 882 0.020 *** 0.008 0.011 ** 0.004 -
Error 2838 0.014 0.007 0.010 0.005 0.004
Provenance (P) 42 5347 *** 1137 *** 2497 *** 0.023 *** 0.002 *
Repetition (B) 2 0.006 0.304 0.329 0.289 0.001
MOINESTI Year (Y) 21 1.2471 *** 0.305 *** 0.617 *** 0.133 *** -
Interaction P x Y 882 0.013 0.005 0.009 0.003 -
Error 2838 0.015 0.006 0.010 0.004 0.001
The level of significance is represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.
Table 5. Multifactorial analysis of variance of wood traits for the period 1997-2018.
Source of DF Variance (s?)
Variation RW LW EW LWP WD
Provenance (P) 42 5894.39 *** 1476.69 *** 2743.90 *** 0.032 *** 0.003 **
Site (S) 4 62,418.47 *** 44,090.87 *** 30,738.85 *** 1.616 *** 0.009 ***
Year (Y) 21 5.405 *** 1.369 *** 2.860 *** 0.471 *** -
Interaction P x S 168 50,470.00 *** 14,551.71 *** 27,404.64 *** 0.042 *** 0.001
Interaction P x Y 882 0.024 0.008 0.011 0.004 -
Interaction S x Y 84 0.396 *** 0.118 *** 0.153 *** 0.056 *** -
Error 13,200 0.023 0.009 0.013 0.005 0.001

The level of significance is represented as follows: ** p < 0.01; *** p < 0.001.

In all trials, it can be seen a strong relationship between the RW variation and severe
and extreme drought years. The tree-ring pattern of provenances showed a strong incre-
ment drop in those years (Figure 4). The descriptive statistics of silver dendrochronology
in each trial were presented in Table A2.

The average radial growth has varied between 4.83 mm (provenance 24-Devin at
Sacele trial) to 2.91 mm (provenance 25-Kitilovo at Moinesti trial), latewood percentage
between 53% (provenance 45-Le Joux at Bucova trial) to 33% (provenance 37-Liezen at
Sacele trial), whereas wood density has varied from 0.45 g/cm3 (provenance 45-Le Joux
at Strambu Baiut trial) to 0.31 g/cm3 (provenance 59-Banska Bystrica at Strambu Baiut
trial) (Figure A1l). However, despite this high variability among sites, there were some
provenances that have obtained RW values over the average of the experiment in all
trial sites: 63-Zarovice, 54-Strambu Baiut, 16-Toplita, 55-Valea ladului, 21-Azuga, 26-St.
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Dimitrov, 51-Gura Putnei, 48-Pangarati, 47-Moinesti, and 14-Asau. The ranking by LWP has
shown that the highest spatial stability had the provenances 43-Greseuss, 26-St. Dimitrov,
29-Vallombrosa, 45-Le Joux, 41-Enzklosterle, 42-Sulzburg, and 44-Lepilat.

3.3. Genetic Variation in Drought Response

The analysis of variance for all extreme drought years, taken together, revealed signifi-
cant variation in drought response among silver fir provenances in all trial sites, except
the Bucova trial (Table 6). Additionally, significant differences were obtained for the year’s
effect and provenance x year interaction. The highest variation among provenances was
obtained for the resilience to drought, in four of the five trials. Significant differences for
resistance capacity were obtained at Sacele and Stambu Baiut, while for recovery only
at Domnesti.
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Figure 4. Variation of the radial growth and wood characteristics in trial sites during the analyzed period. Trials are Bucova
(a), Domnesti (b), Moinesti (c), Sacele (d), and Strambu Baiut (e).
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Table 6. Analysis of variance for drought parameters of silver fir provenances in all extreme drought years and each

trial site.
Variance (s?)
Trial Sou.ra.e of DF
Variation Res Rec Rsl rRsl
Provenance (P) 59 0.119 *** 0.100 0.138 *** 0.049
Repetition (B) 2 0.288 0.622 0.602 0.209
SACELE  Extreme drought 3 2.418 4.803 4272 2.863 ***
year (DrY)
Interaction P x DrY 177 0.078 0.093 0.110 ** 0.050
Error 2436 0.068 0.103 0.079 0.052
Provenance (P) 42 0.038 0.108* 0.087 ** 0.033
Repetition (B) 2 0.260 0.154 0.110 0.082
DOMNESTI  Extreme drought 2 6.318 ** 16.716 *** 0.520 ** 9.681 ***
year (DrY) ’ ' ’ ’
Interaction P x DrY 86 0.080 *** 0.119 ** 0.066 * 0.061 ***
Error 1368 0.049 0.081 0.052 0.034
Provenance (P) 42 0.074 0.121 0.071 0.049
Repetition (B) 2 0.304 0.858 0.034 0.148
BUCOVA  Extreme drought 3 3.873 **+ 8.484 **+ 0.307 *** 4.845 *
year (DrY) ’ ’ ’ ’
Interaction P x DrY 126 0.099 * 0.162 0.089 * 0.075
Error 1856 0.081 0.185 0.073 0.063
Provenance (P) 42 0.081 * 0.125 0.081 *** 0.063
Repetition (B) 2 0.330 0.168 0.342 0.108
STRAMBU Extreme drought
BAIUT 4 0.911 *** 9.110 *** 3.391 *** 3.856 ***
year (DrY)
Interaction P x DrY 168 0.052 0.102 0.037 0.050
Error 2055 0.061 0.098 0.042 0.054
Provenance (P) 42 0.029 0.048 0.065 ** 0.027
Repetition (B) 2 0.069 0.111 0.291 0.076
MOINESTI Extreme drought 5 4077 w4 6.144 ++ 0.950 *+* 6.171 ***
year (DrY)
Interaction P x DrY 86 0.044 0.065 ** 0.035 0.048 **
Error 1368 0.035 0.043 0.039 0.030

The level of significance is represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.

Considering only the common extreme drought years in all testing sites 2000, 2002
(2003 at Strambu Baiut), and 2011, significant differences were found among drought
parameters of silver fir provenances (Table 7). The provenance-specific drought response
depended on the trial site and drought year. Thus, significant differences for all parameters
and all extreme drought years were obtained at Domnesti and Moinesti trials. The highest
differences in drought response were found in the year 2000, in all trial sites. Addition-
ally, the 2011 drought caused a significant genetic variation in the drought response of
silver fir provenances.

The ranking of silver fir provenances by drought parameters in the year 2000, as the
most significant drought year, and in all sites, revealed a certain variation pattern (Figure 5).
Thus, the provenances ranking by resistance, recovery, and resilience, taken together, have
highlighted a best performing group placed at the top ranks in almost all sites. This group
include the following silver fir provenances: 23-Rakitovo, 30-Paularo, 7-Vadul Dobri, 53-
Botiza, 55-Valea Iadului, and 63-Zarovice. In terms of resistance and resilience, the most
valuable provenances were 12-Naruja I, 25-Kitilovo, 33-Abeti Soprani, 43-Greseuss, and
45- Le Joux. Regarding the resistance and recovery, the most valuable provenances were
51-Gura Putnei, 54-Strambu Baiut, and 56-Ilisoara Mures, while regarding the recovery
and resilience the provenance 6-Bucium obtained good results. Additionally, there are
provenances that obtained a good response and high spatial stability for only one drought
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parameter. For instance, 26- St. Dimitrov revealed high resistance capacity; 21-Azuga,
50-Malini, 52-Solca, and 59-Banska Bystrica revealed high recovery; while 22-Vallombrosa,
41-Enzklosterle, 44-Lepilat, 47-Moinesti, and 4-Avrig showed high resilience (Figure 5).
Making the ranking of drought parameters for all extreme drought years, the highest
values of resistance were observed at Moinesti and Bucova trials (the drought-prone
environments), while for recovery and resilience at the Strambu Baiut trial.

Table 7. ANOVA of drought parameters of silver fir provenances for the common extreme drought
years during the analyzed period.

2

Trial Drought 5
Parameters 2000 2002/2003 @ 2011 2012
Resistance 0.143 * 0.082 0.066 * 0.064
Recovery 0.123 0.102 0.082 0.074
SACELE Resilience 0.207 *** 0.085 0.078 * 0.098 *
Rel. resilience 0.071 0.044 0.039 0.044
Resistance 0.060 0.072 ** 0.067 ** -
Recovery 0.272* 0.023 0.050 * -
DOMNESTI Resilience 0.109 * 0.048 * 0.063 * -
Rel. resilience 0.090 ** 0.022 0.042 * -
Resistance 0.203 ** 0.049 0.046 -
Recovery 0.251 0.217 0.059 -
BUCOVA Resilience 0.159 * 0.072 0.062 -
Rel. resilience 0.084 0.058 0.051 -
Resistance 0.085 0.035 0.053 0.033
STRAMBU Recovery 0.174* 0.078 0.060 0.081
BAIUT Resilience 0.054 0.043 0.032 0.044
Rel. resilience 0.090 0.025 0.042 0.046
Resistance 0.027 0.061 * 0.028
Recovery 0.080 ** 0.051 0.049 *
MOINESTI Resilience 0.041 0.049 0.047 *
Rel. resilience 0.050 * 0.039 0.035

Explanatory note: 1) the year 2003 was extremely dry at Strambu Baiut only. The level of significance is represented
as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.

3.4. Phenotypic Correlations

The correlations between wood characters and WD were negative in all trial sites,
although statistically significant correlations were obtained in few trials only (Table A3).

Additionally, the correlations between wood characters and geographic coordinates of
the provenances were few and indicate low pattern of local adaptation. The most significant
correlations were found with LONG and, generally, they have been negative in almost all
trials, except for RW and EW at Bucova trial, and for LW and LWP at Sacele trial, where
they were positive. Statistically, correlations with LAT and ALT of seed origin were few
and only at Moinesti trials and Strambu Baiut, respectively.

The correlations between drought parameters and wood characters were positive,
and the most were obtained between RW and resilience (Table 8). Correlations between
drought parameters and wood density were non-significant.
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Figure 5. Variation of the drought parameters of silver fir provenances calculated for 2000 drought year in each trial site.

Drought parameters are resistance (a), recovery (b), resilience (c), and relative resilience (d).
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Table 8. Phenotypic correlations between wood characters and drought parameters of silver

fir provenances.

Trial Trait RW W EW LWP WD
Resistance 0211 0.301 * 0.097 0.188 0.262
Recovery 0.077 0.068 0.063 —0014  0.065
SACELE Resilience 0261 * 0.320 * 0.144 0.139 0.145
Rel. resilience 0.129 0.091 0.100 0053  0.0%
Resistance 0.301 * 0317 * 0.255 0.121 0.137
Recovery 0.244 0.206 0.207 0014  —0.101
DOMNESTI Resilience 0389%  0362* 0.337 009  0.052
Rel. resilience 0.295 * 0.214 0.281 —0.038 —0.086
Resistance 0.094 0513**  —0242  0465*  0.09%
Recovery 0.131 0.170 0.030 0033  —0.167
BUCOVA Resilience 0316*  0.698**  —0115 0473*  —0.123
Rel. resilience 0.255 0.162 0.181 0058  —0243
Resistance —0.170 —0.150 —0.122 —0.084 0.265
STRAMBU Recovery 0.225 0.252 0.106 0.126 0.027
BAIUT Resilience 0.130 0.223 —0.004 0.119 0.249
Rel. resilience 0.308 * 0.402 ** 0.106 0.231 0.043
Resistance 0.336 * 0.240 0329*  —0084  0.106
Recovery 0.126 —0.095 0249  —0365*  0.094
MOINESTI Resilience 0.298 * 0.109 0363*  —0263  0.114
Rel. resilience 0.110 —0.055 0.198 —0.262 0.068

The level of significance is represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.

3.5. Growth Response Functions

The influence of climate on the RW and LWP in each trial site has been inves-
tigated using quadratic regressions, and the best models obtained were presented in
Tables 9 and 10. The main climatic drivers explaining the radial growth of silver fir were
MTvgG, MPoct-maR, and MPjan-mar- The growth—climate relationship was moderate, R2
ranging between 0.37 and 0.50, indicating that a substantial amount of the radial growth
variation can be explained by these climatic factors. Partial R? indicates that silver fir is
less sensitive to precipitation than to temperature. The influence of temperature during
the growing season accounted for 29% and 48% of the total variation of RW. For latewood
percentage, the response models founded were modest (R? varied between 0.09 and 0.15).
MAT, MTygg, MAP, and MTygg are the main climatic factors that influence LWP of silver
fir (Table 10). The temperature variables accounted for the greater part of LWP variation.

Table 9. Climatic response models for radial growth of silver provenances. MTygg—the mean tem-
perature of the growing season, MPocTMar—the mean precipitation from October of the previous
year to March of the current year, MPjaN.Mmar—the mean precipitation from January to March of the
current year.

Partial R2

Trial Growth Response Model Signif. R?
Temp. Precip.
Bucova  10,632.399—41.943 MT?ygG + 0.154 MP?jAnomar ¥ 0458 0412 0.043
Domnesti  15,399.754—55.908 MT2ypc—46.317 MPocrmar 0496 0475  0.154
Moinesti  8780.790—29.468 MT?ygG + 0.060 MP?jaNomar ¥ 0372 0292 0.017
Sacele  11,985.713—49.258 MT2ypc—41.649 MPocrmar ~ *** 0415 0326  0.093
S.Baiut  9154.895—36.635 MT2ypG + 17.794 MPocmar ¥ 0503 0.326  0.062

The level of significance is represented as follows: *** p < 0.001.
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Table 10. Climatic response models for late wood percentage of silver provenances. MAT—the mean
annual temperature, MTygg—the mean temperature of the growing season, MAP—the mean annual
precipitation amount, MTygg—the mean precipitation, during the growing season.

. L Partial R?
Trial Growth Response Model Signif. R?
Temp.  Precip.
Bucova 32.271 + 0.212 MAT? + 0.027 MPygG e 0.091 0.092 0.008
Domnesti 26.927 + 0.087 MT2y g + 0.052 MPygg e 0.222 0.206 0.111
Moinesti 30.329 + 0.069 MT2ygc — 0.002 MAP o 0.136 0.066 0.006
Sacele 16.864 + 0.147 MT2ypG + 0.057 MPygc weE 0.154 0.152 0.052
S. Baiut 32.411 + 0.081 MT2ygg — 0.003 MAP *xx 0.150 0.058 0.011

The level of significance is represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

In this study, we have analyzed the radial growth, wood characteristics, and drought
response of 60 silver fir provenances tested in five long-term trials established in different
geographic regions and climatic conditions across Romania. Considerable differences in
radial growth and wood characteristics among silver fir provenances were found. The
influence of the local site conditions of each experiment and interaction of provenance with
site and year were also significant in three testing sites, suggesting that the stability over
time of silver fir radial growth and wood characteristics depends on site conditions.

The analysis of climate data during the period 1997-2018 showed large variations
in terms of temperature and precipitation at site and time scale too. Results revealed a
warming trend and a decreasing in the sum of annual precipitation during the analyzed
period. The De Martonne aridity index, calculated for each trial site at the entire year level
and entire period, had a value between 50 to 67 indicating that climatic conditions of the
trial sites fall into the wet category. However, the values of De Martonne aridity index
calculated for the growing season ranged between 22 to 27 that classifies the sites climate
into silvostepic.

Extreme drought events have increased their frequency during the last two decades
and among all extreme droughts, the most significant in duration and intensity have been
the 2000, 2002, and 2011 droughts, in all trial sites. Abrupt growth changes were detected in
tree ring chronologies related to these drought events. The losses in RW caused by drought
have varied depending on the site, drought year, and provenance. The highest losses in
RW have occurred in 2011, characterized by the highest drought intensity and two peaks in
all sites, ranging between 18% at Moinesti to 27% at the Sacele trial. The year 2011 exerted
the highest water stress on vegetation over the half-century in many regions of Europe [1].

Results revealed significant genetic variation in drought response among tested prove-
nances. The drought reaction of silver fir provenances varied significantly depending on
the extreme drought year and site conditions. The highest response by almost all drought
parameters was found in the year 2000 when a consistent pattern in provenances drought
response across the sites was observed. Thus, the provenances ranking by resistance,
recovery, and resilience revealed several provenances placed in the top ranks in almost all
sites. This group include provenances from Bulgaria, Italy, Romania, and Czech Republic.
Additionally, some provenances had a good tolerance and high spatial stability for two or
only one drought parameter. The remarkable performance combining superior growth with
high tolerance to drought events had the provenances 63-Zarovice, 53-Botiza, 54-Strambu
Baiut, 55-Valea Iadului from core distribution range, 47-Moinesti, 50-Malini, 51-Gura Putnei
from eastern edge, and 7-Vadul Dobrii and 26-St. Dimitrov from southeastern edge. The
highest values of resistance to drought were observed at Moinesti and Bucova trials, in the
drought-prone environments.

It is notable that our results highlight higher genetic variation in drought response
among silver fir provenances compared to previous studies. Thus, George et al. [57],
studying drought sensitivity of ten provenances of silver fir and four Mediterranean
fir species in eastern Austria, found both intra- and inter-specific variation to drought.
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However, his results indicated that genetic variation in drought response among silver fir
provenances is more reduced than among Abies species. Additionally, Sagnard et al. [69],
analyzing growth traits and drought resistance of silver fir seedlings in France, found a low
variation among provenances in drought response, while Sindelar and Beran [70] found
little genetic differentiation among silver fir provenances for drought resilience. The high
genetic differentiation of drought response revealed in our study can be explained by the
broad geographic amplitude of the provenances tested in these trials. This geographic
area comprises two putative glacial refugia in southern Europe where silver fir survived
during the last glaciation: in the Appenines and in the Balkan Peninsula of southeastern
Europe. The remarkable growth performances and drought resilience of some provenances
from the eastern distribution range (48, 52, 53) and southeastern (7,23, 25, 26) and southern
edge (33) indicate that these populations, most of them peripheral, possess high adaptive
potential, most likely as a consequence of the selection pressure.

Forest species hold different adaptive capacity to withstand the impacts of drought
according to their ecophysiological characteristics and evolutionary adaptation. For in-
stance, Arend et al. [54] showed that Quercus robur needs a prolonged recovery phase
after the drought, indicating a lower fitness for drought tolerance. Forner et al. [71] found
that Pinus nigra was able to recover after the extreme event while Quercus faginea was
not. Additionally, Gazol et al. [72] revealed that Pinus ponderosa and Pseudotsuga menziesii
displayed greater plasticity in resistance to a drought that the two more frequently oaks
(Quercus alba and Quercus stellate) in North America. Our study has demonstrated that the
resilience and resistance to drought varied significantly among silver fir provenances.

Silver fir is a species that highlights low genetic variability among populations, but
high genetic diversity within populations, even in marginal populations [33,73], which
could be a benefit for adapting to climate warming. Heer et al. [74] analyzed dendroeco-
logical and genetic data of surviving silver fir trees to the drought episodes of the 1970s
and 1980s that caused forest dieback in Central Europe and found fifteen genes associated
with the dendrophenotypes, including genes linked to photosynthesis and drought stress.
Therefore, besides the so-called “avoidance strategy” of silver fir through bud cessation at
the end of July and deep root system [75], there is a genetic basis of adaptation to drought.

The correlations between drought parameters and wood characters of silver fir prove-
nances are positive. The most significant correlations have been obtained between radial
growth and resilience. Our results are in accordance with findings from Eilmann et al. [56],
while other studies have shown that drought-tolerant provenances were less produc-
tive [76]. Correlations between drought parameters and wood density were non-significant,
indicating that wood density cannot be used as an indicator of drought sensitivity. Re-
sults can be explained by lower genetic variation of WD compared to RW among silver
fir provenances at this age. Similar results for silver fir have been obtained by George
at al. [57], while for other species like Picea abies and Pseudotsuga menziesii, correlations
between wood density and trees sensitivity to drought have been found to be moderate to
strong negative [55,77].

The wood characteristics varied, especially along the longitude, which represents an
important gradient of increasing aridity eastward within Romania. In the Bucova trial,
located in Banat Mountains with a warmer climate and an increasing deficit in rainfall, the
best-performing provenances come from Eastern Carpathians.

The growth response functions revealed that the climatic variables of the trial sites
were the significant drivers of the growth performance of the silver fir provenances. The
main climatic variables explaining the radial growth of silver fir were MTygg, MPocT-MAR,
and MPjan-maRr, While for latewood percentage were MAT, MTygg, MAP, and MTvygc.
The negative correlations between RW and temperature during the growing season and
positive correlations with precipitation suggest that warming and water deficit could have
a negative impact on silver fir growth in climatic marginal sites, the more so because
precipitation patterns are projected to change more than temperature in near future.
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5. Conclusions

Even though silver fir experienced the most stressful droughts over the last two decades,
it has revealed a plastic response to drought. Results revealed significant genetic variation
among silver fir provenances by resistance, recovery, and resilience to drought. The
provenance-specific response depended on the climatic conditions of the planting site and
drought year. However, there are some local and foreign provenances that combine high
radial growths and high drought tolerance.

Silvicultural practices and forest adaptive management should increase and maintain
a high genetic diversity and resilience within forest stands. One of the adaptive measures
could be selection, transfer, and planting of high-productive and drought resilient forest
reproductive material in reforestation programs (assisted migration). Assisted migration
may support adaptation process and help to conserve and increase genetic diversity,
especially at the species distribution edges.

Finally, we argue that silver fir holds a great potential to thrive under warmer and
drier conditions at the eastern limit of its distribution, in the southeastern Carpathians.
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Appendix A

Table A1l. List of silver fir provenances tested in comparative trials.

Location within

No. Prov. Provenance Country Distribution Range Longitude E Latitude N Altitude (m)
1 Cheia Romania Southeastern edge 25°55/ 45°25/ 950
2 Azugal Romania Southeastern edge 25°35/ 45°25/ 1100
3 Ghelinta Romania Eastern edge 26°20 45°55' 880
4 Avrig Romania Southeastern edge 24°30 45°40' 660
5 Valea Motilor Romania Core 22°45' 46°30' 750
6 Bucium Romania Core 23°10 46°15' 910
7 Vadul Dobri Romania Southeastern edge 22°35' 45°40 1150
8 Tismana Romania Southeastern edge 23°00 45°05 950
9 Polovragi Romania Southeastern edge 23°48' 45°15' 1100

10 Cozia Romania Southeastern edge 24°20/ 45°20/ 1300
11 Gura Teghii Romania Eastern edge 26°20 45°35' 1100
12 Naruja I Romania Eastern edge 26°40 45°40' 800
13 Soveja Romania Eastern edge 26°40 46°00' 750
14 Asau Romania Eastern edge 26°25' 46°25' 1050
15 Tusnad Romania Eastern edge 25°50 46°10/ 650
16 Toplita Romania Eastern edge 25°25' 46°55' 930
17 Garcin Romania Southeastern edge 25°45/ 45°35 1000
18 Rasnov Romania Southeastern edge 25°32/ 45°35' 700
19 Valiug Romania Southeastern edge 22°10 45°12/ 600
20 Rusca Montana Romania Southeastern edge 22°28' 45°35' 880
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Table A1l. Cont.

Location within

No. Prov. Provenance Country Distribution Range Longitude E Latitude N Altitude (m)
21 Azugall Romania Southeastern edge 25°35' 45°25' 1125
22 Toplita I Romania Eastern edge 23°25/ 46°55' 900
23 Rakitovo Bulgaria Southeastern edge 24°05/ 41°59' 1550
24 Devin Bulgaria Southeastern edge 24°24/ 41°42' 1500
25 Kitilovo Bulgaria Southeastern edge 26°13' 42°54/ 500
26 St. Dimitrov Bulgaria Southeastern edge 23°09' 42°15' 1450
27 Raslog Bulgaria Southeastern edge 23°40 42°01' 1600
29 Vallombrosa Italy Southern edge 11°33/ 43°45' 960
30 Paularo Italy Core 13°30/ 46°31' 950
32 San Bruno Italy Southern edge 16°20/ 38°33’ 1250
33 Abeti Soprani Italy Southern edge 14°20/ 41°52/ 800
34 Trieben Austria Core 14°30/ 47°28/ 1125
36 Passail Austria Core 15°32 47°13' 800
37 Liezen Austria Core 14°15' 47°31 800
38 Hohe Wand Austria Core 16°04/ 47°49 750
40 Todtmoos Germany Western edge 8°05' 47°47' 320
41 Enzklosterle Germany Western edge 8°30/ 48°16’ 280
42 Sulzburg Germany Western edge 7°43/ 47°51 560
43 Greseuss France Western edge 6°09’ 48°28/ 400
44 Lepilat France Western edge 4°00/ 44°40' 340
45 Le Joux France Western edge 6°15' 46°40' 260
46 Naruja II Romania Eastern edge 26°40 45°40/ 750
47 Moinesti Romania Eastern edge 26°25' 46°25' 940
48 Pangarati Romania Eastern edge 26°10 46°53' 860
49 Rasca Romania Eastern edge 25°14/ 47°20' 560
50 Malini Romania Eastern edge 25°56 47°24/ 820
51 Gura Putnei Romania Eastern edge 25°33/ 47°47' 620
52 Solca Romania Eastern edge 24°52' 47°40' 480
53 Botiza Romania Core 23°05' 47°40' 970
54 Strambu Baiut Romania Core 22°55' 47°35' 760
55 Valea Iadului Romania Core 22040’ 46°50 800
56 Ilisoara Mures Romania Eastern edge 25°08' 46°55' 1050
58 Brezno Slovakia Core 20°20' 48°40/ 700

Michalova
59 Banska Bystrica Slovakia Core 19°15/ 48°40/ 850
60 Banska Bystrica Slovakia Core 19°15/ 48°40 800
61 Lidetko Czech Republic Core 18°02 49°05 740
62 Vizovice Czech Republic Core 17052/ 49°12/ 650
63 Zarovice Czech Republic Core 17°01 49°30/ 860
64 Deblin Czech Republic Core 16°32 49°18' 740
65 Skarzysko Poland Northern edge 20°50 51°07' 130
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Figure A1. Variation of mean radial growth for period 1997-2018 of silver fir provenances in trial sites.
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Table A2. Descriptive statistics of silver fir dendrochronology.

GLK RBAR EPS SNR Provena‘nce Provenance
rbar min rbar max
Bucova 0.596 0.659 0.999 989.01 0.702—Prov. 30  0.892—Prov. 17
Domnesti 0.682 0.773 0.999 1700.15 0.752—Prov. 55  0.854—Prov. 16
Moinesti 0.635 0.691 0.999 1096.01 0.607—Prov. 33  0.905—Prov. 55
Sacele 0.612 0.706 0.999 1605.15 0.633—Prov. 22 0.920—Prov. 26
Str. Baiut 0.627 0.689 0.999 1001.36 0.728—Prov. 3 0.918—Prov. 50

Table A3. Phenotypic correlations between the wood characters and geographic coordinates of the origin place of
silver fir provenances.

Trial Trait Lw EW LWP WD LAT LONG ALT
RW 0.570 *** 0.870 *** —0.258 * 0.082 —0.083 —0.172 —0.028
|A%Y - 0.098 0.599 *** 0.007 —0.092 0.303 * —0.123
SACELE EW - —0.663 *** 0.090 —0.043 —0.389 ** 0.034
LWP - 0.059 —0.126 0.522 *** -0.115
WD - —0.103 0.050 —0.065
RW 0.885 *** 0.934 *** —0.098 —0.189 0.230 —0.128 0.133
W - 0.667 *** 0.310* 0.011 0.264 —0.189 0.003
DOMNESTI EW - —0.424 ** —0.292 % 0.171 —0.096 0.207
LWP - 0.179 0.205 —0.029 —-0.217
WD - —0.299 * —0.173 —0.170
RW 0.495 ** 0.801 *** —0.242 —0.077 0.240 0.292 * 0.166
LW - —0.123 0.709 *** —0.201 0.103 —0.425 ** —-0.176
BUCOVA EW - —0.764 *** 0.051 0.201 0.627 *** 0.300 *
LWP - -0.172 —0.059 —0.723 *** —0.326*
WD - —0.240 0.050 —0.031
RW 0.695 *** 0.827 *** —0.071 —0.304 * 0.081 0.127 0.094
LW - 0.172 0.632 *** —0.137 —-0.077 —0.036 —0.115
STRAMBY EW ] 0594 —0.306* 0.166 0.198 0.230
BAIUT LWP - 0.039 —0.151 —0.224 —0.258
WD - —0.279 * 0.165 0.096
RW 0.809 *** 0.918 *** —0.192 —0.362 * 0.486 ** —0.100 0.072
w - 0.508 *** 0.397 ** —0.245 0.266 —0.344 % —0.005
MOINESTI EW - —0.549 *** —0.365 * 0.532 *** 0.086 0.113
LWP - 0.148 —0.341* —0.382% —0.036
WD - —0.268 —0.044 —0.099
The level of significance is represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001.
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