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Abstract: In this study, we made use of a regional oak tree-ring network from six stands that cover
the northern Moldavian Plateau (eastern Europe) to analyze how different tree ring parameters (i.e.,
early wood tree-ring width, late wood tree-ring width, and total tree-ring width) of Quercus sp. are
influenced by the occurrence of extreme climatic events (e.g., long-lasting drought events). In order
to explore the influence of extreme hydroclimatic events on tree ring width, we have selected each of
the six most extreme positive and negative years of tree growth and addressed the seasonal cycle of
tree growth in comparison with the main climatic parameters, then evaluated both the current and
lagged consequences of extreme hydroclimatic events on tree ring width and the capacity of trees to
recover. Our results indicate that the variability of oak tree ring width from the Moldavian Plateau is
mainly influenced by the availability of water resources, and that an important limiting growth factor
for Quercus sp. is the occurrence of long-lasting drought events, e.g., at least two years in a row with
severe drought conditions.

Keywords: extreme climatic events; tree-ring width; Quercus sp.; dendrochronology; Moldavian
Plateau; superposed epoch analysis; drought

1. Introduction

Extreme climatic events (e.g., droughts, heatwaves, floods) have a strong impact on
different sectors including society, biodiversity, the economy, the environment, forestry,
water management, and agriculture [1-4]. Forest ecosystems are directly affected by the
variability of major climatic parameters (e.g., temperature, precipitation, radiation) via
their impact on the tree’s physiological processes, for example, photosynthesis and water
transport [5]. Thus, extreme climatic events can cause severe damage to trees in the
form of forest fires, drastic reduction in tree growth rates, dieback events, and even tree
mortality [5-8]. Numerous studies have reported a significant decline in the growth of oak
trees during severe drought conditions or extreme climatic events [9-13].

Trees respond to climatic conditions through variations in tree ring parameters (e.g.,
tree ring width, maximum wood density, and stable isotopic composition in tree ring
cellulose, among others) [14,15]. The variations in tree ring width represent an efficient
indicator that can quantify the influence of climate (including drought conditions and
climatic extreme events) on the growth of trees [11,16]. Extreme climatic events (e.g.,
droughts, heatwaves, floods) have a strong impact (e.g., via significant changes in resource
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availability) on tree growth in the year of the extreme climatic event, as well as during
the post-event recovery time. The overall availability of water resources is recorded by
the sequence of wider or narrower tree ring width [16,17]. Additionally, during extreme
drought conditions, trees become more vulnerable to pathogen attacks, forest fires, and
insect outbreaks [18].

Recent studies have shown that as a consequence of the ongoing climate change we are
facing an increase in mean global/regional temperatures, changes in precipitation patterns,
and more frequent and more intense extreme climatic events [3,19-21], including over
Romania [22,23], where our tree ring network is located. The observed record-breaking
heat waves, droughts, and floods over the last several years have cost hundreds of millions
of Euros in damage and have led to significant impacts at the social, economic, and
ecological levels [4,24-26]. Moreover, climate models predict that temperature will continue
to increase in the next decades, and that the associated climatic extreme events will increase
in both frequency and intensity [21,27], causing even greater socio-economic and ecological
damages. Therefore, it is expected that the associated risks and impacts of climate change
will increase significantly in the coming years and even decades.

Considering the economic and ecological importance of forests, a better understanding
of the relationship between the variability of tree ring width and extreme climatic events
is essential for ensuring reliable provisioning of forest ecosystem services in the face of
climate change [24]. The recent extreme drought events which have affected large parts
of Europe over the last decade [3,20,28,29] have allow for investigation of the short-term
consequences of extreme drought on tree growth in temperate European forests [18,24,30];
however, such studies are limited for the eastern part of Europe. Furthermore, it is of great
interest to study the potential impact of extreme climatic events on forestry (especially tree
growth) and related services for human societies in order to help mitigate negative effects.

Here, we employ a regional oak tree ring network from six stands covering the
northern Moldavian Plateau (eastern Europe) to present an overview of how tree ring
width is affected by extreme hydroclimatic events, with a special focus on long-lasting
droughts. The aim of this paper are: (i) to analyze the climate-growth relationship between
different parameters of tree rings of Quercus sp. from the northern Moldavian Plateau (the
northeastern part of Romania and the northern part of the Republic of Moldova) along
with the main climatic parameters; (ii) to investigate how the tree ring network reflects the
spatial extent of extreme climatic events and climatic extremes over the analyzed region;
(iii) to address the seasonal cycle of tree growth variability during the most extreme years;
and (iv) to evaluate both the immediate and lagged consequences of extreme climatic
events on tree growth and on their capacity to recover.

2. Materials and Methods
2.1. Study Area

The study area is located in the northern part of the Moldavian Plateau, which is situ-
ated in the northeastern part of Romania and the northern part of the Republic of Moldova
(Figure 1). The northern Moldavian Plateau is characterized by a series of alternating ridges,
depression, and asymmetric valleys [31]. The highest elevations (~700 m.a.s.1.) are situated
in the northwestern part of the plateau, decreasing towards the eastern and southern parts
of the plateau to levels around 200 m.a.s.l. The climate is temperate-continental, with cold
winters and warm summers [32]. The monthly mean temperature ranges from —2.2 °C
(in January) to +21.8 °C (in July) [32,33], while the annual precipitation sum is on average
520 mm, with a minimum in January (~26 mm) and a maximum in June (~76 mm) [32,33].
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Figure 1. Site location (a) In Europe, (b) at the regional scale, and (c) at the local scale.
2.2. Chronology Development
From six oak stands placed in Northeastern Romania and the Republic of Moldova,
we took 155 samples (from 17 to 30 cores per site) from dominant and healthy trees with a
Pressler borer, taking one core per tree at breast height (1.30 m) (Figure 1, Table 1).
Table 1. Sample location.
No Site Description Latitude (°N)  Longitude (°E)  Altitude (m a.sl.) Number of Cores
1 PATR Patrauti, Suceava, RO 47.76 26.20 394 17
2 TUDO Tudora, Botosani, RO 47.54 26.69 483 20
3 ZLOR Zamostea Luncd, Suceava, RO 47.87 26.25 291 29
4 BRIC Briceni, MD 48.26 27.02 228 30
5 PADM Padurea Domneasca, MD 47.61 27.40 59 29
6 RUDI Rudi, MD 48.31 27.91 229 30

Sampling site selection was in agreement with our research objectives, choosing the
oldest and most representative oak stands in the region (more than 100 years old and
without regeneration cuttings) while covering different environmental conditions. The
increment cores were kept in plastic containers with special slots for ventilation, and were
processed and measured at the Forest Biometrics Laboratory (biometrie.usv.ro, accessed
on 27 February 2023). After drying, surface preparation was performed by cutting a flat
surface with a WSL core-microtome [34] to enhance the tree-ring borders. Further, the cores
were digitalized using an Epson 11000 XL flatbed scanner (Epson Inc, Long Beach, CA,
USA) and Silverfast v.8.1 with a true resolution of 2400 dpi, and saved as an image in 48-bit
color format. The resulting images were opened in CooRecorder v. 9.3.1 [35], where we
measured the tree ring widths (TRW) as well as the seasonal wood width for both early
wood (TREW) and late wood (TRLW) with respect to the IAWA classifications [36]. The
measurement quality was checked by individual cross-dating using TSAPwin v. 4.8 [37]
and statistically verified with COFECHA using correlation analysis of 50-year intervals
with 25-year overlaps [38].

To remove non-climate-induced trends, the individual series were detrended using a
cubic smoothing spline with a 50% frequency cut-off at 30 years in the dplIR library [38]
to maintain the high-frequency signal [39]. The tree ring indices (standard chronology)
were computed as the ratio between the raw and detrended functions, and the mean
site chronology was obtained using the bi-weighted mean [40]. The chronology strength
was assessed with the expressed population signal (EPS) parameter and the inter-series
correlation (rbar) using a 50-year window lagged by 25 years [41] for the entire period
of each chronology. Moreover, standard dendrochronological statistics such as mean
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sensitivity (MS), first-order autocorrelation (AC1), and signal-to-noise ratio (SNR) were
computed for each site and master chronology.

2.3. Climate Data

The climate—growth relationship was analyzed using four climate variables, namely,
monthly precipitation totals (PP), minimum air temperature (Tmin), mean air temperature
(Tmean), and maximum air temperature (T'max), based on the CRU TS 4.06 gridded
database [33]. The CRU TS 4.06 dataset has a spatial resolution of 0.5° x 0.5° and covers
the period 1901-2019. Because tree growth is strongly affected by the availability of
water [42,43] the climate-growth relationship was analyzed with respect to the prevailing
drought conditions. For this purpose, in the current study we make use of the Standardized
Precipitation and Evapotranspiration Index (SPEI) [44] calculated for different accumulation
periods, namely, one month (SPEI1), three months (SPEI3), six month (SPEI6), nine months
(SPEI9), and twelve months (SPEI12). The use of multiple accumulation periods was
motivated by the fact that we wanted to test the influence of the previous months’ water
availability on the measured tree ring parameters of TREW, TRLW, and TRW. SPEI was
computed using the monthly precipitation totals (PP) and the potential evapotranspiration
(PET) extracted from the aforementioned CRU T.S. 4.06 dataset [33].

2.4. Statistical Analyses

In order to extract the common signal in our six chronologies, we applied an empirical
orthogonal function (EOF) analysis [45] for each of the tree-ring parameters (TREW, TRLW,
and TRW). EOF analysis seeks structures that explain the maximum amount of variance in
a two-dimensional dataset. The EOF technique aims at finding a new set of variables that
capture most of the observed variance from the data through a linear combination of the
original variables. EOF analysis provides a convenient method for studying the spatial and
temporal variability of multiple time series or gridded data. The result of the analysis is a
set of first-dimensional structures that are referred to as EOFs, and which are considered to
be structured in the spatial dimension. Principal Components (PCs) are the complementary
set of structures in the sampling dimension (for example, time) that are directly related to
the EOFs. In their own dimension, both sets of structures are orthogonal.

In order to analyze the climate variability during extreme growth years, the six most
extreme positive and negative years were selected for each tree ring parameter index. The
temporal evolution of the seasonal cycle of the climate parameters during the selected
extreme growth years was compared with a standard climatological reference period (e.g.,
1971-2000). If the difference is higher or lower than 0.75 standard deviations (SD), then
the climate parameter has a significant influence on tree growth. We chose a 0.75 SD as
a compromise in order to have sufficient degrees of freedom to compute the statistical
significance and to disregard those years which were not extreme.

The relationship between the main climatic parameters and oak tree ring growth
was examined using Superposed Epoch Analysis (SEA) [46]. We used this approach to
statistically examine the significance of the mean response of oak trees’ growth to extreme
climatic events. We tested whether the precipitation amount, maximum temperature, and
long term-drought conditions had a significant influence on tree ring width during the
five years prior to and after the selected extreme years.

3. Results and Discussion
3.1. Chronology Characteristics

Six individual early wood (TREW), late wood (TRLW), and total tree ring width (TRW)
chronologies were developed for the Northern Moldavian Plateau (Table 2). The mean oak
age ranged from 95 years (RUDI) to 189 years (TUDO), with a maximum of 218 years (TUDO),
covering the period 1802-2019. In terms of growth performance, the oak growth rate had a
mean of 2.33 + 0.51 mm-year~! and varied from 1.65 mm-year ! (TUDO) to 3.03 mm-year !
(PADM). The TREW represented ~37% of TRW, namely, 0.87 + 0.51 mm-year~!, while the
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TRLW growth rate was 1.45 + 0.38 mm-year . The previous-year environmental condi-
tions exhibited a significant influence on oak growth for all sites and all tree-ring parameters,
as indicated by the high and significant values of AC1. Year-by-year growth variation, as
expressed by the mean sensitivity (MS), was higher for TRLW (0.21) and lower for TREW
(0.08), and no significant differences were found between sites. Correlation with the master
chronology showed strong coherence for the TRW and TRLW components and increased
variability for TREW for all sites. The mean chronology statistical parameters (rbar, EPS,
and SNR) revealed a distinct and robust signal strength, with obvious differences noticeable
between the different tree-ring components. The TRLW and TRW components showed
higher internal coherence, implying a similar climatic control for these parameters, while
the TREW chronologies showed higher variability.

For oak growing on continental sites, the accumulation rates are relatively similar
to those under optimal and limiting conditions [42,47-50], which demonstrates the high
ecological plasticity of this species [47,51-53]. Nevertheless, our results indicate that local
climatic conditions can induce growth limitation in oak [42]. In addition, human activities
such as harvesting and thinning, insect outbreaks, and pollution can negatively modify
accumulation rates, thereby dimming the recorded climate signal [54]. Briefly, both our
individual and seasonal chronologies are in line with previous studies, which have shown
that TRLW and TREW record different climatic signals [42,47,48,54,55].

The common signal in the six analyzed chronologies was extracted by applying an
empirical orthogonal function (EOF) analysis [45] in order to analyze how tree ring width is
affected by climatic extreme events in the northern Moldavian Plateau (the northeastern part
of Romania and the northern part of the Republic of Moldova). Moreover, further analyses
were made using the output from the EOF analysis. The obtained time series (PCs) are
presented in Figure 2. The first EOF pattern (EOF1, Table 3) explains 46.96% /44.79% /48.23%
of the total variance for TRLW/TREW /TRW, respectively. The high values of the explained
variance (in the case of EOF1) and the monopolar structure (the same loadings for all six site
locations) indicate that more than 45% of the common variability in our network is driven by
the same factors, e.g., regional and/or large-scale climatic factors. The dipole-like structure,
with three sites having positive loadings (e.g., the ones located on the Romanian side of the
network) and thee having negative loadings (e.g., the three sites located on the Moldavian
side of the network) is captured by EOF2 (Table 3), and indicates that ~15% of the network
variability is driven by different local factors (e.g., orography, water availability).

The temporal evolution (PC1) associated with EOF1 (Figure 2) indicates that the most
extreme positive TREW years were 1914, 1938, 1948, 1980, 1997, and 2014, while the most
extreme negative ones were 1920, 1925, 1934, 1971, 1979, and 2016. For TRLW and TRW,
the most extreme positive years were 1909, 1962, 1965, 1985, 1997, and 2013, while the most
extreme negative ones were 1915, 1946, 1968, 1972, 1983, and 2004 (Table 4).
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Table 2. Statistical parameters for oak chronologies (MxAge—maximum age; MSL—mean sample length; MGR—mean growth rate; AC1—first-order autocorrelation;
MS—mean sensitivity; corr—correlation with master chronology; rbar—inter-series correlation; EPS—expressed population signal; SNR—signal-to-noise-ratio,
SD—standard deviation).

Tree Ring Width Chronology Tree Ring Width Index Chronology
Site Ring Type :

Time Span MxAge (Years) MSL £ SD (Years) = MGR =+ SD (mm) AC1 corr MS rbar EPS SNR

TREW 0.88 +0.17 0.56 0.49 0.13 0.283 0.922 11.86

BRIC TRLW 1842-2019 178 157 £15 1.08 £ 0.25 0.52 0.70 0.39 0.535 0.972 34.48
TRW 1.96 £+ 0.39 0.62 0.71 0.24 0.536 0.972 34.71

TREW 1.09 £0.27 0.52 0.45 0.11 0.245 0.904 9.39

PADM TRLW 1868-2019 152 124 + 20 1.94 £0.57 0.71 0.67 0.27 0.488 0.965 27.67
TRW 3.03 £0.79 0.76 0.67 0.18 0.464 0.962 25.14

TREW 0.76 +0.12 0.56 0.38 0.10 0.181 0.789 3.75

PATR TRLW 1805-2019 215 168 £ 26 1.34 +0.32 0.70 0.61 0.25 0.407 0.921 11.67
TRW 210 £0.41 0.76 0.61 0.17 0.422 0.925 12.42

TREW 0.98 +0.19 0.55 0.35 0.10 0.157 0.848 5.57

RUDI TRLW 1904-2019 116 95 £ 10 1.95+0.51 0.55 0.63 0.31 0.510 0.969 31.28
TRW 2.92 £ 0.65 0.59 0.63 0.22 0.487 0.966 28.43

TREW 0.64 +0.15 0.56 0.29 0.09 0.118 0.728 2.68

TUDO TRLW 1802-2019 218 189 £ 28 1.02 £ 0.39 0.69 0.55 0.25 0.386 0.926 12.59
TRW 1.66 + 0.51 0.75 0.56 0.17 0.375 0.923 12.02

TREW 0.89 +£0.15 0.50 0.40 0.09 0.203 0.881 7.39

ZLQR TRLW 1820-2018 199 157 =24 1.42 +£0.26 0.60 0.63 0.27 0.511 0.968 30.25

TRW 231 £0.37 0.65 0.63 0.18 0.486 0.965 27.41
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Figure 2. The temporal evolution (PC1) associated with EOF1 for: (a) total tree-ring width (TRW
index), (b) late wood tree-ring width (TRLW index), and (c) early wood tree-ring width (TREW index).
The most extreme positive and negative years are indicated by the red and blue triangles.
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Table 3. The contribution of the individual time series to the EOF analysis.

Ring Type TRLW TREW TRW
Site EOF1 EOF2 EOF1 EOF2 EOF1 EOF2
(46.96%) (15.91%) (44.79%) (15.62%) (48.23%) (15.76%)
ZLOR 0.41 —0.33 0.40 —0.44 0.39 —0.44
TUDO 0.48 -0.23 0.42 —0.01 0.46 -0.17
RUDI 0.39 0.47 0.35 0.61 0.39 0.49
PATR 0.43 —0.55 0.44 —0.48 0.41 —0.54
PADM 0.36 0.45 0.39 0.44 0.39 0.34
BRIC 0.38 0.35 0.44 0.02 0.41 0.36

Table 4. The selected extreme positive and negative growth years for early wood tree-ring width
(TREW), late wood tree-ring width (TRLW), and total tree-ring width (TRW).

TRW and TRLW TREW
Positive 1909, 1962, 1965, 1985, 1997, 2013 1914, 1938, 1948, 1980, 1997, 2014
Negative 1915, 1946, 1968, 1972, 1983, 2004 1920, 1925, 1934, 1971, 1979, 2016

3.2. General Climate—Growth Relationship

Quercus sp. species have been widely used in dendroclimatological studies due
to their natural distributions and strong climate—growth relationships [42,43,50]. In the
current study, the climate—growth relationship was tested between all three tree-ring width
components (early wood tree-ring width (TREW), late wood tree-ring width (TRLW), and
total tree-ring width (TRW)) and different climatic parameters. The significance of the
obtained correlations was tested using Student’s t-test. All obtained results are presented
in Figures 3-5.

The highest correlations for TREW were obtained for July SPEI9 (r = 0.35). Significant
correlations with precipitation were obtained only for current May (r = 0.20), AM] (r = 0.25),
and MJJ (r = 0.26), while no significant correlations with temperature were obtained.
Correlations with the SPEI increased from shorter periods of accumulation (e.g., one
month) to longer periods of accumulation (e.g., nine months), i.e., for July SPEI1 r = 0.21,
for May SPEI3 r = 0.26, for May SPEI6, and for July SPEI6 r = 0.30. For July SPEI9 r = 0.35,
suggesting that the oak tree species are more sensitive to longer-lasting droughts.

The obtained correlations between the climate variables and TRLW are much stronger
compared to those for TREW. TRLW is significantly correlated with current June precip-
itation (r = 0.42) and maximum and mean June temperature (r = —0.29 and r = —0.25,
respectively). The highest correlation coefficients with the SPEI drought index were ob-
tained for June and July months for all analyzed combinations of the accumulated periods,
with the maximum found for the July SPEI12 (r = 0.52).

The correlation analysis between the climate indicators and TRW shows a similar
pattern in terms of the values of the correlation coefficients, as in the case of TRLW, al-
though in general the correlation coefficients tend to be higher overall. For example, the
highest correlation coefficient was obtained with July SPEI12 (r = 0.57). Therefore, in our
subsequent analyses, the TRLW and TRW are discussed together. Similar to the TREW, the
highest correlations of TRLW and TRW with the SPEI drought index were obtained for the
longest accumulation period (i.e., SPEI12), indicating the importance of long-term climate
variability on oak tree growth.
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Figure 3. Climate growth relationship for early wood tree-ring width over the 1901-2019 period
(uppercase months—current year; lowercase months—the previous year; AMJ—April, May, June;
MJJ—May, June, July; JJA—TJune, July, August), PP—monthly precipitation, Tmin—monthly mini-
mum temperature, Tmean—monthly mean temperature, Tmax—monthly maximum temperature,
SPEI—Standardized Potential Evapotranspiration Index for one month (SPEI1), three months (SPEI3),
six months (SPEI6), nine months (SPEI9), and twelve months (SPEI12)). Significant correlations are
represented by black dots (p > 0.05).

We performed the same analysis with the Standardized Precipitation Index (SPI)
drought index. Compared to SPEI, which takes into account both precipitation and
evapotranspiration, and therefore the temperature, SPI takes into account only the ac-
cumulated precipitation. Because the temperature does not play an important role in the
climate—-growth relationship (i.e., Figures 3-5), the results obtained with the SPI drought
index are similar to those obtained in the case of SPEI (Tables S1-S3). Our obtained results
are in accordance with previously published papers [42,56].
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Figure 4. Climate growth relationship for late wood tree-ring width over the 1901-2019 period
(uppercase months—current year; lowercase months—the previous year; [JA—June, July, August),
PP—monthly precipitation, Tmin—monthly minimum temperature, Tmean—monthly mean temper-
ature, Tmax—monthly maximum temperature, SPEI—Standardized Potential Evapotranspiration
Index for one month (SPEI1), three months (SPEI3), six months (SPEI6), nine months (SPEI9), and
twelve months (SPEI12)). Significant correlations are represented by black dots (p > 0.05).
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Figure 5. Climate growth relationship for total tree-ring width over the 1901-2019 period (up-
percase months—current year; lowercase months—the previous year; JJA—June, July, August),
PP—monthly precipitation, Tmin—monthly minimum temperature, Tmean—monthly mean temper-
ature, Tmax—monthly maximum temperature, SPEI—Standardized Potential Evapotranspiration
Index for one month (SPEI1), three months (SPEI3), six months (SPEI6), nine months (SPEI9), and
twelve months (SPEI12)). Significant correlations are represented by black dots (p > 0.05).

3.3. Spatial Correlations

Because the highest correlations for early (late) wood were obtained for SPEI12, we
looked at the composite maps for those years with extreme values for TREW and TRLW
(Table 4) with respect to the spatial variability of July SPEI12 (Figure 6). As can be inferred
from Figure 6, the response of negative TREW years is very regional, and is usually
associated with drought conditions over the analyzed region as well as in the northeastern
part of Romania (i.e., Ukraine and a small part of Poland; see Figure 6a). Positive TREW
years are associated with wet conditions extending over the central and eastern parts
of Europe (Figure 6b). Conversely, negative TRLW values are associated with drought
conditions extending over large parts of Europe, with the strongest signal over Romania
(Figure 6c). Positive TRLW years are associated with wet conditions restricted mainly to
the analyzed region and a few areas in Ukraine, Poland, and western Russia (Figure 6d).
Based on the obtained results presented in Figure 6, we can conclude that TREW seems
more sensitive to wet years, while TRLW is more sensitive to drought, both locally and
over an extended spatial scale.
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Figure 6. (a) Composite map between low TREW and SPEI12; (b) composite map between high
TREW and SPEI12; (c) same as in (a), except for TRLW; (d) same as in (b), except for TRLW. The
hatching highlights significant values at a confidence level of 95%. Analyzed period: 1901-2019.
Black stars indicate the site location.

3.4. Extreme Years in Quercus sp. Tree Ring Records
3.4.1. Early Wood Tree Ring Width

The comparison between extreme values of the tree ring width components and the
seasonal cycle of maximum temperature, precipitation, and SPEI for the period 1901-2019
shows several interesting patterns. The most extreme six positive and negative years were
selected (Table 4) and used to calculate the seasonal cycle of the maximum temperature
and precipitation as well as the SPEI1, SPEI3, SPEI6, SPEI9, and SPEI12 for these particular
years. The variability of the maximum temperature in the selected extreme TREW years
fits within 0.75 standard deviations (SD) of the climatological range, indicating that the
maximum temperature does not have a significant influence on TREW growth (Figure 7a).
The seasonal variability of the precipitation (Figure 7b) shows that a high amount of
precipitation in May and July and a low amount of precipitation in April significantly
influences TREW growth.
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Figure 7. The temporal evolution of the seasonal cycle for (a) maximum monthly temperature and
(b) monthly precipitation during years with extreme TREW values. The black lines indicate the
seasonal cycle over the period 1971-2000, the red and green lines indicate the seasonal cycle for high
extreme values of TREW, and the blue and orange lines indicate the seasonal cycle for low extreme
values of TREW. Where the coloured lines lie outside the grey shading, deviations higher/lower than
0.75 (SD) from average conditions occur. All analyses were made from May of the previous year
(lowercase letters) until December of the current year (uppercase letters).

The seasonal variability of the drought index presents different results for extremely
positive and negative years, as well as for different accumulation periods of SPEI. The
high values of the previous year’s August SPEI1 and very low values of February SPEI1
have a significant influence on the positive TREW years. During extremely negative TREW
years, the April and May SPEI1 both register low values (Figure 8a). Very low values of
the previous year’s June and July SPEI3 have significant influence on the extremely high
TREW values, and low values of April, May, and June SPEI3 have significant influence on
the extremely low TREW values (Figure 8b). The temporal variability of SPEI6 is similar
to that of SPEI3, namely, very low values of the previous year’s July SPEI3 significantly
influence the extremely high TREW values, while low values of May to September SPEI6
have significant influence on the extremely low TREW values (Figure 8c). The temporal
variability of SPEI9 and SPEI12 for the extreme positive TREW years fits within 0.75 SD of
the climatological range, while for the extreme negative TREW years SPEI9 presents very
low values from August to December, as does SPEI12 from May to October (Figure 8d,e).

3.4.2. Late Wood Tree Ring Width and Total Tree Ring Width

The analysis of extreme pointer years for late wood tree-ring width (TRLW) and total
tree-ring width (TRW) were made together, as both chronologies have the same extreme
pointer years (Table 4). As in the case of early wood tree-ring width, all analyses were
performed for the maximum temperature, precipitation, SPEI1, SPEI3, SPEI6, SPEI9, and
SPEI12. The seasonal variability of the maximum temperature (Figure 9a) shows that
positive maximum temperatures in April and June and negative maximum temperatures
in February significantly influence TRLW and TRW growth. Our analyses of precipitation
variability during extreme years revealed that high or low precipitation amounts in June
have a strong influence on TRLW and TRW growth. It is noteworthy that high precipi-
tation amounts in June have a stronger influence on TRLW and TRW growth than low
precipitation amounts in the same month (Figure 9Db).

The seasonal cycle of the SPEI drought index was calculated for different periods of
accumulation, from 1 to 12 months. The SPEI1 drought index for the selected extreme years
presents increased variability without a clear pattern (Figure 10a).
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Figure 8. Temporal evolution of the seasonal cycle for the SPEI drought index for different accumu-
lation periods during years with extreme TREW values: (a) SPEI1, (b) SPEI3, (c) SPEI6, (d) SPEI9,
and (e) SPEI12. The black lines indicate the seasonal cycle over the period 1971-2000, the green
lines indicate the seasonal cycle for high extreme values of TREW, and the orange lines indicate the
seasonal cycle for low extreme values of TREW. Where the coloured lines lie outside the grey shading,
deviations higher/lower than 0.75 SD from average conditions occur. The analyses were made from
May of the previous year (lowercase letters) until December of the current year (uppercase letters).
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Figure 9. Temporal evolution of the seasonal cycle for (a) maximum monthly temperature and
(b) monthly precipitation during years with extreme TRLW values. The black lines indicate the
seasonal cycle over the period 1971-2000, the red and green lines indicate the seasonal cycle for high
extreme values of TRLW, and the blue and orange lines indicate the seasonal cycle for low extreme
values of TRLW. Where the coloured lines lie outside the grey shading, deviations higher/lower
than 0.75 SD from average conditions occur. The analyses were made from May of the previous year
(lowercase letters) until December of the current year (uppercase letters).

However, it can be observed that SPEI1 has values higher than 0.75 SD in June in the
extreme positive years, while in the years with extreme negative values the SPEI1 drought
index has values lower than 0.75 SD in November of the previous year and in April and
June of the current year (Figure 10a). The seasonal cycle in the case of SPEI3 presents lower
variability. Positive SPEI3 values during extreme years favor TRLW and TRW growth,
while negative SPEI3 values from April to June lead to narrower TRLW and TRW. Starting
with SPEI6, a clear pattern can be seen in the analyses of extreme pointer years. TRLW
and TRW growth is strongly influenced by high precipitation during May to June and low
precipitation amounts during April to September (Figure 10c). The seasonal cycle of the
SPEI9 drought index displays the same pattern as that of SPEI6 (Figure 10d). The temporal
evolution of the SPEI12 seasonal cycle emphasizes the influence of long-term drought on
oak tree ring growth. SPEI12 values lower than 0.75 SD were recorded from November of
the previous year until September of the current year during the extreme negative pointer
years (Figure 10e), while SPEI12 values higher than 0.75 SD were recorded for the same
period, highlighting that long-term drought conditions have a greater influence on oak
TRLW and TRW growth than wet periods.
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Figure 10. Temporal evolution of the seasonal cycle for the SPEI drought index for different accu-
mulation periods during years with extreme TRLW values: (a) SPEIL, (b) SPEI3, (c) SPEI6, (d) SPEI9,
and (e) SPEI12. The black lines indicate the seasonal cycle over the period 1971-2000, the green
lines indicate the seasonal cycle for high extreme values of TRLW, and the orange lines indicate the
seasonal cycle for low extreme values of TRLW. Where the coloured lines lie outside the grey shading,
deviations higher/lower than 0.75 SD from average conditions occur. The analyses were made from
May of the previous year (lowercase letters) until December of the current year (uppercase letters).
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3.5. Superposed Epoch Analysis

The superposed epoch analysis (SEA) method was used to assess the influence of
the climate indicators on the TRW chronologies from the northern part of the Moldavian
Plateau during the extreme years. The results of the superposed epoch analysis for TREW
are represented in Figure 11. For the positive and negative extreme years, the SEA analysis
shows that TREW is not influenced by the previous year’s climatic conditions. Moreover,
there is no evidence of memory effects for the next years (Figure 11). However, the
aligned tree ring data by year of the extreme event reveal that the precipitation, maximum
temperature, and drought conditions during the year of the event have a strong impact
on early wood growth, which is in accordance with climate-growth relationship results
presented in Section 3.2.
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Figure 11. Superposed epoch analysis (SEA) for early wood tree-ring width (g,h) and main climatic
parameters ((a,b)—SPEI drought index for different accumulation periods, (¢,d)—monthly maximum
temperature (Tmax), and (e f)—monthly precipitation (PP) for the extreme negative years (left
column) and extreme positive years (right column)). The grey lines in (c-h) indicate the maximum
and minimum variability for the corresponding parameter during the selected extreme years.

The results of the superposed epoch analysis for TRLW and TRW show different
patterns (Figure 12). Our SEA analyses indicate that the extreme negative years of TRLW
and TRW growth were strongly influenced by the drought conditions in years —1 and 0;
therefore, we can conclude that oak TRLW and TRW in the northeastern part of Roma-
nia and the northern part of the Republic of Moldova are susceptible to very long term
drought conditions, with two years in a row with severe drought conditions representing
an important limiting growth factor for these species. On the other hand, wet conditions
in year —1 favor TRLW and TRW growth during the extreme positive years. Likewise,
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wet conditions in year —1 prior to extreme years enable the accumulation of underground
water reserves that can be accessed by oak trees.
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Figure 12. Superposed epoch analysis (SEA), for late wood tree-ring width (LW), total tree-ring width
(RW) (g,h), and main climatic parameters ((a,b)—SPEI drought index for different accumulation
periods, (¢,d)—monthly maximum temperature (Tmax), and (e,f)—monthly precipitation (PP) for the
extreme negative years (left column) and extreme positive years (right column)). The grey lines in
(c-h) indicate the maximum and minimum variability for the corresponding parameter during the
selected extreme years.

Previously published studies have indicated that severe drought during two consecu-
tive years leads to a drastic reduction in the growth rates of broadleaved tree species [30,57].
The obtained results highlight the role of the pivotal oak root system, which allows these
trees to reach soil water during drought conditions. If drought conditions persist for
two consecutive years, however, water soil reserves decrease significantly due to the lack of
any source for recharging; therefore, extremely low soil water leads to concurrent extremely
low rates of oak tree growth [30,58]. Likewise, wet conditions in the previous year facilitate
the accumulation of soil water reserves, which can provide a buffer against the impact of
drought on tree growth and stimulate growth in average climatic conditions [13].

Our SEA analyses indicate that the maximum temperature and precipitation from
previous years do not have a significant influence on TRLW and TRW growth, nor was
any significant memory effect in the next year observed. However, when analyzing the
aligned tree ring data by the year of the extreme event for the TRLW and TRW we found
similar results as for TREW, namely, that precipitation, maximum temperature, and drought
conditions during the year of the extreme event have a significant influence on the late
wood and tree-ring width growth. Previous studies have shown that, for sites with high
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correlation coefficients between radial tree ring growth and climatic parameters, post-
drought growth recovery is controlled by the climate sensitivity of sites and rapidity of
recovery after summer droughts [58,59].

4. Conclusions

In this study, we made use of a regional oak tree ring network from six stands that
cover the northern Moldavian Plateau (eastern Europe) in presenting an overview of
how oak tree growth on the northern Moldavian Plateau is affected by extreme climatic
events. Our results indicate that oak tree ring width is mainly affected by long periods
with a rainfall deficit (e.g., the standardized precipitation evapotranspiration index for an
accumulation period of 12 months—SPEI12), emphasizing the importance of long-term
drought variability on oak growth. Spatial correlation analyses revealed that low TRLW
values on the northern Moldavian Plateau are associated with drought conditions extending
over large parts of Europe, with the strongest signal over Romania, while high TRLW values
are associated with wet conditions restricted mainly to the analyzed region and a few areas
in Ukraine, Poland, and western Russia.

The seasonal cycle of extreme years in Quercus sp. tree ring records confirms the
influence of the long-term drought conditions on tree growth, and highlights a different
response to wet and dry extremes. Overall, we found that TREW, TRLW, and TRW are less
sensitive to wet years and more sensitive to drought conditions.

Our SEA analyses for TREW indicate that precipitation, maximum temperature, and
drought conditions during the year of the extreme event have a strong impact on the early
wood width, which is in accordance with the climate—growth relationship. The results of
the SEA analysis for TRLW and TRW indicate that during the extreme negative years of
TRLW and TRW growth is strongly influenced by drought condition in years —1 and 0;
therefore, we can conclude that oak TRLW and TRW in the northeastern part of Romania are
susceptible to very-long-term drought conditions, and that two years in a row with drought
condition represents an important limiting growth factor for Quercus sp. On the other
hand, wet conditions in year —1 favor the TRLW and TRW during the extreme positive
years. Thus, investigating the potential impact of extreme hydroclimatic events on forestry
(especially tree ring growth) and related services for society and the economy is essential in
order to mitigate negative effects, especially in the context of ongoing climate change and
the projected increase in the global mean temperature over the coming decades [21,27].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/£14050894/s1, Table S1: Climate growth relationship for early-
wood tree-ring width (TREW) over the 1901-2019 period (uppercase months—current year, lower
case months—the previous year, PP— Precipitation, Tmin—minimum temperature, Tmean—mean
temperature, Tmax—Maximum Temperature, 1-month (SPI1), 3-month (SPI3), 6-month (SPI6),
9-month (SP19), 12-month (SPI12) Standardized Precipitation Index); Table S2: Climate growth
relationship for latewood tree-ring width (TRLW) over the 1901-2019 period (uppercase months—
current year, lower case months—the previous year, PP— Precipitation, Tmin—minimum tempera-
ture, Tmean—mean temperature, Tmax—Maximum Temperature, 1-month (SPI1), 3-month (SPI3),
6-month (SPI6), 9-month (SPI9), 12-month (SPI12) Standardized Precipitation Index); Table S3: Cli-
mate growth relationship for total tree-ring width (TRW) over the 1901-2019 period (uppercase
months—current year, lower case months—the previous year, PP— Precipitation, Tmin—minimum
temperature, Tmean—mean temperature, Tmax—Maximum Temperature, 1-month (SPI1), 3-month
(SPI3), 6-month (SPI6), 9-month (SPI9), 12-month (SPI12) Standardized Precipitation Index).
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