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Preface

This SI of Forests represents a collection of relevant articles from different scientific researchers,

focusing on tree height growth associated with climate change around the world, thus including

different species from temperate and boreal biomes. It explores the impact of climate change on tree

species growth, embracing different aspects of response to drought conditions such as mortality and

anatomical and physiological adaptations. Case studies including genetic and dendrochronological

features are also discussed. All these represent paramount insights, improving our comprehension of

how tree species will respond to climate change worldwide.

Yassine Messaoud, Jan Světlı́k, and Giorgio Alberti

Guest Editors
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Editorial

Tree Growth in Relation to Climate Change: Understanding the
Impact on Species Worldwide

Yassine Messaoud

Faculty of Natural Resources Management, Lakehead University, 955 Oliver Road,
Thunder Bay, ON P7B 5E1, Canada; ymessaou@lakeheadu.ca

Climate change is one of the most important environmental issues of our time, which
has profound effects on ecosystems all over the world [1]. Given its vital role in forest
dynamics and carbon sequestration, the effect of climate change on tree growth has drawn
the most attention of all its effects [2]. Understanding the various aspects linked to climate
change and their impact on tree growth is crucial for forecasting future forest composition
and dynamic and efficiently managing forest resources, explaining its significant and
increasing interest not only at the species scale but also for biodiversity and ecosystem
services [3,4].

Climate is known to influence tree growth since it controls photosynthesis, cell division,
and tree metabolism [5,6]. Notwithstanding, climate acts at different spatial and temporal
scales [2,7,8], adding to the soil condition and microfauna dynamic [9,10]. Climate variables,
including temperature, precipitation, and moisture availability, all affect tree growth [11].
These variables can alter over time as a result of climate change and are not constant
in different locations [2]. As a result, different tree species are responding differently
throughout the world in terms of growth [2,12,13]. Thus, the structure and function of
forests may be significantly impacted by this difference in growth patterns [12,14,15].

Tree growth response is also species-specific, linked to growth habit [2] and aute-
cology [14,16,17]. In addition, this response depends on the stand structure and com-
position [18–20]. Nevertheless, there is a general decline trend for trees facing drought
conditions [21,22] or in more heat-limiting (high latitude and altitude, or in cold-air pooling)
environments coupled with cloudiness [23] or snowpack [24]. Thus, these factors weaken
the tree and cause mortality [25–27]. Tree growth is a key for competitive advantage and
thus is considered as a proxy for predicting future species and vegetation migration [28].

Tree growth tends to decrease as we move towards higher latitudes, attributed to colder
temperatures, shorter growing seasons, and reduced light availability in these regions [29].
As we ascend in elevation, tree growth typically slows down due to lower temperatures
and reduced nutrient availability in the soil [6,29]. However, tree species adapted to high-
altitude environments may exhibit unique growth patterns and adaptability to changing
climate conditions [30–32]. In addition, drought events are becoming increasingly common
under climate change scenarios [33]. Drought limits the availability of water, leading
to physiological stress and decreased tree growth [34–36]. In extreme cases, prolonged
drought can even lead to tree mortality [37–39].

Research on how climate change can affect tree growth in Europe, Asia, and America
has revealed that significant timber species could lose adequate habitat in the next decades
and suffer from a combination of rising trends and decreased precipitation throughout the
growing season [40,41]. Some species, on the other hand, might actually widen their range
and even exhibit better growth rates in some areas of their current range [42,43]. They
might also demonstrate promise for commercial species when they become established in
new areas. Furthermore, the intricate relationships between tree growth and temperature,
water, and nutrients increase the complexity of tree growth [2,44]. Forest management
might be adjusted to the new growing conditions that are gradually but surely emerging by
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utilizing mixed forests’ potential resilience to changes in growth conditions [45]. In order
to further our understanding of how climate change may affect tree growth, this Special
Issue was initiated.

The impact of climate change on tree growth has implications at multiple scales—local,
regional, and large-scale. At the local and regional level, changes in tree growth can affect
the distribution and composition of tree species [46]. Some species may become more
dominant, while others may decline, potentially leading to shifts in entire ecosystems
and disrupting species interactions [47]. At a larger scale, climate change can influence
the location of ecotones—transitional areas between different ecosystems. As tree species
respond differently to changing climate conditions, ecotones can shift, potentially affecting
species migration patterns and altering biodiversity patterns [48,49].

While climate change poses significant challenges to tree growth, some species are
showing remarkable resilience and adaptability [50–52]. Tree species with broader eco-
logical niches and genetic diversity are often better equipped to cope with changing
conditions [53]. Understanding the adaptive capacity of different species and promoting
diverse forests can enhance the overall resilience of forests to climate change [54]. All these
explain the complexity of tree growth associated with climate change-induced and the
contradictory findings from different studies [55–57].

As the climate continues to change, it is essential to monitor and understand the
impact on tree growth worldwide [58,59]. By studying the relationships between climate
variables and growth patterns, we can better predict future forest dynamics and develop
sustainable management strategies. It is crucial for policymakers, scientists, and land
managers to collaborate and implement adaptive measures to preserve the resilience and
functionality of forests in the face of climate change.

Numerous studies were mostly conducted in more limiting environments, i.e., higher
latitudes [60–62] or elevations [63–65] and with more common and widespread species,
such as black spruce, trembling aspen in North America [66–68], Norway spruce, Scots
pine, and common beech in Europe [69,70], and larches in Siberian Asia [71,72]. Although
these previous studies are very relevant to assess how trees respond to climate change,
knowledge gaps remain because there is uncertainty about the response of less common
species to climate change-induced events in other parts of the world, such as in the southern
hemisphere [73]. In addition, the question still arises about how trees react to climate change
in physiological and phenological terms [74].

All in all, this Special Issue offers readers a variety of research investigating the
relationships between climate change and tree growth in various biomes (boreal, temperate,
cool subalpine), on various continents (North and South America, Europe, and Asia), at
various scales (from local populations to latitudinal and altitudinal gradient studies), and
with various species (evergreen and deciduous conifer and broadleaf). As much as the
editors enjoyed putting this Special Issue together, we hope readers will too. As well, this
Special Issue gives a good insight that deals with the above-mentioned aspects and to
increase our knowledge and to have ample information on how tree species responded
to climate change. Likewise, it will promote discussion, exchange, and debate between
scientists and also make forest decision-makers aware for future management.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: In the Baltics, warming is expected to burden the growth of Norway spruce Picea abies, with
weather anomalies/extremes having strong triggering effects, which can be mitigated by tree breeding.
Within the region, breeding programmes have been aiming for productivity, yet being conservative,
their sustainability depends on the adaptability of native genotypes, which is unclear. The adaptability
of genotypes can be assessed through local adaptations and phenotypic plasticity, with the sensitivity
of increment depicting the conformity of genotypes and environments. To assess the adaptability of
native populations to anticipated climates, local genetic adaptation and phenotypic plasticity of the
weather sensitivity of the radial increment were assessed by the methods of time series analysis and
quantitative genetics based on three clonal trials (low-density single-tree plot plantations of grafted
clones of native plus trees) representing the local climatic gradient in Latvia. The growth of trees was
sensitive to the moisture availability in summer and the thermal regime in winter, yet coinciding
anomalies in both were associated with abrupt changes in tree ring width. These environmental
effects differed among the clones, indicating genetic controls over the sensitivity of increment, which,
however, decreased under a warmer climate, suggesting a limited adaptability of local populations to
warming. Still, the weather-growth relationships showed moderate phenotypic plasticity, suggesting
some mid-term adaptability. Accordingly, supplementation of breeding populations via assisted gene
transfer with the genotypes that are adapted to warmer and drier climates appears crucial.

Keywords: Picea abies; heritability; weather-growth relationships; meteorological anomalies;
local adaptation

1. Introduction

In the eastern Baltic region, the projected changes in tree species abundance are giving
rise to concerns about the sustainability of Norway spruce Picea abies Karst. [1,2], which is
an economically important species [3]. The decline in Norway spruce, though, has been
predicted by the bioclimatic models, which can be biased due to uneven adaptability of
populations [4,5]. On the contrary, an increase in forest productivity has been projected as
the vegetation season extends [6], thus adding to the uncertainties. Accordingly, estimates
of the genetic adaptation and phenotypic plasticity of local populations are crucial for
their adaptability assessment [7,8], as well as being indicative of the marginality of the
growing conditions [2,9]. Such estimates can be made by the methods of quantitative
genetics [10], with provenance/progeny trials providing empirical material for broad-sense
estimates [11,12]. In this regard, weather anomalies/extremes resulting from a shift/extension
of the local climatic gradient [13,14] are considered the triggers for genetic adaptations [9],
with the follow-up responses revealing the resilience of growth [15,16]. Such information is
crucial for adaptive management [17] and for tree breeding in particular [10,11,18].

In the eastern Baltic region, forest tree breeding programmes are conservative, i.e.,
they rely on native genotypes and their genetic diversity [19–21], as well as genetic controls

Forests 2024, 15, 15. https://doi.org/10.3390/f15010015 https://www.mdpi.com/journal/forests6



Forests 2024, 15, 15

for the sets of the most relevant traits [22,23]. Hence, the presence of small-scale genetic
adaptations is crucial [7,8,24]. Currently, the breeding indices emphasize productivity and
stem quality traits [21–23], which are a cumulative representation of the conformity of
genotypes with the past climates [25,26]. Under the accelerating environmental changes,
such information might be outdated [27,28], and hence, traits highlighting compatibility
with the climate are crucial [8,9]. Increment, which is an integral estimate of the conformity
of genotypes with the environment [29,30], can therefore be considered an informative
adaptability proxy [31,32].

Radial increment is a widely used proxy of forest growth and productivity, as it can be
conveniently reconstructed from measurements of tree ring widths (TRW) [29,33]. Further-
more, TRW is a complementary source of information on the genetic and environmental
control of growth [30,31]. However, radial increment is a product of site, genetics, age,
weather, disturbances, etc., and hence, elaborate mathematical methods (e.g., time series
deconstruction) have been developed for the separation of variance [15,34]. Considering
the discrete nature of weather anomalies, specific standardization methods have been
advised for the quantification of responsiveness and resilience of growth, ensuring reliable
retrospections [16,34,35].

Norway spruce tolerates a wide range of edaphic conditions, but favors mesotrophic
and eutrophic sites [36]. The species is sensitive to water deficit [7,24,37]; still, under a
temperate climate, its growth is limited by both warmth and moisture availability [38,39].
Furthermore under temperate climate, the weather controls of growth of spruce are com-
plex, with temperature in the dormancy period having carry-over effects [2,39], which
might alter its susceptibility to water shortage in summer [36,40]. In Northern Europe,
warming has been projected to improve the growth of Norway spruce [6,25,36]; however,
the complex effects of the intensifying water shortages are becoming devastating [3,37,41].
This is particularly so in the case of anomalously warm and dry summers [37], high-
lighting the ability of genotypes to deal with water deficit as being paramount for their
sustainability [8,27,42].

For Norway spruce populations, some local genetic adaptation to drought has been
shown under close-to-marginal (tailing) conditions, which, however, rapidly decreases at
the distribution limit [2,7]. In the Baltics, local provenances (considered nonmarginal) with
trees differing in dimensions and stem/crown properties have been distinguished [43,44].
However, nonmarginal tree populations can have a common sensitivity to the principal
weather drivers of growth to maximize growth [45]. Accordingly, estimates of the adaptabil-
ity of such populations are crucial for the assessment of the sustainability of conservative
breeding programmes and management [10,18,28]. Considering the specialization of popu-
lations [7], local information is highly anticipated.

This study aimed to estimate the local genetic adaptation and phenotypic plasticity
of the native populations (local provenances) of Norway spruce in Latvia in terms of the
sensitivity of increment to weather anomalies and drought conditions in particular. We
hypothesized that local genotypes would show only moderate differences in sensitivity
to weather anomalies, indicating a limited adaptability of the native population to the
anticipated climatic changes.

2. Material and Methods

2.1. Trials and Sampling

Three clonal trials (initially intended as seed orchards, but left as clonal trials due to
lack of tree topping) of local genotypes (plus trees) located in the mid-part of Latvia near
Tukums (TUK), Biksti (BKT), and Kalsnava (KLN), were studied (Figure 1). The trials were
established in 1964 (TUK and KLN) and 1967 (BKT) by planting two-year grafts of local
plus trees originating within 35 km from the trials (in TUK and KLN trials), as well as from
the western and eastern local provenance regions of Latvia (in BKT trial). Accordingly,
these were the oldest clonal trials of the species within the region that were available, with
their age being sufficient for time series analysis of increment. In all cases, rootstocks grown
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in local nurseries were used. Each trial had a unique set of clones (without overlap; the
number of clones differed). The trials were established on mesotrophic former agricultural
land (meadows) with a flat topography and deep freely draining sandy/silty soil. The
initial spacing was 5 × 5 m (trees ha−1), and the design was randomized single-tree plots.
The trials contained from 32 to 84 clones, initially represented by seven to 30 ramets (trees).

Figure 1. Location of the studied clonal trials of local plus trees of Norway spruce in Latvia.

The trials represented the local continentality gradient from maritime (TUK and BKT
trials) to inland (KLN trial) climate; the mean annual temperature (±st. dev.) was 7.4 ± 0.7
and 6.4 ± 0.7 ◦C, respectively (Supplementary Material, Figure S1). January and July
were the coldest and warmest months, with temperatures ranging from −4.3 ± 2.8 to
−2.2 ± 2.6 and from 17.9 ± 1.7 to 18.0 ± 1.6 ◦C in KLN and TUK/BKT trials, respectively.
The mean annual precipitation was comparable among the trials, ranging from 681 ± 82
to 700 ± 80 mm/year in TUK/BKT and KLN, respectively. The annual distribution of
precipitation was also similar among the trials, as approximately half of the annual pre-
cipitation fell during the summer months (June–September, 75 ± 16 mm/month). The
climatic changes were expressed as the warming during the dormancy period, and hence
as the extension of the vegetation period (by ca. two weeks during the 20th century), and
particularly as the increasing heterogeneity of a summer precipitation regime with the
extension of hot precipitation-free periods [13,42].

Based on the data from a trial inventory conducted in 2010–2014, 19, 20, and 77 clones,
which represented the distribution of tree dimensions of the plantations and had more
than four ramets, were selected for sampling in KLN, TUK, and BKT trials, respectively.
Between 5 and 22 ramets, representing the stem diameter distribution, were selected for
each clone. From each of the selected trees, two increment cores from randomly oriented
opposite sides of the stem were collected at breast height using a 5 mm increment borer.
It was ensured that at least one core per tree contained the pith (with a maximum offset
of three tree-rings). Only visually healthy nonleaking trees were sampled, though. The
sampling was carried out in 2015 in the KLN and TUK trials and in 2018 in the BKT trial. In
the laboratory, increment cores were mounted, and their surface was progressively grinded
to ensure recognition of tree ring borders. The measurements of TRW were done manually
using the LINTAB 6 measuring table (RinnTech, Heidelberg, Germany). All measurements
were done by the same person; TRW was measured with 0.01 mm accuracy.
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2.2. Data Analysis

To ensure the quality of measurements and exact dating of increment crucial for assess-
ment of linkages with meteorological data, time series of TRW were cross-dated graphically
and statistically. The metrics of environmental strength (e.g., expressed population signal,
signal-to-noise ratio, interseries correlation) and variability of TRW (mean sensitivity, gini
coefficient, first-order autocorrelation, etc.) were calculated for the datasets, and their
subsets were calculated based on a detrended (by a flexible cubic spline) time series. To
relate changes (their abruptness) in increment (TRW) with weather anomalies, as well as to
assess the effects of local adaptation in it, the complex approach suggested by Schwarz et al.
(2020) [16] and Jetschke et al. (2019) [34] was used for the identification of weather-driven
growth changes. To estimate the abruptness of changes in increment, pointer year (PY)
analysis based on the relative growth change was used [46]. The analysis was conducted for
each clone. The time series of TRW were converted into the time series of growth changes
relative to the preceding five years. The relative changes in TRW of ≥40% were considered
an indicator of an event year.

A PY for a clone was considered “significant” if ≥50% of trees showed coherent
(positive or negative) event year. Such mild threshold values were set due to favorable
growing conditions and productive growth. Additionally, time series of mean relative
growth deviations were calculated for each clone. Rolling z-scores for 30-year windows
were calculated for the meteorological variables to identify anomalies (z-score > 2.0). A
bootstrapped (semiparametric bootstrap, 1000 iterations) Pearson correlations analysis
between the mean relative deviation in TRWs for clones and local meteorological variables
was conducted for the screening of meteorological conditions relating to changes in growth.

The gridded (0.5◦ latitude/longitude) meteorological data, mean monthly temperature,
and precipitation sums were acquired from the online repository of the Climatic Research
Unit of the University of East Anglia [47]. Local data (for the grid points located closer than
0.25◦ from the trials) were acquired. The standardized precipitation evapotranspiration
index (SPEI) was calculated with respect to the three preceding months to describe the
occurrence of drought conditions [48]. Considering the carry-over effects of weather
conditions [2,39], the meteorological variables were arranged into the climatic window
from June in the year preceding the formation of increment to September of the year
of growth. Additionally, composite variables representing conditions of climatic years
(October–September), winter (December–February), spring (March and April), summer
(June–September), and growing period (June and July) were calculated.

To evaluate the resilience of TRW in response to the identified PYs and their local
differences, resilience (“RRR”) analysis was performed [15,16]. The resilience indices
(resistance, recovery, resilience, and relative resilience) were calculated for each tree with
respect to four years before/after a PY. The local provenance effect of the resilience indices
in the common negative PYs was estimated using mixed effects models, which were fitted
using the restricted maximum likelihood approach [49]. Affiliation of the clones to local
provenance region, the western and eastern part of Latvia, which differ in dimensions
and stem quality of trees [43,44], was used as the fixed effect. Stem diameter at breast
height was included as a covariate (fixed) to control for tree size. Trial, clone (nested),
and year (crossed) were included in the models as the random effects to account for the
spatiotemporal dependencies. The models were based on the pooled data from the studied
trials (incomplete design). Wald’s type II χ2 test was used to estimate the significance of
the differences between the two local provenance regions.

To evaluate the strength of genetic control over responses and resilience of increment
in relation to weather anomalies, which differed by nature, as well as “normal” variation,
heritability indices [50,51] were calculated on an annual basis. For the separation of variance
components, a simple random effect was used, where relative changes in TRW as well as
the calculated resilience indices of trees were used as the response, and clone was used as
the random effect. The models in general form were as follows:

9



Forests 2024, 15, 15

rijk = μ+ (ck) + εk, (1)

where (ck) is the random effect of clone in the i-th year. The models were fitted using the
maximum likelihood approach. Broad-sense heritability (H2) was estimated as the ratio of
the variance of clone and the total variance [51]. To evaluate genetic variability in growth
responses, the clone/provenance coefficient of variation (CCV) was calculated as the ratio
of the square root of variance of a clone to the absolute mean value of the growth response.
Considering that the weather-related drivers of changes in increment differed by the trials,
the analysis was conducted separately for each of the trials.

To generalize genetic effects on relative changes and resilience of growth across the
local climatic gradient, variance separation was carried out by mixed models based on the
data from all the trials combined. The models in general form were as follows:

rijk = μ+ ti + yj + ti : yj +
(

ck(i)

)
+

(
ck(i) : yj

)
+

(
ck(i) : yj : ti

)
+ εijk, (2)

where ti is the fixed effect of trial, yj is the fixed effect of year, ti:yj is their interaction,
(ck(i)) is the random effect of clone nested in trial, ck(i):yj is the random effect of interaction
between clone and year, and ck(i):yj:ti is the random effect of the interaction among clone,
year, and trial. Random effects represent random intercepts. The relative growth changes
and tolerance indices of trees were used as the responses. The heritability estimates were
calculated as stated above. Data analysis was conducted in R v. 4.2.2 [52], using packages
“dplR” [53], “pointRes” [46], and “lme4” [49].

3. Results

The measurements of TRWs were of a good quality, and the time series representing
1175 of 1260 initially sampled trees (93.2%) were successfully cross-dated; accordingly,
the trials were represented by data from 211 to 629 trees (Table 1). Due to the uneven
number of trees per clone, the metrics of the environmental signals that were captured
by the time series of TRW ranged widely, particularly under the harsher climate in the
KLN trial. Nevertheless, the datasets of the trials and clones mostly were representative
of environmental variation, as the EPS values exceeded the arbitrary threshold of 0.85.
The lower values of EPS for some clones were likely due to the lower number of trees;
nevertheless, when averaged for the trial, the values were sufficient. The strength of
environmental forcing of the TRW indicated by the SNR of the datasets also ranged widely,
indicating the uneven sensitivity of the clones; however, it tended to be higher in the
TUK trial. The gini coeffects were low, implying a low interannual variation of TRW, as
the growth of trees has been quite rapid. However, the intermediate values of the mean
sensitivity of the time series, as well as the low autocorrelation, indicated a nonlagged
responsiveness of increment to environmental forcing.

During the periods covered by the time series of TRW, a few PYs were identified,
indicating some abrupt changes in radial growth (Figure 2). However, the incidence of
PYs largely differed among the clones, and such differences, as indicated by the common
“significant” PYs, were stronger under the cooler climate of the KLN trial. In contrast,
common PYs were more frequent under the warmer climates of the BKT and TUK trials,
where up to 100 and 65% of clones showed them, respectively. Nevertheless, common
tendencies in the occurrence of PYs were observed in all trials, as the positive PY occurred
when trees were young, and the negative PYs occurred as the trees were ageing. The
spatial synchrony (among the trials) of the positive PYs was limited, indicating the effects
of local environmental conditions. Most of the negative PYs, identified during the second
part of the reference intervals, were common among the trials, indicating large-scale
environmental effects.
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Table 1. Statistics of the time series of tree ring width of Norway spruce clones in three low-density
grafted clonal trials in Latvia. The agreement statistics are calculated for time series detrended
by flexible cubic spline. The mean value and the range of estimates (among clones; in brackets)
are shown.

Trial Kalsnava (KLN) Tukums (TUK) Biksti (BKT)

Number of clones 19 20 77
Timespan of series 1969–2015 1971–2015 1981–2018
Total number of cross-dated trees 211 335 629
Number of ramets (trees) per clone 11.1 (6–18) 16.7 (7–24) 8.3 (5–22)
Mean tree ring width, mm 4.00 (3.58–4.91) 4.62 (3.74–5.44) 5.68 (4.22–7.02)
Standard deviation in tree ring width, mm 1.61 (1.28–2.16) 1.49 (1.21–1.76) 2.00 (1.33–2.99)
Mean sensitivity of time series 0.22 (0.19–0.28) 0.25 (0.21–0.29) 0.23 (0.17–0.29)
Gini coefficient of time series 0.13 (0.10–0.16) 0.14 (0.12–0.15) 0.12 (0.09–0.17)
First-order autocorrelation of time series 0.13 (0.10–0.16) 0.14 (0.12–0.15) 0.12 (0.09–0.17)
Mean interseries correlation (r-bar) 0.40 (0.22–0.57) 0.48 (0.31–0.62) 0.50 (0.20–0.68)
Expressed Population Signal (EPS) 0.87 (0.75–0.94) 0.93 (0.81–0.97) 0.85 (0.82–0.97)
Signal-to-noise ratio (SNR) 8.02 (3.00–17.25) 16.21 (4.07–32.45) 9.02 (3.73–38.06)

Figure 2. The proportion of clones showing “significant” pointer year in TRW in the studied clonal
trials (a–c) of local plus trees of Norway spruce in Latvia (bars). Lines indicate broad-sense clonal
heritability (H2; solid line) and coefficient of genetic (clonal) variation (CCV) of relative changes in
TRW calculated on an annual basis. Heritability coefficients are calculated for the periods represented
by ≥5 clones and ≥50 observations.

The identified PYs occurred in years with a few coinciding weather anomalies (Table 2),
indicating complex cumulative effects of meteorological conditions, as well as the robust-
ness of radial growth regarding single moderate climatic disturbances. Generally, the
positive PYs (growth improvements) occurred when winters were cold and summers were
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cool or moist. The negative PYs were associated with hot and dry summers coupled with
an increased temperature during the dormancy period, which, however, differed by clone.
On an annual basis, the relative growth changes (mean growth deviations for the clones)
showed correlations with the meteorological variables, reflecting periods during and be-
fore the formation of increment, thus indicating direct and carry-over effects of weather
conditions (Figure 3). However, the strength of weather limitations on the TRW differed by
trials as indicated by the proportion of clones with significant correlations.

Table 2. Meteorological anomalies according to the national almanack and gridded climatic data
(monthly meteorological variables; CRU TS4) coinciding with the estimated “significant” pointer
years in tree ring width of local clones of Norway spruce in clonal trials in Latvia during the period of
1971–2018. For the monthly weather anomalies, rolling 30-year z-scores are shown in brackets. Only
the anomalies with z-score > 2.00 are shown. MAT—mean annual temperature, SPEI—standardized
precipitation evapotranspiration index.

Year Pointer Year Almanack Gridded Data, Monthly Variables

1974 neg., KLN Cold and heat records in winter and summer Prec. spring (−2.34)

1975 neg., KLN Warmth records in winter, contrasting spring temp.,
dry summer MAT (2.49), SPEI Mar. (−2.41)

1978 pos., TUK Low temp. records in spring and summer, moist summer Prec. Aug. (2.14)

1980 pos., TUK,
KLN

Low. temp. records in winter and spring, cool spring,
moist summer Prec. prev. Jul. (2.19), SPEI Aug. (2.46)

1981 pos., KLN Cold records in spring, heat records in summer, warm and
moist summer Prec. Mar. (2.17), prec. Jun. (2.25)

1990 pos., BKT, TUK Warmth records in winter, warm winter, spring Temp. Feb. (2.14), temp. Mar. (2.10), temp.
winter (2.68)

1993 pos., BKT, TUK Low temp. records in winter and summer, cold year Temp. prev. Oct. (−2.31), temp. May (2.34),
SPEI Mar. (2.04)

1995 pos., BKT Warmth records in spring and summer, contrasting
summer temp.

Temp. prev. Jul. (2.32), prec. prev. Jul.
(−2.11)

1998 neg., KLN Warmth records in winter, moist summer Temp. prev. Aug. (2.46), prec. Jun. (2.1),
prec. veg. seas. (2.07)

2000 neg., KLN Warmth records in winter, spring, and summer Temp. prev. Jun. (2.29), temp. Apr. (2.37),
SPEI. Jun. (2.06)

2006 neg. Cold records in winter, heat records in July -

2007 neg., BKT, TUK Temp. contrasts in winter and spring Temp. prev. Dec. (2.26), temp Mar. (2.43),
prec. Jan. (2.33)

2014 neg. Warmth record in spring, contrasting temp. May, heat
records in summer, warm and dry summer

SPEI. prev. Sep. (2.06), SPEI Jan. (2.30),
SPEI. veg. seas (−2.55)

2017 neg., BKT Warmth records in winter and spring, low temp. records
in summer, warm winter, cool summer. Prec. Sep. (2.26)

2018 neg., BKT Heat records in spring and summer, dry and
warm summer Temp. May (2.51), temp. summer (2.34)

Under the harsher climate of the KLN trial, clonal differences regarding the mete-
orological forcing of the TRW were the strongest. Accordingly, the negative correlation
with precipitation in May was the most common, being significant for 63% of the clones
(Figure 3). Between 32 and 42% of the clones showed correlations with moisture availability
(SPEI) in the preceding summer (July to September). The correlation with summer pre-
cipitation, indicating a direct effect of moisture availability on increment, was significant
for one-third of the clones. A few clones showed correlations with conditions during
winter. Under the warmer coastal climate of the TUK trial, correlations with precipitation
in February and June (positive) and temperature during the growing season and summer
(negative) were the most common, being significant for up to 52% of clones. Such correla-
tions, as well as similar effects of precipitation, indicated growth limitations by summer
water availability.
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Figure 3. The proportion of clones showing significant correlations between the mean deviation in tree
ring width (relative growth changes) and meteorological variables in three clonal trials of local plus
trees of Norway spruce in Latvia (a–c) during the period of 1985–2015. Only the variables estimated
with significant correlations are shown. SPEI—standardized precipitation evapotranspiration index.

Considerably stronger weather limitations on the TRW and, hence, the weakest clonal
differences were suggested by the weather-growth correlations under warmer inland cli-
mate in the BKT trial (Figure 3). This was particularly so considering the higher number
of clones tested, which represented genotypes from the local and neighboring prove-
nance region. In this trial, the number of meteorological variables showing significant
weather–growth correlations was also higher, likely due to a wider representation of the
genotypes (Table 1). In the trial, 95% of the clones showed a positive correlation with Febru-
ary precipitation, and the majority of them also showed a positive correlation with SPEI in
spring months (Figure 3). The temperature in summer showed negative correlations for 72%
of the clones. Additionally, positive correlations with temperature in winter/spring and
precipitation in summer months were significant for 20–30% of the genotypes. Nevertheless,
the signs of correlations were consistent for the clones.

The resilience of growth regarding the negative PY was similar among the studied
populations (local provenances), as only slight differences in resilience components were
estimated (Figure 4, Table 3). Overall, the mean values of the resilience components
indicated the ability of the genotypes to restore growth to pre-disturbance levels, even
though the negative PY were considered. As trees were young and TRW had an explicit
age trend, the resilience of the TRW was slightly below 1.0, and hence, relative resilience
was low. However, resilience was specific for the genotypes and local conditions, as well as
the nature of the water anomaly underlying PY, as indicated by the structure of random
variances. The recovery was comparable to the inverse values of the resistance, confirming
that the pre-disturbance levels of TRW were rapidly achieved. The resistance was the only
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component, which differed among the local populations and indicated higher sensitivity
of the genotypes from the eastern population, likely to the intensifying water shortages
(Table 2).

Figure 4. Estimated marginal means of the resilience components of tree ring width of native
genotypes of plus trees of Norway spruce, generalized across the studied three clonal trials in Latvia
in relation to the negative pointer years during the period of 1985–2018. N—number of observations.
Dissimilar letters indicate the significance of the differences (p-value < 0.05).

Table 3. The fixed effect of local provenances (provenance region) and stem diameter at breast height
on the resilience components of tree ring width of native genotypes of plus trees of Norway spruce,
generalized across the studied three clonal trials in Latvia in relation to negative pointer years during
the period of 1985–2018, as well as the random variance related to trial design and year of increment.

Resistance Recovery Resilience Relative Resilience

Fixed effects

χ2 p-value χ2 p-value χ2 p-value χ2 p-value
Local provenance 4.7 <0.05 0.1 0.82 2.8 0.09 0.1 0.74
Stem diameter at breast
height 38.7 <0.05 56.4 <0.05 0.1 0.81 32.2 <0.05

Random effects, variance

Tree 0.0010 0.0001 0.0355 0.0076
Clone 0.0022 0.0105 0.0013 0.0023
Provenance 0.0001 0.0001 0.0001 0.0001
Year 0.0029 0.0082 0.0023 0.0007
Trial 0.0045 0.0035 0.0083 0.0014
Residual 0.0353 0.2224 0.0156 0.0419

Model statistic, R2

Marginal 0.018 0.025 0.005 0.017
Conditional 0.245 0.114 0.753 0.238

The clonal differences in the occurrence of PY (Figure 2) and sensitivity of increment
(Figure 3) indicated genetic controls over the growth responses to weather anomalies;
however, the annual heritability estimates (both H2 and CCV) were low to intermediate
(Figure 2). The CCV was generally lower than H2, indicating limited genetic plasticity.
The heritability estimates mostly peaked during the negative PY, yet the peaks and the
overall values tended to be lower under the warmer climate, indicating diminishing genetic
effects. Accordingly, the highest annual heritability estimates for the relative changes in
TRW were higher under the coolest climate in the KLN trial while being the lowest under
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warmer conditions in BKT. Still, in the BKT trial, the highest heritability was estimated in
response to the positive PY of 1993, which was a cold year (Table 2). The occurrence of
peaks in heritability estimates showed some specifics among the PY, indicating complex
meteorological triggers of genetic effects. In the BKT and TUK trials, heritability peaked in
2007, although a stronger PY occurred a year before, while in the KLN trial, the peak in
1992 was not associated with the identified PYs. Similar trends occurred in the BKT and
TUK trials in 2012. The heritability of the resilience components of TRW showed a pattern
that is highly similar to the relative changes in growth, although the heritability estimates
for resilience were low (Supplementary Material, Figure S2).

The components of clone/genetic variance and the broad-sense heritability coefficients
estimated for the entire reference periods were low, showing weak genetic effects on
the responsiveness of TRW to weather anomalies (Table 4). The variance components,
however, showed that such low estimates were likely due to a high random variance,
as the models did not include fixed effects of environmental variability. Irrespective of
the random variance, the clonal variance was low compared to the other components,
implying a lack of systematic responses. On the other hand, the variance components
related to the interactions involving clones, which indicate the genotype-by-environment
interactions, were higher, yet their structure differed for the resilience components of TRW.
Clone-by-year interaction was the highest for relative growth changes, resistance, and
relative resistance of TRW, indicating specific responses to meteorological anomalies. For
recovery, the interaction between clone, year, and trials was the strongest, implying local
specifics in the effects of weather anomalies.

Table 4. Components of genetic/clonal variance for relative changes and resilience components in
tree ring width of native genotypes of plus trees of Norway spruce, generalized across the studied
three clonal trials in Latvia in relation to negative pointer years calculated on an annual basis for the
entire period of 1985–2018. H2—broad sense heritability, CCV—clonal coefficient of variation.

Relative
Changes

Resistance Recovery Resilience
Relative

Resilience

Variance components

Clone-trial-year interaction 0.0007 0.0178 0.0468 0.0001 0.0026
Clone-year interaction 0.0035 0.0164 0.0001 0.0221 0.0261
Clone 0.0002 0.0001 0.0001 0.0016 0.0001
Residual 0.0642 0.0680 0.1339 0.1260 0.0857

Heritability estimates

H2 0.0035 0.0001 0.0001 0.0104 0.0001
CCV 0.0160 0.0001 0.0001 0.0401 0.0001

4. Discussion

4.1. Representativity of the Datasets

The increment of the studied genotypes of Norway spruce was sensitive to weather
fluctuations, implying climatic controls over the growth, thus allowing assessment of
sustainability under anticipated climatic changes [29,31,33]. The high percentage of the
cross-dated time series of TRW, as well as the statistics on its interannual variation (Table 1),
highlighted the presence of explicit weather forcing of radial increment, as well as the
informativity of the datasets [53,54]. The intermediate values of the mean sensitivity of
the time series confirmed their sufficiency for weather-growth analysis [54]. Although
tree growth under temperate conditions depends on nutrient reserves, which results in
the autocorrelation of growth [54], the estimate was low implying immediate and plastic
responses to environmental changes. The clonal differences in the time series statistics
(Table 1) also indicated a diversity of responses to environmental fluctuations, hinting at
the adaptability of the local populations [7,8].
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The intermediate strength of the PYs (Figure 2), considering limited interannual vari-
ability (Table 1), implied a general rigidness of increment, particularly as the trees were
young and grew under optimal conditions (trial). The incidence of the PY with several
weather anomalies (Table 2) also suggested the robustness of TRW to single climatic distur-
bances [34,35]. The relatively low variability in TRW can also be related to the seasonally
fluctuating rate of xylogenesis [55]. The largest part of which (earlywood) is formed during
the first part of the period [38] when soil moisture is abundant [13]. As the growing season
advances and the weather gets warmer and drier, the effects of moisture availability on
growth increases, yet only a part of TRW is affected [38,55], thus explaining the limited in-
terannual variability (gini of TRW; Table 1). The negative effects of water shortage on TRW
might also be partially offset by the positive effects of warming [6,56]. Accordingly, the
moderate expression of a common sensitivity of growth can still be considered informative
for the sustainability of genotypes to weather conditions and, particularly, moisture defi-
ciency, which can have devastating legacy effects on Norway spruce [3,41]. The plasticity
of increment and its responses to environmental fluctuation, however, can be considered
an adaptation to an increasing range of environmental conditions [4,9,11], as the trees
grow productively. Alternatively, this might be an artefact of the relatively small age of
the trees, when the radial increment is largely affected by competition rather than weather
conditions [54].

4.2. Weather Controls of Increment

Under the temperate climate in the hemiboreal zone, weather controls of tree growth
are complex, as the effects of cold damage by low temperatures, vegetation, and/or grow-
ing season length and intensifying droughts interact [36,37]. Accordingly, the effects of
weather conditions previously identified as the regional drivers of spruce growth [2,39]
were associated with the PY and annual changes in the TRW of the studied genotypes
(Figure 3, Table 2). These relationships confirmed the spatiotemporal complexity of meteo-
rological effects [39]. The effects of intensifying hot droughts, which are emerging threats
to forest growth [14,37,42], were indicated by the weather anomalies in summer moisture
availability underlying the PY, particularly in the latter part of the analyzed period (Table 2).
The correlations with summer temperature (negative) and precipitation (positive; Figure 3)
particularly supported the sensitivity of local genotypes to hot droughts [42]. Considering
Norway spruce as a boreal species that is adapted to cold climates [7,57], the differences
in climatic forcing of TRW showed an explicit thermal cline in sensitivity of increment
among the trials, such as on the distribution limit [2]. In turn, the positive correlations in
the KLN trial with moisture availability in the previous vegetation season (Figure 3) might
be explained by the assimilation of additional nutrients and, hence, the facilitated early
growth in cases when moisture was not limited [36,38].

Considering the location in a cool temperate climate, the weather conditions during the
dormancy period had a carry-over effect on increment. The effects of winter temperature
and precipitation (Figure 3), which are usually in the form of snow, might be explained
by the insulating effects of snow cover, which affect root dynamics and water relations in
the following vegetation season [40]. Additionally, the amount of winter precipitation that
replenishes groundwater determines the moisture availability during the first part of the
vegetation period [13]. This was particularly so under the warmer and drier climate of the
BKT trials. Contrastingly, the negative correlations with May precipitation under the cooler
climate of the KLN trial might be related to reduced assimilation in the case of rainy and,
hence, cloudy conditions [36,58].

The positive PY (Figure 2) tended to coincide with a cool or moist summer (Table 2),
implying that increased moisture availability boosted increment at a juvenile age, when
drought tolerance of spruce is high [59]. As the trees age, their drought sensitivity increases
due to changes in their hydraulic architecture and increasing maintenance costs [60];
accordingly, the limiting effect of moisture deficiency emerged. However, at the maturing
age, the incidence of a negative PY with increased winter temperatures (warmth records)
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might be related to interrupted dormancy and respiratory nutrient loss [58,61], and hence,
reduced formation of earlywood [38]. Such a shift in responsiveness to anomalies implicitly
suggests that 20–25 years is the age when the drought sensitivity of trees increases [60].

Although spruce populations from the two local provenance regions show explicit
differences in productivity [43,44], only minor differences were estimated for the resilience
components of growth (Figure 4), suggesting a comparable tolerance to weather anomalies.
Still, the resistance of TRW in the negative PYs, which were drought-related (Table 2),
was higher for genotypes from the western local provenance region, indicating some
degree of local adaptation [2,7,24]. Although resistance is inverse to plasticity, it has been
related to the productivity of the genotypes of Scots pine [62]. For the studied Norway
spruce genotypes, resilience was similar, implying even susceptibility of growth to weather
extremes [7,36], although recovery appeared sufficient [15]. The clonal differences in
resilience components (Table 3), though, suggested the presence of adaptations to microsite
conditions [9,45]. This was also supported by the variability in resilience in response to
the combinations of weather anomalies underlying PY (Table 3). The weather-growth
relationships were estimated for progenies of plus trees, and hence, might be biased for
general populations [63]. Nevertheless, adaptive management implies that improved forest
regenerative material is used, thus emphasizing the superior genotypes [21,26,28]

4.3. Genetic Controls over Sensitivity of Growth

Trees possess large genomes, which is an adaptation allowing them to survive a range
of environmental conditions and their extremes [64], for which the rare alleles can be
crucial [65]. Accordingly, the genetic control of the increment peaked during the PY, indi-
cating immediate genetic responses to weather disturbances and highlighting small-scale
local genetic adaptations [31,45,57,66]. Still, meteorological conditions apparently had
uneven adaptive significance on increment [8,66], as the peaks in heritability differed by
PY (Figure 2, Table 4), thus highlighting the complexity of genotype and environment
interactions [10,11,18]. Genetic controls over the sensitivity of the TRW, particularly regard-
ing moisture availability, have been observed between populations of Scots pine from the
same region [32], highlighting the growing relevance of local adaptations regarding the
sustainability of genotypes [26,31].

The adaptability of populations to environmental changes depends on local ge-
netic adaptation and phenotypic plasticity [8,12,57], which are reflected by the variance
components of genotype and genotype-by-environment interaction, respectively [11,18].
The differences in the strength of peaks in genetic (clonal) effect represented by H2 be-
tween the BKT/TUK and KLN trials (Figure 2), which had small differences in climate
(Supplementary Material, Figure S1), suggested negative effects of warming [2,4,6]. This
was also supported phenotypically by the higher proportion of clones, which represented
two local provenances, showing common correlations (Figure 3). Accordingly, the dimin-
ishing genetic effects under a warmer climate project a reducing adaptability for the local
populations that are used to cool and moist climates [7,67], supporting the hypothesis
of this study. Genetic differences in weather-growth relationships at a small scale have
been attributed to the near-marginal parts of the distribution of widespread species [45],
while the actual genetic differences diminish [2]. Accordingly, the estimated structure
of the variance component of a clone (Figure 2; Table 4) supports the rapidly increasing
marginality of climatic conditions for the native populations of Norway spruce, also within
the species range [4]. Hence, the marginality of growing conditions apparently also ap-
plies to the population level, supporting regional differences in the adaptability of native
stands [28,37].

When the heritability estimates were generalized for the reference periods across
the trials (Table 4), the negligible variance of clone indicated a limited adaptability to
extending climatic gradients and intensifying droughts [7,57,68]. Still, the variance of
the clone-by-year, as well as by year and trial interactions, which comprised up to 33%
of the total for resilience components (Table 4), implied moderate phenotypic plasticity,
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and hence, some mid-term adaptability of the populations [8,10,18,26]. Accordingly, the
moderate, yet diminishing genetic controls over the weather-growth responses (Figure 2,
Table 4) supported the projected decline in the abundance of the local population [1,4] and
indicated a weakening potential for improvements by conservative breeding [7,19,23]. Still,
the location of the Baltics within the range of spruce suggests that assisted gene transfer of
genotypes adapted to warmer and drier conditions could still contribute to the sustainability
of Norway spruce. Accordingly, supplementation of local breeding populations with north-
transferred genotypes appears compulsory for sustaining commercial spruce forests in the
Baltics [24,57]. For the screening of the most adapted genotypes, the sensitivity of increment,
particularly in response to the intensifying weather anomalies (Table 2, Figure 2), appears
as a crucial and informative trait [30,35].

5. Conclusions

The increment of studied clones of Norway spruce plus trees under a temperate climate
in the near marginal tailing part of the species distribution was complexly controlled by
summer moisture availability and winter thermal regime, which have been identified as
the regional drivers of growth. The increment of the tree, however, appeared quite robust
to meteorological conditions, as only coinciding anomalies in both winter thermal and
summer moisture regimes were associated with abrupt (yet moderate) changes in growth.
The strength of these environmental effects showed clonal differences that suggest genetic
controls over the sensitivity of increment. The genetic controls, however, were weaker under
a warmer climate, implying an increasing marginality of growing conditions and limited
adaptability of local populations to it. Still, the weather-growth relationships showed
moderate genotype-by-environment interactions and, hence, phenotypical plasticity, thus
highlighting the ability to cope with moderate environmental changes. This suggests that
the increase in marginality also applies to local populations. Considering the diminishing
genetic effects and moderate plasticity of native genotypes/populations regarding the
weather-growth relationships, supplementation of breeding populations with genotypes
that are adapted to warmer and drier climates via assisted gene transfer is encouraged.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/f15010015/s1, Figure S1: Climatic description of the trials. Mean monthly
temperature (line) and precipitation (bars) with their standard deviations (whiskers and polygon) for
the period 1988–2017 are shown. Figure S2: The proportion of clones showing “significant” pointer
year in TRW in the studied clonal plantations of local plus-trees of Norway spruce in Latvia (bars).
Lines indicate broad sense clonal heritability (H2) of the resilience components (resistance, recovery,
resilience and relative resilience) of TRW calculated on annual basis. Heritability coefficients are
calculated for the periods represented by ≥5 clones and ≥50 observations.
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Abstract: Understanding the drivers of drought-induced tree mortality remains a significant scientific
challenge. Here, we investigated an unexpected mortality event of Nothofagus dombeyi (Mirb.)
Oerst. following the 2014–15 drought in a Valdivian rainforest, Argentina. Our focus was on
long-term growth trend differences between vital and dead trees, and how the mixing of species
in tree neighbourhoods drives tree growth during drought. The inter-annual variation of basal
area increments of vital and 2014–15-dead N. dombeyi trees showed a similar pattern through the
1930–2015 period, while the climate–growth relationships indicated that precipitation during the
growing season promoted growth in both vitality classes, regardless of whether they were in the
wettest location. For the period 1990–2015, both vitality classes showed similar estimated growth
regardless of competition level, whereas species mingling in the neighbourhood significantly affected
the dead tree growth. Network analysis revealed that drought performance covaried positively with
a neighbourhood dominated by species functionally different from the focal species only in vital
trees. These findings suggest a nuanced response of N. dombeyi to drought, shaped by multifaceted
interactions at both the individual tree and neighbourhood levels. This research underscores that
species-specific relationships under different mixtures imply different tree responses within a stand,
and add complexity to understanding drought response at the individual level.

Keywords: neighbourhood; climate–tree growth relationships; competition; mingling; tree-ring growth

1. Introduction

A report by the IPCC warns that the average global temperature will reach 1.5 ◦C
warmer than pre-industrial times due to human activity, and the frequency and severity of
heatwaves and droughts are projected to increase in many regions worldwide [1]. In this
context, the southern Andean region has proved to be no exception, as the region has shown
an abrupt trend toward warmer and drier conditions since the mid-twentieth century [2].
These already occurring and expected changes in temperature and precipitation may have
important consequences for the southern ecosystems with a significant level of endemism
and endangered species. The temperate forests of southern Patagonia, among other Andean
ecosystems, have begun to show clear evidence of a negative impact from the changes
in climate parameter trends, as widespread tree mortality events following droughts are
being recorded in Chile and Argentina [3–5]. However, understanding and predicting tree
mortality during or after droughts remains a scientific challenge worldwide, as it is still
hard to predict when and where it will occur, and which tree will die as a consequence of a
drought [6].

Tree rings store information on climate, site, and local environmental effects on tree
growth, and are a powerful tool for studying drought impacts on multi-year tree per-
formance. Tree ring patterns can reveal not only short- and long-term trends in climate
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influence on tree productivity, but also mid- and long-term trends in nutrient uptake [7],
water use efficiency [8], and competition pressure at the local neighbourhood scale during
dry spells [9]. This retrospective quantification of drought impact on long-term growth
and vigour highlights the declining trend that prevails after droughts in many species
worldwide [10]. Successive drought events can compound the stress that trees experience,
leading to more pronounced decreases in growth rates [11], which finally erodes trees’
resilience capacity (i.e., reduces their ability to regain pre-drought growth rates [12,13]).

Although tree physiological traits remain an important factor in understanding
drought-driven death [14], the accuracy of explanations has been limited as trees’ drought
performance covaries with factors acting at individual, site, and community levels. In
this regard, tree resilience components, in terms of growth performance, depend among
others factors like soil characteristics [15], stand density [16], and species composition [17].
This creates a complex network that ultimately influences individual tree performance and
resilience to dry spells [18], which makes it very difficult to rank individual responses in a
stand. Species mixing implies the presence of different compensation strategies to cope
with droughts in relation to the species’ different functional traits [19]. These strategies can
operate at the underground level, with root systems occupying different soil layers to access
water resources, thereby creating spatial complementarity that can benefit other species [20].
Additionally, the development of canopies with varied architecture and phenology allows
for the efficient use of light. Shade-tolerant species can establish beneath the canopy, while
light-dependent species thrive in direct sunlight [21]. While stand diversity improves the
average stand productivity due to complementary, the positive effects cannot prevail over
negative effects (e.g., competition) during stressful conditions [22,23]. However, additional
factors could unbalance this relationship, leading to disparate results of the effects of stand
diversity on tree performance in the face of drought [24,25]. Different climate–growth
sensitivity along gradients drives different patterns in tree drought response across species’
distribution range [26]. Thus, in dry sites where water availability is a major constraint,
competition could override any complementarity advantage of stand diversity, whereas in
humid sites, the complementarity effect could determine drought response [22]. However,
species-specific relationships under different mixtures in the immediate tree neighbourhood
add complexity to understanding drought response at the individual level [27]. While the
influence of climatic stressors on tree growth responses is recognized, the specific impact of
other ecological traits on these relationships remains a topic of ongoing research.

As we stated above, Andean temperate forests have not been an exception to the
context of forest vulnerability to climate change. Over the last few decades, there has been
a significant negative impact of droughts on Nothofagus dombeyi (Mirb.) Oerst. (Nothofa-
gaceae), a dominant tree species of the temperate forest in Patagonia, Argentina, with
strong pervasive effects on species growth, leading to mortality [5,7,28,29]. N. dombeyi is
one of the ten Nothofagus species in southern South America, and is considered a shade-
and drought-intolerant species, conditions found in several environments of the Patago-
nian Andes. As a broadleaf evergreen species, reaching 30–40 m tall, it has suffered leaf
browning and shedding during past droughts, which implies crown dieback and sudden
tree mortality [28]. All the recorded mortality events in N. dombeyi have been observed
towards the eastern limit of the species distribution, suggesting that the negative impacts
of drought are more pronounced on the leeward side of the Andes, which typically re-
ceives less moisture. This spatial dimension in the discussion of N. dombeyi’s response to
drought and mortality led us to suggest a gradient of vulnerability to drought impacts [30].
However, following the 2014–15 dry period, an unexpected event of sudden N. dombeyi
mortality occurred in a portion of the Valdivian rainforests, a region with ~3500 mm year−1

in precipitation [31].
Motivated by this unique and rare event, we started a dendroecological study to

uncover the factors that led to N. dombeyi mortality in this specific location, which also
has a high level of tree biodiversity. We specifically (i) reconstructed and analysed the
growth patterns and climate sensitivity in vital and dead N. dombeyi trees, and (ii) related
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these growth patterns and drought responses to several factors associated with tree neigh-
bourhood characteristics in order to determine their role as drivers of tree mortality. Our
main hypothesis posited that an increased proportion of species diversity within the tree’s
vicinity, or a less dense neighbourhood, positively influences both individual growth pat-
terns and a tree’s response to drought, enhancing its resilience. The study aims to unravel
these factors and shed light on why some trees were affected more than others, ultimately
contributing to a better understanding of the species response to environmental stressors
in this specific context. Although the main areas affected by N. dombeyi forests are included
in national parks and no management actions are planned, the identification of mortality
factors that can be reduced or reversed, and the synthesis of responses, can be brought back
to a set of general management goals relevant for national park policies worldwide.

2. Materials and Methods

2.1. Study Site and Species

The study area is located near Puerto Blest (41◦02′ S, 71◦ 49′ W; 750 m.a.s.l., Figure 1),
and belongs to one of the easternmost relicts of the Valdivian rainforest on the leeward
side of the Andes. In Argentina, Valdivian rainforest extends in small fragmented areas,
from 40◦ S to 42◦ S, and in Nahuel Huapi National Park, Río Negro Province, it com-
prises a total area of 3.6 km2 (Figure 1) distributed in different small fragments across
the National Park. Valdivian rainforest is the westernmost end of a striking west-to-east
gradient of precipitation and associated vegetation that characterize the southern Andes,
with precipitation ranging from ~3500 mm year−1 (in Valdivian rainforest, Figure S1) to
~500 mm year−1 (on Patagonian steppe) only 100 km to the east [31]. Average annual
precipitation in the study area is estimated at ~3500 mm year−1 (Figure S1) and is season-
ally distributed with approximately 60% falling between May and August (winter in the
Southern Hemisphere), and the annual mean temperature is 9 ◦C (Figure S1). Between
750 and 900 m. a.s.l., the rainforest is dominated by the shade-intolerant Nothofagus dombeyi,
along with the shade-tolerant broadleaf evergreen tree species Saxegothaea conspicua Lindl.
(Podocarpaceae), Archidasyphyllum diacanthoides (Less.) P.L. Ferreira, Saavedra & Groppo
(Asteraceae), and Weismania tricosperma Cav. (Cunoniaceae). In addition, this relict of
the Valdivian rainforests holds the wettest margin population of the conifer Austrocedrus
chilensis (D. Don) Florin & Boutelje (Cupressaceae). N. dombeyi establishes immediately
following fires and for a period lasting c. 30 years, while the shade-tolerant co-occurring
species continue the establishment period under the closed canopy [32]. The understory is
shaded by a dense forest canopy and consists of a great diversity of plants [33]. Layers of
volcanic ash cover the glacial topography, and the soil throughout the region is derived
from these parent materials (Andosol type soils). At the study site, the mean slope was c.
20%, with a northern orientation.

The study area came to our attention when, in the summer of 2015–2016 (September
to March in the Southern Hemisphere), a wide portion of the Valdivian rainforests near
Puerto Blest showed browned crowns of N. dombeyi trees (Figure 1). This event constitutes
the first recorded mortality episode in a Valdivian rainforest of Argentina, but it was not
isolated, as we documented other mortality locations in Lago Puelo National Park during
the same summer (Suarez, personal record).

2.2. Climate Data, Drought Index, and Selected Dry Spells

Due to the lack of a meteorological station network in northern Patagonia that pro-
vides long-term records of climatic data, we downloaded climate data from the Cli-
matic Research Unit, UK (http://www.cru.uea.ac.uk/, accessed on 18 August 2022).
We used monthly temperature and precipitation grid-box data for 41.25 S and 71.75 W
(grid cell 0.5◦ × 0.5◦ latitude–longitude) from the CRUTS v4.05 dataset over the period
1930–2020 [34] to characterize drought severity and climate–growth performance. To do
this, we used the climatic data to calculate the standardized precipitation evapotranspi-
ration index (SPEI) for the period 1930–2014 using the SPEI R package [35]. SPEI is a
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standardized multi-scalar drought index based on precipitation and potential evapotran-
spiration, in which negative values indicate a negative cumulative water balance [36].
The bootstrapped correlation between residual tree ring chronologies and SPEI showed
the strongest correlation during the summer season (SPEI3Jan; Figure S2). We used the
R-package treeclim [37] to assess the climate–growth relationships using the correction
for the Southern Hemisphere. We focused on the dry spells that caused N. dombeyi mor-
tality (2014–15) and the two main droughts that happened during the last thirty years,
1998–99 and 2008–09, taking into account the calendar year when the growing process
starts in the Southern Hemisphere. We defined dry years under the criterion that SPEI
values were higher than −1.5 SD (or values were within 10% of the lower values during
the same period).

Figure 1. Map showing N. dombeyi distribution (green) in Nahuel Huapi National Park, northern
Patagonia (Argentina), and the location of the field sampling site (red star). Coordinates on the
axes are given in the World Geodetic System (WGS 84). To the right, illustrative views of the site in
2019 (top photograph), and trees that died in 2015 (bottom photograph).

2.3. Field Sampling and Dendrochronological Methods

Across the study area, we sampled 30 dominants that were vital N. dombeyi trees,
and 30 dominants that were defoliated (dead) N. dombeyi individuals. The vitality state
of the selected trees (focal trees) was assessed based on the presence of non-defoliated
crowns. Focal trees were randomly selected across the affected area, with an aspect from
north to west. Each focal tree was cored twice at a height of 1.30 m (diameter at breast
height (DBH)) using a Pressler increment borer, and perpendicular to the slope. Cores
were taken back to the pith in order to estimate tree age at coring height. We recorded the
DBH, height, and crown dimensions of the focal tree. Additionally, we characterized its
neighbourhood environmental pressure through the following variables: the distance to
each neighbour, and the DBH, identity and height of each tree in the focal tree’s vicinity.
The area of the neighbourhood was variable as any tree crown that was in contact with the
focal tree’s crown was considered as a neighbour. In the lab, the tree cores were air-dried
and polished with sandpaper until the tree rings were clearly visible. Afterwards, the tree
ring samples were visually cross-dated, scanned at 2400–3200 dpi resolution, and measured
to the nearest 0.01 mm using CooRecorder software v9.6. The quality of the cross-dating
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was examined using COFECHA v 6.06P [38], and we followed the convention for the
Southern Hemisphere to date cores (assigning to each tree ring the date of the year in which
growth started). The mortality dates of the dead trees (the date of the outermost tree ring)
were defined using the chronology developed for healthy trees, and were stated to the
summer of 2014–15.

2.4. Long-Term Growth Trend of Vital and Dead Trees

The tree ring width series were transformed into basal area increments (BAIs), which
account for decreasing ring widths with increasing tree size [39]. For the BAI calculations,
we used the formula

BAI = π (r2
t − r2

t−1), (1)

where rt and rt−1 is the stem radius corresponding to years t and t − 1, respectively. Each
BAI chronology (vital and dead) was obtained by averaging the individual series year-
by-year using a biweight robust mean. To detrend each individual tree ring width series
(for climate–growth correlation inspection), we applied a cubic regression spline method
to remove any influence of age-related trends, with a 50% frequency response cut off at
2/3 of the ring width series length. Afterwards, we applied an autoregressive model to
each detrended series to remove the first-order autocorrelation, therefore building residual,
pre-whitened ring width indexes. The BAI and ring width index (RWI) chronologies
were developed for each tree vitality class (vital and dead). The BAI calculations, series
detrending, and chronology computation were performed using the dplR R-package [40]
in R software v4.3.3 [41].

To quantify N. dombeyi long-term growth trends according to vitality for the period
1925–2015 and as a function of the tree characteristics and response to climate variables
relevant to growth, we built a generalized additive mixed model (GAMM; [42]) by adjusting
the individual BAI as a function of linear and smooth predictors. We considered tree
vitality (vital or dead) and DBH (to control for ontogenetic factors) as linear predictors, and
calendar year, SPEI3Jan, and their interaction as thin plant spline regression with 4 degrees
of freedom or tensor products [42]. As the BAI data represent repeated measures of the
same individual, we included tree identity as a random factor. Finally, we included a
first-order autocorrelation structure (AR1) to account for dependency of the BAI in year
t on the BAI of the previous year, t−1. To achieve normality assumptions, the BAI was
log-transformed [log (BAI + 1)] prior to the analyses, and all explanatory variables were
standardized by subtracting their means and dividing by their standard deviation to
provide comparable coefficients. We used the mgcv R-package [43] to build the generalized
additive mixed models.

2.5. Effect of Species Diversity on Tree Growth and Drought Performance

We quantified the immediate neighbourhood influence by a tree-based size–distance-
dependent competition index (CI) and a species mingling index (M). The CI of each focal
tree i was calculated taking into account the DBH of the focal tree and the number, DBH,
and distance to the neighbouring trees as follows:

CIi = ∑N
j=1

DBHj

DBHi × distij
, (2)

where DBHi and DBHj are the DBH measurements for the i focal and j neighbouring trees,
respectively, and distij is the distance between them [44]. The mingling index describes the
species variety (vij) in the vicinity of the focal tree i and is defined as the proportion of the n
nearest neighbours j that do not belong to the same species [45], as follows:

Mi =
1
n
× ∑n

j=1 vij, (3)
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The mingling values range between zero and one (0 ≤ M ≤ 1), with M close to zero meaning
that the neighbour j belongs to the same species as the focal tree i, while M values close
to one indicate the opposite. The advantage of mingling over common diversity indices
(e.g., Shannon) is the ability to distinguish a neighbourhood dominated by N. dombeyi from
one dominated by a species other than the focal species, both being of low diversity.

To evaluate the effect of neighbourhood influence on tree growth, we built a linear
mixed-effect model for the period 1990–2014. We selected a linear model instead of an
additive one, because we shortened the period to avoid uncertainty regarding the stand
structure >25 years ago (although no evidence of past logging, recent fire, or mortality
was recorded, and the trees are long-lived species). We included the effect of SPEI3Jan
(standardized drought index over November, December, and January), competition (CI),
neighbourhood mingling (M), and the vitality condition of the N. dombeyi trees as fixed
effects. As above, since the BAI measurements represent repeated measures of the same
individuals, tree identity was regarded as a random factor; and we included a first-order
autocorrelation structure (AR1) to account for the yearly dependence on the BAI.

In addition, we quantified short-term growth responses to each selected drought and
according to tree vitality. The short-term growth responses were quantified by applying a
resilience index [25,46,47], considering consistent pre-drought and post-drought periods
of three years. We used a period of 3 years to calculate the resilience components, as a
good compromise with low bias in the calculation of resilience (Figure S3, Table S1). In
addition, we set a maximum recovery period of 6 years, as a good compromise with not
including subsequent droughts. However, due to the sampling date, we were limited to
including short-term responses following the last drought. All the conventional indexes
(resistance (Rt), recovery (Rc), resilience (Rs)) were calculated following the formulas in
Lloret et al. [46], and based on the ratios of the pre-drought, drought, and post-drought BAI
values. We quantified mid-term responses following the 1998–99 drought event to account
for the direction of potential legacy effects as a consequence of the most severe drought
in the region, by considering the ratio between the 10 years before and after the dry spell
(legacy98). We applied linear mixed-effect models to compare the short-term responses
(Rt, Rc, Rs) as a function of the fixed factors, i.e., vitality, magnitude of the drought event
(SPEI3Jan), DBH, CI, and M, as well as the interactions between them. Again, we included
tree identity as a random factor and an autocorrelation structure as explained above. All
the linear mixed-effects models were built using the nlme R-package [48] in R software,
and the goodness-of-fit of the models was assessed using conditional and marginal R2.

2.6. Network Analysis for Vital and Dead Trees

We evaluated the covariations between all the considered variables and their effect on
the health status of each N. dombeyi tree by correlational network analysis, which is flexible,
allows for the untargeted exploration of the data without prior known relationships, and
accommodates many data types [49]. We linked all the tree and neighbourhood variables
by tree vitality status, using a set of variables grouped in four classes: tree characteristics
(BAI25, DBH, height (ht), and crown spread (W)); climate–growth relationship (with tem-
perature (T) and precipitation (P)); drought–growth performance (Rt, Rc, Rs, and legacy98),
and neighbourhood pressure (CI, % N. dombeyi (%Nd), % A. chilensis (%Au), % broadleaf
codominant species (%Bl), % subdominant species (%sub), and proportion of dead N.
dombeyi following 2014–15 drought (%NDT)). We decided not to include mingling (M), as
we characterized mingling values with the proportion of species in the neighbourhood.

In the correlation network analysis, selected variables are represented as nodes in the
network, and significant relationships between them are represented as edges. To test the
significance of the correlation coefficients between the variables, we used Pearson correla-
tions, where only significant coefficients (p < 0.05) were considered as connections between
nodes (edges). We used the igraph R-package [50] in R environment [41]. The degree func-
tion, which counts the number of connections of each node (significant correlations), was
used to analyse the importance of the nodes within a network (centrality). Network analy-

27



Forests 2024, 15, 1355

sis provides valuable insights into the structure of systems with interconnected elements,
and is a powerful tool to understand and optimize complex relationships.

3. Results

3.1. Long-Term Growth Trend Differed between Vital and Dead Trees

The inter-annual variation of the basal area increment (BAI) of the vital and 2014–
15-dead N. dombeyi trees showed a similar pattern through the analysed period, and a
common growth reduction in response to the main droughts happened in the last decades
(Figure 2a). However, the vital trees presented higher BAI values than the trees that died
during the last drought, for almost all the analysed period (Figure 2a grey rectangles). In
addition, the vital trees belonged to a group of larger trees compared to the dead ones
(Figure A1), although the larger structure (height, diameter) of the vital trees did not lead
to a larger mean canopy spread (Figure A1).

Figure 2. (a) Inter-annual variation of basal area increment (BAI) of vital (solid green lines) and dead
(dashed orange lines). Solid lines represent the means and shaded areas around them the standard
error of the mean. The grey rectangles indicate the periods when BAI significantly (p < 0.05) differed
between vigour classes (Wilcoxon rank-sum tests). Downward triangles in red represent the main
drought years during the last decades (1998, 2008 and 2015). The plot inset in figure represents
predicted smooth differences in the effect of calendar year on growth trends according to GAMMs.
(b) Resistance (Rt), recovery (Rc), resilience (Rs) and Legacy98 (pre/post 10 years) against the driest
spells (1998 and 2008). The mingling index (M) was used as colour scale (0 = light green to 1 = dark
green) for individual resilience components.
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Consistent with similar BAI variability between the vital and dead trees, we found
comparable responses to climate in both vitality groups that modelled tree growth. The
correlation coefficients between the vital and dead residual RWI chronologies and climate
variables indicated that precipitation during December and January in the current growing
season promoted growth, whereas higher temperatures during the same period inhibited
tree growth. Only dead trees showed an additional dependence on temperature during the
previous growing season (October and February). Although the ranges were often similar,
the correlation between climate and individual detrended and prewhitened series mostly
indicated stronger correlations than would be expected based on the mean group RWI
chronology (Figure 3).

Figure 3. Pearson correlation coefficients using detrended prewhitened individual tree ring in-
dex (coloured jitter points with mean (red line)) and group residual chronology (black point
range) with mean monthly temperature and total monthly precipitation for vital (top) and dead
(bottom) N. dombeyi trees. Solid black point range depicts significant correlation according to boot-
strap. The mingling index (M) was used as colour scale (0 = light green to 1 = dark green) for
individual climate–growth tree coefficients.

According to the GAMM, the effect of year did not differ between the vitality classes
(Table 1; Figure 2a, inset in figure). Further, for the vital and dead trees, the spline described
a positive effect of year starting from the mid-1970s, pointing to a growth enhancement
in both vitality classes since the late 20th–early 21st centuries (Figure A2). Changes in the
climate variables relevant to growth, with the integer as the 3-month January SPEI (SPEI3Jan;
including November, December, and January) significantly influenced the BAI (Table 1) as
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the resultant growth was lowest under dry conditions and significantly increased during
moister conditions. However, the vital trees did not show a higher growth performance
during moister conditions, and neither did the dead trees show their lowest growth rates
during drier ones (Table 1, Figure A3).

Table 1. Summary of the fitted generalized additive mixed model (GAMM) explaining changes
in BAI (log BAI + 1) of vital and dead N. dombeyi trees over the period 1925–2015. Smooth terms
correspond to the difference in the smooth terms between vital and dead trees, as the model was set
with vital group as the reference level of vitality. Estimate and standard error (Std. Error) is shown for
the linear term, whereas estimated degree of freedom (Edf) and the F-value are given for the smooth
terms. Significant p-values are in bold.

Predictor Variables Estimate/Edf
Std. Error/

F-Value
p

Linear Terms
Height 0.037 0.027 0.164
DBH 0.377 0.025 <0.001
Vitality (dead) 0.069 0.049 0.159
Smooth terms
SPEI3Jan 1.494 9.286 0.007
Year 3.910 70.40 <0.001
Year × Vitality (dead) 1.000 0.305 0.581
SPEI3Jan × Vitality (dead) 1.000 0.140 0.708
Year × SPEI3Jan 10.985 13.759 <0.001
Year × SPEI3Jan × Vitality (dead) 1.028 0.178 0.072
Observations 4533
Adjusted R2 0.554

3.2. Role Played by Neighbourhood in Growth and Resilience

For the period 1990–2015, the linear mixed-effect model detected no significant differ-
ential effect of competition on the BAI between the vital and dead trees (Table 2). Thus, the
dead and vital trees showed similar estimated BAI values regardless of the competition
level exerted by the immediate neighbourhood. In contrast, species mingling in the neigh-
bourhood (M) had a significant effect on the 1990–2015 BAI in the dead trees (Table 2), as
the greater the species mingling in the neighbourhood, higher the estimated BAI values of
the trees.
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Table 2. Summary of the fitted linear mixed-effect model estimating the effect of SPEI3Jan, competition,
and species mingling on BAI (log BAI + 1) of vital and dead N. dombeyi trees over the period 1990–2015.
SPEI3Jan corresponds to standardized drought index over November, December, and January, CI
indicates the competition index, and M is the mingling index. Significant p-values are in bold.

Variables Estimates Std. Error p

Fixed effects
Intercept −3.39 4.03 0.360
Vitality (vital) 0.71 0.37 0.060
Year 0.002 0.002 0.181
SPEI3Jan 0.03 0.01 <0.001
CI −0.03 0.05 0.466
M 1.16 0.40 0.005
Vitality (vital) × CI 0.03 0.08 0.719
Vitality (vital) × M −1.35 0.60 0.027
Random Effects
σi

2 * 0.14
N 59ID
Observations 1457
Marginal R2/Conditional
R2 0.176/0.644

* σi
2 represents the mean random effect variance of the model. R-squared values are based on Nakagawa

et al. [51].

In agreement with similar climate–growth sensitivity and BAI patterns, no significant
differences were observed in the post-drought responses (1998 and 2008) between the
vitality classes of the trees. Likewise, there were no differences in the magnitude of the
legacy effect following the 1998 drought (Figure 2b, Table 3). During the adverse climatic
conditions prevailing in the summer of the 1998 and 2008 droughts, both vitality classes
showed resistance values of around 0.5, although recovered their previous growth in the
following 3 years (Figure 2b). Moreover, we obtained unexpected findings regarding the
impact of the competition index and mingling values on growth response during droughts.
The linear mixed-effect models did not reveal any significant influence of competition or
mingling on driving resistance or recovery, nor did they indicate a potential buffering
effect of neighbourhood on post-drought responses (Table 3). We found only an effect of
DBH on the resilience indices for the dead trees, where bigger dead trees showed a more
significant drop (lower resistance) during the previous drought, but also showed better
recovery following the dry spells (Table 3). Finally, SPEIJan during the analysed droughts
did not affect the resilience indices, neither as simple predictors nor as an interactions with
the vitality class.
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Table 3. Summary of the fitted linear mixed-effect model estimating the effect of SPEI3Jan (stan-
dardized drought index over November, December, and January), competition (CI), and neighbour-
hood mingling (M) on resilience component (resistance, recovery, and resilience) of vital and dead
N. dombeyi trees during 1998 and 2008 dry spells. Significant p-values are in bold.

Variables
Log (Resistance) Log (Recovery) Log (Resilience)

Est. (Std.
Error)

p Est. (Std.
Error)

p Est. (Std.
Error)

p

Fixed effects
Intercept −0.33 (0.38) 0.39 0.39 (0.45) 0.39 0.21 (0.29) 0.47
SPEI3Jan 0.08 (0.13) 0.55 0.04 (0.13) 0.75 0.10 (0.12) 0.43
DBH −0.001 (0.01) 0.84 0.003 (0.01) 0.76 −0.002(0.01) 0.72
Vitality (dead) 0.87 (0.50) 0.08 −0.76 (0.59) 0.21 −0.16 (0.45) 0.73
CI 0.03 (0.04) 0.50 0.03 (0.06) 0.59 0.02 (0.03) 0.50
M −0.24 (0.28) 0.40 0.29 (0.36) 0.42 0.15 (0.24) 0.53
DBH × Vitality (dead) −0.03 (0.01) 0.006 0.03 (0.01) 0.05 0.004 (0.01) 0.68
CI × Vitality (dead) −0.05 (0.05) 0.37 0.01 (0.07) 0.91 0.04 (0.05) 0.38
M × Vitality (dead) 0.24 (0.39) 0.55 −0.13 (0.50) 0.79 −0.10 (0.35) 0.76
SPEI3Jan × Vitality (dead) 0.07 (0.19) 0.72 −0.10 (0.18) 0.58 0.02 (0.17) 0.88
Random Effects
σi

2 * 0.16 0.15 0.12
N 61 61 61
Observations 122 120 121
Marginal R2/Conditional
R2 0.150/0.154 0.108/0.333 0.044/0.044

* σi
2 represents the mean random effect variance of the model. R-squared values are based on Nakagawa

et al. [51].

3.3. Integrating Predictors of Tree Mortality

The visual representation of the covariation among the predictors highlighted variables
with greater centrality (i.e., number of significant correlations with other predictors) for the
dead trees (Table 4). However, the expected covariation between the drought performance
and neighbourhood characteristics was only evidenced for the vital trees (Figure 4a).

Despite the predictable significant correlations of variables within the groups (particu-
larly within drought response and tree characteristic group), network analysis showed that
the neighbour pressure predictors were related to drought response in the vital trees. The
percentage of subcanopy species (%sub), A. chilensis (%Au), or dead N. dombeyi (%NDT) in
the neighbourhood showed a positive relationship with N. dombeyi drought performance
(Figure 4a). Furthermore, the vital trees experienced greater sensitivity to precipitation
under increased competitive pressure, while if the neighbourhood was dominated by N.
dombeyi, temperature sensitivity become more relevant (more negative). Thus, drought
performance following droughts (Rc and Rs) covaried positively with a neighbourhood
dominated by species taxonomically and functionally different from the focal species (i.e.,
%Au; Figure 4a).
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Table 4. Studied variables and values for degree centrality (number of edges per node) in the
established network.

Variables Group Centrality
Tree Vitality Vital Dead

Diameter at breast height (DBH) Tree characteristic 2 4
25-year mean BAI (BAI25) Tree characteristic 1 5
Tree height (ht) Tree characteristic 2 -
Crown spread (W) Tree characteristic 1 1
Temperature relationship (T) Climate–growth 1 2
Precipitation relationship (P Climate–growth 2 1
Resistance (Rt) Drought response indices 2 3
Recovery (Rc) Drought response indices 4 4
Resilience (Rs) Drought response indices 2 1
10-year post-drought response (leg98) Drought response indices 2 1
Competition index (CI) Neighbour pressure 1 1
Percentage of N. dombeyi (%Nd) Neighbour pressure 3 5
Percentage of co-dominant broadleaf (%Bl) Neighbour pressure 1 1
Percentage of A. chilensis (%Au) Neighbour pressure 3 1
Percentage of subcanopy species (%sub) * Neighbour pressure 2 2
Percentage of dead N. dombeyi (%NDT) Neighbour pressure 4 1

* Raukaua laetevirens (Gay) Frodin, Luma apiculate (DC.) Burret, Maytenus magellanica (Lam.) Hook. f., Lomatia
hirsuta (Lam.) Diels.

For dead trees, network analysis showed that BAI25 and the percentage of N. dombeyi
in the neighbourhood (%Nd) were the variables with the highest centrality (Table 4). As
expected, BAI25 was positively related to DBH; and the drought performance predictors
covaried with each other (Figure 4b). The variables with higher centrality were negatively
related, indicating that the dead trees that had grown less (lower BAI25) were surrounded
by a higher proportion of N. dombeyi and the neighbourhood experienced higher levels of
2014–15 tree mortality. Also, smaller trees (low DBH and low BAI25) experienced lower Rt
values (values far from 1) during the 1998 and 2008 droughts, and had higher dependence
on growing season precipitation (Figure 4b). In contrast, bigger dead trees had endured
previous droughts and demonstrated higher recoveries, and, indirectly, higher resilience
values. Finally, the dead trees that experienced higher competition pressure were related to
more negative temperature sensitivity. However, these predictors did not depict covariation
with any other variable in the network.

Figure 4. Cont.
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Figure 4. Visual representation of the significant correlation between tree level characteristics (di-
ameter at breast height = DBH, 25-year mean BAI = BAI25, tree height = ht, crown spread = W;
green circles), climate–growth relationships (P = with precipitation, T = with temperature, light pink
circles), drought response indices (resistance = Rt, recovery = Rc, resilience = Rs, 10-year post-drought
response following 1998 drought = leg98, brown circles), and neighbour pressure (competition index
= CI, percentage of N. dombeyi = %Nd, percentage of co-dominant broadleaf = %Bl, percentage of A.
chilensis = %Au, percentage of subcanopy species = %sub, percentage of dead N. dombeyi = %NDT,
light blue circles). Solid lines (edges) represent positive correlations and dashed lines negative
correlations. Circle (nodes) size represents degree of centrality. The top panel (a) corresponds to
network representation of vital trees, and the bottom panel (b) to dead ones. Please refer to the web
version of this article for an interpretation of the reference colours.

4. Discussion

In this study, we have observed how long-term growth trends, climate sensitivity,
response to previous droughts, and neighbourhood structure constitute a complex network
of predictors of N. dombeyi growth when the species develops in highly diverse and wet
environments. N. dombeyi is a species with high safety margins, and, like other Nothofagus
species, its leaves are more vulnerable to embolism than its stems [52]. Thus, death appears
to be a consequence of the total loss of leaf hydraulic conductance, which leads to sudden
leaf dehydration and leaf drop under stress conditions [53]. This mechanism seems a
plausible explanation for what happened during the 2014–15 drought, as dead trees were
characterized by entirely desiccated crowns (brownish leaves) in the late summer of 2015.
However, rather than elucidate which potential predictors could help us to estimate death
following 2014–15 drought, the vital and dead co-occurring tree differences were mainly
associated with the size-related variables (BAI, DBH, height). Contrary to our expectations,
we did not find divergent growth trajectories in the co-occurring vital and dead trees.
Thus, the trees impacted by the 2014–15 drought had not experienced previous growth
decline or crown dieback, highlighting the sudden nature of the mortality event and its
relationship with other driving factors rather than previous vigour loss. In addition, the
drought response, in terms of the resilience components during the previous droughts,
was also not related to tree death during 2014–15 drought. Finally, the dead trees grew
in neighbourhoods that were neither denser nor less diverse than those of the vital trees,
factors which could have been expected to contribute to the probability of the trees dying.

4.1. Tree Size and Long-Term Growth in Relation to Drought Response

Several studies have predicted that taller and dominant trees will be at greater risk
of dying following droughts due to their inherent vulnerability to hydraulic stress, higher
radiation, and evaporative demand experienced by their exposed crowns [54–56]. This idea,
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coupled with greater leaf size and stomata amount in N. dombeyi genotypes from humid
environments [57], led us to predict a greater risk for bigger N. dombeyi individuals in the
Puerto Blest mortality event. However, our results were in agreement with others [58,59]
who found a greater survivorship of bigger trees. Despite a low number of studies recreating
in detail the leaf–soil moisture dynamics during droughts [60], we may speculate that lower
growth (and lower size) in dead trees could probably be a consequence of less favourable
microsite conditions that were acting to limit growth [28]. This coincides with the fact
that, although the vital and dead trees showed comparable responses to precipitation
and temperature, the trees that died during the 2014–15 drought had experienced more
dependence on the previous year’s climatic conditions. Mortality tended to be higher
in small-sized N. dombeyi individuals [61] with smaller basal area increments and more
dependence on the previous year’s carbon reserves, probably due to smaller rooting
systems related to shallow soils or a higher degree of rockiness at the microsite level [59].
The potentially less favourable microsite conditions prevailing since the tree establishment
may have led the now-dead N. dombeyi trees to exhibit lower growth performance during
their lifetime, although the extremely wet climate did not exacerbate the growth-limiting
factors enough to drive differences in noticeable climatic sensitivity between the vital
and dead trees. Moreover, less favourable microsite conditions, serving as an underlying
inciting factor at the tree level, are consistent with the observation that the dead N. dombeyi
trees had a larger number of 2014–15 dead trees in their vicinity.

Even though the dead trees were smaller compared to the vital trees, our results
strongly highlight the similar long-term growth trend and variability between the co-
occurring vital and dead trees. A long-term reduction in radial growth (vigour loss) is a
common growth pattern of trees that died following severe droughts [4,62,63], pointing
to the so-called ‘legacy effect’ as a framework for explaining tree death [64–66]. Physio-
logical changes can lead to higher drought impact and reduce growth recovery (loss of
resilience capacity) in subsequent droughts, ultimately resulting in tree death [11]. This
legacy effect has been identified in N. dombeyi trees that died following severe droughts
in northern Patagonia [28]. Moreover, a study considering highly to fully defoliated N.
dombeyi trees following the 1998–99 drought affecting the easternmost populations ex-
hibited a significant growth decline that was related to reduced growth and a negative
post-drought response during previous droughts (Suarez ML submitted manuscript). This
increasing loss in resilience points to an irreversible increase in drought vulnerability in
the more recent droughts, indicating a state of change that denotes a negative legacy effect,
although the dead N. dombeyi trees growing in the relict Valdivian rainforest near Puerto
Blest neither showed previous growth decline nor a long-term loss of growth resilience.
Furthermore, the vital and 2014–15 dead trees showed similar resistance to drought, and
rapid growth recovery upon rewatering when previous droughts ended. This represented
an unexpected result considering the behaviour of the species in the eastern populations.
Nevertheless, it would be simplistic to assume that the loss of resilience alone can explain
tree death probability.

4.2. Neighbour Effect on Tree Growth and Drought Performance

Bigger and taller surviving N. dombeyi trees appear to be surrounded by a more species-
mixed environment (Figure 2). Besides other factors, species mingling in the tree vicinity
exhibiting different functional traits is assumable to imply different resource utilization dur-
ing drought, attenuating negative growth reactions [9,27,67–69]. Inter-specific differences
in physiology (e.g., isohydric vs. anisohydric) and morphology, as well as intra-specific
differences resulting from intra- and inter-specific interactions (e.g., vertical positioning
within the canopy or phenotypes), contribute to a positive effect on radial growth and
performance in the face of drought [17,27,67], while the opposite could be attributed to
a less complementary neighbourhood. In the studied stand, better drought performance
during the previous dry spells was shaped by a neighbourhood dominated by a shade-
tolerant conifer species with different physiological and morphological traits compared to
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N. dombeyi [70], and/or species with different maximum heights as a species trait, leading
to differences in resource consumption strategies.

However, the relationship between neighbourhood pressure (competition and min-
gling) and the previous drought performance of the now-dead N. dombeyi trees was less
straightforward. Furthermore, competition levels neither explained part of the recent
growth trends at local scales, nor implied negative growth trends in the dead trees. This
result was in agreement with studies suggesting that the current competition levels (last
decades) have a low effect on growth, potentially due to underestimated past competi-
tion [62,71] or due to pressure from neighbours, not considering the critical role played
by neighbours’ identity in plant performance [72]. The beneficial effects of mingling have
been shown to strongly influence tree growth [25], though its role in lessening the severity
of drought impacts and survival is still controversial [24,27]. Here, we use the basal area
increment as an indicator of the tree’s stress during its lifetime. Thereby, we can assume that
the current species mingling arrangement in the neighbourhood of the now-dead trees had
enhanced the tree growth, as the trees with greater species mingling in their neighbourhood
showed higher estimated BAI values during the last 25 years. However, bigger trees, which
are assumed to be benefited by the species mixture in their surroundings, displayed lower
resistance (closer to 0.5) and even higher recovery following past droughts, highlighting
that the net effects of neighbourhood pressure can vary, resulting in a different outcome
in drought performance. It is noteworthy that the strength of the correlation between the
factors could be constrained by the number of analysed individuals.

Finally, it is of particular interest that higher competitive pressure (measured as size–
distance competition index) or fewer species mingling in the environment (measured as a
neighbourhood dominated by N. dombeyi) covaried with the climatic sensitivity of the vital
and dead trees. By considering the intra-population variability in the growth responses
to the climate, we can capture the range of responses to drought, recognizing which local
neighbours could be more resilient or vulnerable than others, responses that are often
averaged or masked when we focus on competition or mixing influences at plot or stand
level [73,74]. At first glance, the climate–growth responses varied among the trees, with
more climate sensitivity as the neighbourhood pressure increased in both vitality classes
(neighbourhoods dominated by N. dombeyi or greater size–distance competition levels).
The intra-population variability in the N. dombeyi climate–growth relationship could be
attributed to xylem anatomy variability or root development, modulated by the balance
between the intra- and inter-specific relationships in the neighbourhood, soil conditions,
and genetic uniqueness. Therefore, our findings agree with studies pointing out that trees
with high competition in the close vicinity show greater climate sensitivity and could
potentially be more prone to drought-induced mortality [18,71,75]. This suggests that the
local context, in terms of the micro-environmental factors and species arrangement in
the vicinity, interact in a complex way, impacting the resilience and adaptability of tree
populations. Understanding the dynamics of this network can be crucial for effective forest
management and conservation efforts.

5. Conclusions

Our findings shed light on the possible drivers acting at the tree-to-tree level in driving
growth, resilience, and death following the 2014–15 drought in the northern Patagonian
rainforest. Despite differences in factor covariation between the two vitality classes, here we
have demonstrated that smaller trees were more susceptible to drought-induced mortality,
which is likely to be due to the worse microsite conditions they experienced during their
lifetime. However, contrary to our expectations, based on the potential vigour loss in the
dead trees, both vitality classes showed similar long-term growth trends, with no significant
prior growth declines characterizing the dead trees. This highlights the sudden nature of
mortality events, rather than a gradual loss of vigour, and the role played by other driving
factors. Furthermore, our hypothesis posited increased neighbourhood diversity or a less
dense vicinity as driving factors influencing both individual growth patterns and a tree’s
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response to drought, enhancing tree resilience. However, partially agreeing with our initial
predictions, the results showed that neighbour pressure was related to drought response in
the vital trees. It is worth mentioning that the ecological relationships between individual
trees and their neighbours are more complex than those we evidenced, and the positive
effect of a less uniform neighbourhood on the drought performance of the vital trees helps
us to forecast N. dombeyi drought responses under the prevailing climate in humid diverse
stands. These results constitute a useful tool in planning effective forest management
and conservation efforts, considering the complex interplay of tree size, growth history,
neighbourhood composition, and micro-environmental factors to enhance the resilience
and adaptability of tree populations in future dry spells.
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Appendix A. Vital and Dead Tree Characteristics

Figure A1. Differences in tree characteristics between vital (light green) and dead (light orange)
N. dombeyi trees. W depicts average crown spread, M is the mingling index, and NDT is the proportion
of dead trees in the focal neighbourhood. Asterisks and p-values depict differences according to
Wilcoxon rank sum test.
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Appendix B. Partial Effect of the General Additive Linear Model

Figure A2. Effect of calendar year on growth trends (BAI) of N. dombeyi regardless of vital conditions.

 
Figure A3. Predicted log (BAI + 1) for vital (solid green lines) and dead (dashed orange lines)
N. dombeyi trees in function of changes in SPEI3Jan according to GAMM model. The shaded areas
depict the 95% confidence intervals.
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Abstract: Climate change poses a significant threat to the resilience and sustainability of forest
ecosystems. This study examines the performance of white oak (Quercus alba, L.) across a range of
provenances in a common garden planting, focusing on the species’ response to climatic variables
and the potential role of assisted migration in forest management. We evaluated the survival and
growth rates of white oak provenances originating from various points along a latitudinal gradient
over a period of 40 years. These provenances were planted in a common garden situated near the
midpoint of this latitudinal gradient, where we also monitored their phenological traits, such as
budburst and leaf senescence. The results revealed substantial variation in phenological responses
and growth patterns among the provenances, with southern provenances demonstrating faster
growth and later senescence relative to local sources, with limited impact on survival. In contrast,
the northern provenances demonstrated slower growth, resulting in later-aged competition-induced
mortality. The findings highlight the necessity of incorporating genetic diversity into white oak
reforestation and conservation strategies, as the local provenance may no longer be the most suitable
option for current and future conditions. We advocate for a nuanced approach to forest management
that leverages genetic insights to optimize seed source selection for reforestation, fostering resilient
forest landscapes in the face of ongoing climate shifts.

Keywords: white oak; Quercus alba; provenance test; common garden; phenology; assisted migration;
climate change; tree growth

1. Introduction

White oak (Quercus alba, L.) is an iconic deciduous tree prevalent throughout the
hardwood forests of the eastern United States, extending from Maine to Florida and
from Minnesota to Texas [1,2]. Although capable of thriving in diverse soils, it exhibits
a particular preference for well-drained loamy soils that offer moderate moisture and
fertility [2,3]. Throughout its range, this species is a key component of various forest types,
including oak-hickory, oak-pine, and mixed hardwoods [4,5]. As a keystone species, white
oak provides essential ecosystem services, playing a pivotal role in carbon sequestration,
oxygen generation, and water purification, all while forming the basis of intricate multi-
trophic systems [5]. The resilience of white oak is exemplified by its longevity [6]. However,
recent evidence suggests a concerning decline in white oak populations within eastern
forests attributed to overharvesting, high grading, inconsistent regeneration, and poor
recruitment [7–9].
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The genus Quercus includes approximately 435–500 oak species native to temperate
and subtropical regions [10,11]. Among these, white oak stands out as the most pre-
ferred of only three oak species widely used in liquid goods cooperage [11]. Its robust
and durable heartwood is particularly prized for crafting bourbon barrels, which are
subsequently repurposed in the production of other whiskeys and wine [12]. Given the
commercial and ecological value of white oak, coupled with its regional decline [7], there
is growing interest among federal, state, and private entities in white oak reforestation
and tree improvement [13–15]. Despite the genus Quercus being known for its adaptability
to environmental variation [16], such plasticity in white oak, specifically, has not been
thoroughly investigated.

In light of ongoing global climate change, the consideration of both phenotypic and
genetic factors influencing white oak performance is crucial. Assisted migration, and more
specifically assisted population migration, i.e., the transfer of seeds from the southern
part of a species’ geographical range to the north (in the northern hemisphere) [17], is
regarded as one way to assist a species’ adaptation to global warming. Traditional forestry
practices advocate for the use of local seed sources that are presumed to be well adapted to
local conditions. However, these notions are challenged by ongoing rapid environmental
changes, suggesting that southern genotypes might be better suited for northern locations
in the future due to their adaptation to warmer climates [18]. Economically important
forest tree species, especially those with large geographical ranges, often have ecotypes or
substantive clines adapted to local site conditions. The phenotypic and genetic intraspecific
variation of forest trees in the context of assisted migration have been less studied than
interspecific variation and competition [19].

A comprehensive understanding of white oak’s response to climatic variables over its
lifespan is necessary for delineating seed zones and guiding assisted migration strategies
in the context of climate change. The majority of eastern hardwood species are primarily
experiencing a southern range retraction with evidence of a significant lag between tem-
perature shifts and northward migration [20]. Dispersal models of white oak indicate that
unassisted, the species’ natural distribution will lag significantly behind the northward
shift of the species’ suitable climate envelope [21]. If white oak lacks the plasticity to adapt
to rapid climate warming, then the assisted northward range expansion and population
migration of provenances northward may be necessary to avoid substantial range retraction
exacerbated by the species’ particularly long life and limited natural dispersal abilities [22].

In this study, we investigate the survival, growth, and phenological traits of white
oak provenances growing in a common garden planting. While provenance performance
is ideally assessed at multiple planting sites with varying environmental conditions, this
study’s scope is confined to a single common garden near the center of the species range.
We acknowledge conclusions drawn from this research must be made with caution but
believe there is a pressing need for the quantitative assessment of white oak provenance
performance. This common garden study represents, to the best of our knowledge, the
only long-term investigation incorporating white oak genetics representative of most of
the latitudinal range of the species, the foremost requirement of a provenance study [23].
Our analysis spans 40 years of tree growth measurements and increment core records
complemented by spring leaf budburst and fall leaf senescence data collected in years 39
and 40. We used these phenology data to estimate the length of the growing season for
each provenance under the contemporary climate conditions at the planting site.

We expected that the white oak provenances in this study would exhibit distinct
growth, survival, and phenological responses to the environmental conditions at our com-
mon garden site. We predicted high mortality in the Mississippi provenance due to late
spring and early fall freezes, and potential slower growth in northern provenances. These
hypotheses reflected our anticipation of latitudinal influences on provenance performance.
Some of our hypotheses were confirmed by the study outcomes, while others were contra-
dicted by the data. Analyzing the growth and phenological traits of white oak seed source
origins spanning a range of climatic conditions, this study underscores the critical role of
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adaptive genetic management in forest conservation, providing invaluable insights for tree
breeders and forest managers as they navigate the challenges posed by climate change.

2. Materials and Methods

Two-year-old bare root seedlings grown at the Vallonia Nursery (Indiana Depart-
ment of Natural Resources, Vallonia, IN, USA) were planted in 1983 at the Starve Hollow
State Recreation Area on a site 2 km from the nursery. The common garden experiment
was planted on level terrain, situated 180 meters north of Starve Hollow Lake, in the
well-drained sandy-loam soils characteristic of the Bloomfield-Alvin complex [24]. The
seedlings represented six distinct provenances, including southern Minnesota (MN), south-
ern Wisconsin (WI), central Ohio (OH), southern Indiana (IN), southern Illinois (IL), and
northern Mississippi (MS). Detailed coordinates, seed source information, and climate
summaries for each provenance are provided in Table 1 and Figure 1. The selection of
seed source locations was guided by two primary considerations. Firstly, an effort was
made to ensure that these locations spanned the latitudinal range of white oak, with the
intent of capturing most of the species’ genetic diversity as it relates to climate adaptation
represented by plant hardiness zones [25]. However, the predominant consideration, given
the nature of white oak’s recalcitrant seeds, was the location of accessible acorns in the fall
of 1981 and the availability of a suitable planting site.

The common garden planting was arranged in a 12 row by 18 column grid (n = 216)
with 2.5 meter tree spacing. This grid was divided into six randomized complete blocks,
each containing nine four-tree row plots. Some provenances contained more than one plot
(see Table 1). The southern Indiana seed sources were collected from two locations 100 km
apart, each of which were planted in their own plot. Given their similar latitude and
proximity, both Indiana sources were treated as a single provenance (IN) in our analysis.
The southern Illinois seed sources consisted of three open pollinated families, coming
from a single location, each of which were planted in their own plots. We also treated
these Illinois sourced plots as a single provenance (IL) for the purposes of our analysis. A
one-tree border row was planted around the whole experiment with a local seed source.
The experiment was thinned in year 12, halving the number of trees in each plot (n = 108
after thinning) to reduce tree-tree competition within and between plots. Tree mortality
(natural and via thinning) was tracked throughout the study. Local tree density (number of
orthogonal and diagonal neighbors) was included as a cofactor in all statistical models to
account for the effects of neighbor-tree competition and canopy gaps left by tree mortality
or thinning.

Table 1. Coordinates in decimal degrees and the USDA Plant Hardiness Zones [25] of prove-
nances planted in the common garden study located near Vallonia, Indiana (latitude = 38.82,
longitude = −86.08, elevation = 174.04 m).

Prov. Lat. Long. Elev. (m)
USDA
Zone
1990

USDA
Zone
2023

Mother
Trees per

Prov.

Plots per
Block

State County Place Name

MN 45.00 −93.10 256.34 4a 5a 10 1 Minnesota Ramsey University of
Minnesota campus

WI 43.00 −89.30 269.44 4b 5a 10 1 Wisconsin Dane Nevin State Fish
Hatchery

OH 40.28 −84.10 272.00 5a 6a 6 1 Ohio Auglaize Wapakoneta
Fairgrounds

IN 39.06 −86.59 176.78 5a 6a–6b 6 2 Indiana Greene,
Jackson

Shakamak State Park,
Vallonia Tree Seedling

Nursery

IL 37.40 −89.13 183.25 6a 7a 3 3 Illinois Jackson Private residences in
Makanda

MS 34.37 −88.36 120.40 7b 8a 8 1 Mississippi Prentiss Private residences
south of Booneville
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Figure 1. Locations of seed source origins and relevant climate information for each provenance.
(A) Map of provenance locations. Solid gray lines indicate US state and Canadian provincial borders.
Green shading indicates the natural range of white oak (Quercus alba, L.) [1]. Provenances are repre-
sented as labeled blue dots. The location of the common garden in southern Indiana is represented
as a red triangle. (B) Annual precipitation (mm) of each provenance [26]. Solid lines represent the
linear trend of each provenance with the corresponding color. (C) Annual mean absolute minimum
temperatures (◦C) of each provenance [26]. Again, solid lines represent the linear trend of each
provenance with the corresponding color. The Indiana provenance and test location data are based
on regional climate data covering both seed source locations and the common garden site.

Diameter at breast height (DBH, approximately 1.3 m) was measured to the nearest
0.1 inches (2.54 mm) in the 11th, 20th, and 40th years using a diameter tape. Annual DBH
estimates were derived from two 5.15 mm diameter increment cores extracted from each
tree in early spring 2022, oriented east-west and north-south, respectively, and taken as
close to breast height as possible while avoiding any epicormic branching. Increment
cores were mounted on poplar blocks and sanded smooth before precision dendrochrono-
logical measurements were made using a Velmex TA measurement system (Velmex, Inc.,
Bloomfield, NY, USA). The average radial growth from these two cores was calculated,
adjusted for average bark thickness, and multiplied by two to represent annual DBH
growth. These measurements were analyzed using nonlinear modeling to evaluate growth
differences between provenances, employing the ‘nlme’ package in R [27,28]. Cumulative
DBH growth curves were fit using the Schumacher growth model [29,30] (Equation (1)),
where a = the growth asymptote, b = the growth scale factor, and x = the year.

y = a ∗ e−b 1
x (1)

The height of each tree was measured at the time of planting (year 0) as well as in the
fall of years 1–5, year 20, and year 40. The height of trees in years 0–5 was measured via a
measuring rod to the nearest cm, and in years 20 and 40 via a Forestry Pro II hypsometer
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(Nikon, Minato, Tokyo) to the nearest 0.1 ft (3.048 cm). Again, a nonlinear model was used
to discern statistical differences across provenances. Height growth curves were fit via the
3P Gompertz growth model (Equation (2)), where a = the growth asymptote, b = x-axis
displacement (translation along the x-axis), c = the growth rate, and x = the year.

y = a ∗ e−bcx
(2)

Phenological observations of spring leaf budburst were recorded in 2022 (year 39) and
2023 (year 40). Canopies were visually sectioned into thirds (lower, middle, and upper),
and leaf budburst was assessed for each section using a 0–6 point scale, adapted from Cole
and Sheldon’s seven-stage key for oak bud development [31] on a roughly weekly basis.
Leaf scores grouped by provenance were then analyzed via a linear mixed model. The date
at which half of the trees reached a score of ≥3 was established as the onset of the growing
season for each provenance (50% of trees at 50% budburst or greater). Celsius growing
degree days (GDDs (◦C)) corresponding to the date of season start of each provenance were
calculated using a base temperature of 10 ◦C and method one described by McMaster and
Wilhelm [32,33].

Fall leaf senescence observations were made in the fall of 2022. Estimates of the per-
centage of brown (marcescent) or abscised (senescent) leaves in each tree canopy were made
on a roughly weekly basis. A nonlinear model was used to discern statistical differences
across provenances, fitting each provenance to a modified 4P logistic model (Equation (3))
where a = the point of inflection, b = Hill’s slope, and x = the date.

y =
1

1 + e
a−x

b
(3)

Peak senescence intensity, defined by the PhenObs initiative as 50% of leaves fully
brown or abscised [34], was established as the end of the growing season for each prove-
nance. The length of growing season was calculated by summing the number of days
between growing season start and growing season end.

3. Results

The DBH growth model revealed significant differences among the six white oak
provenances planted in the common garden experiment (p < 0.01, Figure 2). In general,
maximum DBH was greater in the southern provenances, with the Mississippi provenance
(MS = 42.98 cm) exhibiting the highest growth asymptote (Figure 2B). The Wisconsin
provenance appeared to be an outlier, underperforming compared to even the Minnesota
provenance (WI = 29.55 cm, MN = 37.69 cm), which originated further north (Table 1).
However, several Wisconsin trees suppressed in the understory are likely to die in the near
future, whereas the Minnesota-sourced trees that were suppressed had all died by year 40,
persisting only as partially decayed snags or stumps. As all surviving trees were used in the
analysis, this may account for the outlying low DBH growth performance of the Wisconsin
provenance. Minnesota and Ohio sourced trees had a notably greater Schumacher scale
factor than the other provenances, indicating slower early growth than other provenances
in the study (Figure 2C).

The height growth model also revealed significant differences among the six white
oak provenances (p < 0.01, Figure 3). The Indiana and Illinois provenances reached the
greatest heights (IN = 26.04 m, IL = 26.03 m), although the Mississippi-sourced trees were
nearly as tall (24.68 m). There were no significant differences in the x-axis displacement
parameter between provenances, and height growth started immediately for all sources,
indicating that there was no delay due to transplant shock or unfavorable site factors.
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Figure 2. Summary of DBH growth (cm) of the six provenances planted in the southern Indiana
common garden experiment (n = 81). DBH was reconstructed from increment cores and regular
DBH measurements over the 40-year study period. (A) Schumacher growth model fits representing
the mean DBH growth of each seed source. The solid black line represents the total population fit.
(B) Connecting letters diagram (CLD) of the Schumacher asymptote parameter. Gray dots represent
DBH measurement values. (C) CLD of the Schumacher scale factor parameter. For all CLDs, means
not sharing any letter are significantly different at α = 0.05 according to a Holm-Bonferroni corrected
post-hoc test.

Figure 3. Summary of height growth (m) of the six white oak provenances planted in the southern
Indiana common garden experiment based on regular height measurements over the 40-year study
period (n = 81). (A) 3P Gompertz growth model fits representing the mean height growth of each
provenance. The solid black line represents the total population fit. Gray dots represent height
measurement values. (B) Connecting letters diagram (CLD) of the 3P Gompertz asymptote parameter.
(C) CLD of the 3P Gompertz growth rate (y-scaling) parameter. For all CLDs, means not sharing
any letter are significantly different at α = 0.05 according to a Holm-Bonferroni corrected post-hoc
test. Note that the post-hoc test for parameter b (x-axis displacement) is not shown as there were no
significant differences between provenances.
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The Gompertz growth rate parameter tracks inversely with growth, meaning a lower
Gompertz growth rate parameter corresponds to a relatively steeper growth curve, although
this is attenuated by the asymptote parameter. Growth rate parameters varied, with
the Illinois and Minnesota provenances having the highest growth rate values (IL= 0.91,
MN = 0.91). Thus, these provenances experienced relatively slower early height growth
rates, but appeared to maintain their initial growth rate for longer (year ~15 to ~25) than the
other provenances.

Linear mixed model analysis indicated a uniform onset of budburst across all prove-
nances in the spring of 2022, as depicted by the closely clustered provenance mean scores
in Figure 4A, and the lack of significant differences between provenances in the post-hoc
comparisons in Figure 4B. This suggests a synchronous phenological response to springtime
cues. However, spring conditions in 2022 were very atypical, with colder than average
April temperatures (2.11 ◦C below 1980–2023 mean temperatures) and a very wet May
(5.9 cm above average precipitation, ~150% of the norm; also more than 5.0 cm above the
average May rainfall of all provenance seed origins) [35,36]. Due to the abnormal spring
weather conditions in 2022, spring budburst was measured again in the spring of 2023,
when seasonal conditions were much closer to the area’s long-term averages.

Figure 4. White oak budburst for each provenance planted in the southern Indiana common garden
experiment. (A,C) Budburst scores over time for the six provenances during the spring seasons of
2022 and 2023, respectively (n = 81). Each gray point represents an individual tree’s budburst score,
and the lines indicate the average trend for each provenance. (B,D) Post-hoc analysis of the linear
mixed models for the two years, presented as Tukey’s HSD tests. For all connecting letters diagrams,
means not sharing any letter are significantly different at α = 0.05.
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The 2023 budburst score data illustrates a departure from the previous year’s uni-
formity. Figures 4C,D reveal discernible variations in the budburst scores among the
provenances. The Indiana and Ohio provenances, the sources closest in latitude to the com-
mon garden site, were more conservative than the more northern and the more southern
provenances. Despite a statistically significant difference in budburst progression among
provenances, this difference only accounts for a four-day difference (when rounding to the
nearest 24-h period) in growing season start date (Table 2).

Table 2. Survival rates and estimated growing season length of white oak seed sources planted in
the southern Indiana common garden experiment based on 2022/2023 bud scores and 2022 leaf
senescence. Note that 11-year survival rates were measured prior to stand thinning at the end of year
12, while 40-year survival rates were measured after stand thinning.

State Latitude
11 yr.

Survival
40 yr.

Survival
Season Start

Growing Degree
Days (◦C)

Season End
Season Length

(Days)

MN 45.00 100% 25% 4/11 83.9 10/6 178
WI 43.00 96% 50% 4/11 83.9 10/13 185
OH 40.28 96% 92% 4/15 111.4 10/20 188
IN 39.06 94% 96% 4/14 101.9 10/20 189
IL 37.40 94% 89% 4/11 83.9 10/18 190

MS 34.37 100% 83% 4/10 81.9 10/23 196

Differences in the progression of fall leaf senescence were much more pronounced
between seed sources (Figure 5A) than differences in spring budburst scores. Trees of more
northern provenance lost their leaves significantly earlier than southern provenance trees
(Figure 5B). Also notable was the timespan over which senescence occurred, with the most
locally sourced trees (Indiana and Ohio) having lost their leaves over a much shorter period
compared to more southern and northern provenances (Figure 5C).

Figure 5. Summary of fall percent senescence, measured in fall 2022, for each of the six white oak seed
sources growing in the southern Indiana common garden experiment (n = 81). Although based on
the 4P logistic growth model, the start parameter was fixed at 0%, and the asymptote parameter was
set at 100% for all provenances. (A) Model fits. The solid black line represents the total population fit.
Gray dots represent the senescence score of individual trees. (B) Connecting letters diagram (CLD) of
the 4P logistic midpoint parameter. (C) CLD of the 4P logistic scale factor parameter. For all CLDs,
means not sharing any letter are significantly different at α = 0.05 according to a Holm-Bonferroni
corrected post-hoc test.
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Differences between the estimated growing season length for each provenance were
driven primarily by fall senescence due to the greater variability in fall phenology: a spread
of 17 days vs. only four days in the spring (Table 2). Thus, the total estimated season
length was greatest in the southernmost provenance of Mississippi (196 days) and shortest
in the northernmost provenance of Minnesota (178 days), with a difference in length of
18 days. Over the course of the 40-year study, that equates to an ‘extra’ 720 days (or
about four growing seasons) worth of growth in Mississippi provenance trees compared to
Minnesota-sourced trees.

The provenance survival rate prior to thinning the stand at 11 years was close to 100%
across all seed sources (Table 2). However, after 40 years of growth, a 50% and a 75%
mortality rate (not including thinned trees) were observed in Wisconsin and Minnesota
provenances, respectively (Table 2). This may be due in part to their slower growth and
lesser competitive ability at this relatively southern site compared to the more southern
provenances caused by their shorter effective growing season, among other potential
maladaptive traits. Perhaps most surprising is the relatively low mortality (<20%) of Mis-
sissippi provenance trees after 40 years despite being planted in a climate that experiences
regular hard freezes, which are relatively uncommon in Mississippi.

4. Discussion

Overall, white oak seedlings responded well to the plantation setting in southern
Indiana, with no evidence of transplant shock or delayed growth. White oak provenances
significantly influence phenological responses such as leaf budburst and leaf senescence,
which are critical to the adaptive capacity of the species. The variation in growth perfor-
mance and survival rates among provenances, particularly the superior growth observed
in southern provenances like Mississippi, aligns with the concept that genetic selection
for climate resilience could bolster forest health and productivity [37]. Furthermore, the
low mortality of the Mississippi and southern Illinois provenances should assuage fears of
‘overshooting’ the climate envelope as these southern seed sources are already resilient to
freezing conditions.

Some aspects of local provenances remain distinct from both more northern and more
southern seed sources, but it is not clear if these traits impart a selective advantage. The
spring phenology of the Indiana and Ohio provenances was slightly more conservative
than both the northern and the southern provenances in 2023, although budburst was only
postponed by roughly four days (2.1 percent of the overall average growing season length).
Despite this relatively small effect size, middle latitudes (around 41◦ N) experienced the
greatest number of growing season frost days (GSFDs) in the spring and are expected to
continue to experience even more GSFDs as the climate warms [38]. In addition, these
four days represent up to 27.5 GDDs (◦C), which may be a better indicator of adaptation
than average date of spring budburst at specific locations. The later onset of budburst
among these middle latitude provenances could be an evolutionary adaptation to increased
regional GSFDs. The faster and more synchronous fall senescence of the Indiana and
Ohio provenances compared to other seed sources was much more pronounced than
the differences is spring budburst. However, the date of peak senescence was clearly
intermediate between the northern and southern provenances.

The differential growth responses documented among the six provenances in this
study can be attributed to a complex interplay between genetic adaptation to local climates
and the immediate environmental conditions of the common garden, which cannot be
fully accounted for in this single-site study. Nevertheless, these findings resonate with
recent studies that highlight the potential for preexisting mismatches between tree species’
genetic adaptations and rapidly changing climates [6]. The significant mortality rates
observed in northern seed sources (Minnesota and Wisconsin) post-thinning could be
indicative of the adaptive limitations of these provenances under the warmer climatic
conditions of the common garden site, which mirror broader climate warming trends [9].
Northern provenance trees simply did not compete well with their faster growing southern
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seed-sourced neighbors. In addition, as the climate continues to warm, local white oak
provenances may fail to compete with both native and invasive tree species that are better
adapted to the warmer and longer growing season.

Precipitation and temperature data representative of the six provenance origins in-
dicate a consistent climatic gradient, with conditions transitioning from colder and drier
in the northern locations to warmer and wetter towards the south. Over the course of
the 40-year study, annual precipitation increased on average at all seed source locations
(Figure 1B). Likewise, annual minimum temperatures also increased on average at all
locations (Figure 1C). USDA plant hardiness zones have shifted northward during this
period and now predict 2.8 ◦C to 5.6 ◦C warmer mean absolute minimum temperatures at
all seed source origins [25]. Future climate projections based on the relatively conservative
CCSM4 RCP 4.5 model project another temperature increase of 2.8 ◦C to 5.6 ◦C at these
locations by 2070 [39]. While warming is expected to continue throughout the 21st century
and the seasonal distribution of precipitation will vary, annual precipitation totals are
not expected to significantly change in eastern North America over the latter half of the
century [40]. Therefore, late 21st century conditions in southern Indiana may be similar
to pre-1983 conditions in northern Mississippi. Likewise, growing conditions in southern
Indiana over the last 40 years appear to be a reasonable analogue to late century conditions
in southern Wisconsin and Minnesota [40].

While the 40-year performance of Minnesota and Wisconsin sourced white oaks in
southern Indiana demonstrated the potential unsuitability of existing local genetics in a
warmer future climate, the excellent performance of northern Mississippi and southern
Illinois trees suggests the suitability of relatively southern genetics for the future southern
Indiana climate. By sourcing trees from locations with mean absolute minimum tempera-
tures 5.6 to 11.2 ◦C warmer [25], white oak plantings will be tolerant of current and likely
future conditions. Overall, these findings clearly support proactive forest management
actions, highlighting the importance of selecting provenances for reforestation and the
expectation that assisted migration will help to ensure future forest ecosystem viability and
productivity. Continued research is necessary to delve into the genetic underpinnings of
climate adaptability, providing forest managers with the knowledge to bolster white oak
forest resilience in a changing world.

5. Conclusions

The results of this study underscore the importance of assisted migration as a strategy
for forest management and conservation in the context of climate change. In this study,
we have comprehensively analyzed the growth and phenological responses of white oak
provenances sourced from a wide range of climatic conditions relative to the common
garden planting site in southern Indiana. Our findings reveal significant provenance
differences in growth patterns and phenological responses, suggesting that white oak
climate adaptation may be less plastic than expected. Rather, climate adaptation appears
to be closely tied to genetic adaptation to the local environment prior to anthropogenic
climate change. These results are critical for understanding the impact of climate change
on forest tree species. For forest managers and tree breeders, this study provides essential
insights into selecting and managing white oak provenances. This knowledge is crucial
for developing effective reforestation and tree improvement programs that can mitigate
the adverse effects of climate change and ensure the sustainability of future white oak
forest ecosystems.
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Change Using Individual Tree Response Functions. Front. Plant Sci. 2021, 12, 758221. [CrossRef] [PubMed]

19. Gustafson, E.J.; Kern, C.C.; Kabrick, J.M. Can Assisted Tree Migration Today Sustain Forest Ecosystem Goods and Services for the
Future? For. Ecol. Manag. 2023, 529, 120723. [CrossRef]

20. Zhu, K.; Woodall, C.W.; Clark, J.S. Failure to Migrate: Lack of Tree Range Expansion in Response to Climate Change. Glob. Chang.
Biol. 2012, 18, 1042–1052. [CrossRef]

52



Forests 2024, 15, 520

21. Miller, K.M.; McGill, B.J. Land Use and Life History Limit Migration Capacity of Eastern Tree Species. Glob. Ecol. Biogeogr.
2017, 27, 57–67. [CrossRef]

22. McKenney, D.W.; Pedlar, J.H.; Lawrence, K.; Campbell, K.; Hutchinson, M.F. Potential Impacts of Climate Change on the
Distribution of North American Trees. BioScience 2007, 57, 939–948. [CrossRef]

23. Leites, L.P.; Rehfeldt, G.E.; Robinson, A.P.; Crookston, N.L.; Jaquish, B. Possibilites and Limitations of Using Historic Provenance
Tests to Infer Forest Species Growth Responses to Climate Change. Nat. Resour. Model. 2012, 25, 409–433. [CrossRef]

24. Soil Survey Staff—Natural Resources Conservation Service—United States Department of Agriculture. Web Soil Survey. Available
online: https://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx (accessed on 3 February 2024).

25. Hanberry, B.B.; Fraser, J.S. Current and Future Plant Hardiness Zones for the Conterminous United States; U.S. Department of
Agriculture: Madison, WI, USA, 2023.

26. National Centers for Environmental Information. Climate Data Online. Available online: https://www.ncdc.noaa.gov/cdo-web/
(accessed on 30 November 2023).

27. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2023.
28. Pinheiro, J.; Bates, D. R Core Team Nlme: Linear and Nonlinear Mixed Effects Models; R Foundation for Statistical Computing: Vienna,

Austria, 2023.
29. Canetti, A.; Braz, E.M.; de Mattos, P.P.; Basso, R.O.; Filho, A.F. A New Approach to Maximize the Wood Production in the

Sustainable Management of Amazon Forest. Ann. For. Sci. 2021, 78, 67. [CrossRef]
30. Schumacher, F.X. A New Growth Curve and Its Applications to Timber Yield Studies. J. For. 1939, 37, 819–820.
31. Cole, E.F.; Sheldon, B.C. The Shifting Phenological Landscape: Within- and between-Species Variation in Leaf Emergence in a

Mixed-Deciduous Woodland. Ecol. Evol. 2017, 7, 1135–1147. [CrossRef] [PubMed]
32. Fritts, H.C. The Relation of Radial Growth to Maximum and Minimum Temperatures in Three Tree Species. Ecology 1959, 40, 261–265.

[CrossRef]
33. McMaster, G.S.; Wilhelm, W.W. Growing Degree-Days: One Equation, Two Interpretations. Agric. For. Meteorol. 1997, 87, 291–300.

[CrossRef]
34. Nordt, B.; Hensen, I.; Bucher, S.F.; Freiberg, M.; Primack, R.B.; Stevens, A.-D.; Bonn, A.; Wirth, C.; Jakubka, D.; Plos, C.; et al. The

PhenObs Initiative: A Standardised Protocol for Monitoring Phenological Responses to Climate Change Using Herbaceous Plant
Species in Botanical Gardens. Funct. Ecol. 2021, 35, 821–834. [CrossRef]

35. Global Modeling and Assimilation Office (GMAO). MERRA-2: 2d,1-inst1_2d_asm_Nx, Hourly, Instantaneous, Single-Level, Assimilation,
Single-Level Diagnostics; National Aeronautics and Space Administration: Washington, DC, USA, 2015.

36. Lawrimore, J.H.; Ray, R.; Applequist, S.; Korzeniewski, B.; Menne, M.J. Global Summary of the Month (GSOM), Version 1; NOAA
National Centers for Environmental Information: Jackson County, IN, USA, 2016.

37. Clair, B.S.; Howe, G. Genetic Options for Adapting Forests to Climate Change. West. For. 2009, 54, 9–11.
38. Liu, Q.; Piao, S.; Janssens, I.A.; Fu, Y.; Peng, S.; Lian, X.; Ciais, P.; Myneni, R.B.; Peñuelas, J.; Wang, T. Extension of the Growing

Season Increases Vegetation Exposure to Frost. Nat. Commun. 2018, 9, 426. [CrossRef]
39. Matthews, S.N.; Iverson, L.R.; Peters, M.P.; Prasad, A.M. Assessing Potential Climate Change Pressures across the Conterminous United

States: Mapping Plant Hardiness Zones, Heat Zones, Growing Degree Days, and Cumulative Drought Severity throughout This Century;
U.S. Department of Agriculture: Madison, WI, USA, 2018; Volume 9, pp. 1–31. [CrossRef]

40. USGCRP. Climate Science Special Report; U.S. Global Change Research Program: Washington, DC, USA, 2017; pp. 1–470.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

53



Citation: Liu, M.; Zhu, Y.; Pang, R.;

Gao, L. Can Growth Increase of Small

Trees after Drought Compensate for

Large Trees’ Growth Loss? Forests

2024, 15, 448. https://doi.org/

10.3390/f15030448

Academic Editor: Romà Ogaya

Received: 21 December 2023

Revised: 1 February 2024

Accepted: 8 February 2024

Published: 27 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Can Growth Increase of Small Trees after Drought Compensate
for Large Trees’ Growth Loss?

Mingqian Liu 1, Yihong Zhu 2, Rongrong Pang 1 and Lushuang Gao 1,*

1 Research Center of Forest Management Engineering of State Forestry and Grassland Administration,
Beijing Forestry University, No. 35 Qinghua East Road, Beijing 100083, China;
liu_mingqian@outlook.com (M.L.)

2 Department of Environmental Science, Policy and Management, University of California,
Berkeley, CA 94704, USA

* Correspondence: gaolushuang@bjfu.edu.cn

Abstract: Large trees dominate stand-level biomass but their growth suffers more from droughts,
while sheltering small trees during droughts. Under a warmer and drier climate, whether the
growth decline of large trees could be compensated by prompted small trees’ growth remains
unknown. Based on the Standardized Precipitation Evapotranspiration Index (SPEI) series, drought
characteristics were determined, and two drought events were selected. We reconstructed historical
diameters at breast height (DBH) and the aboveground biomass of Larix gmelinii through tree ring data
allometric equations. To clarify the difference in the responses of tree size to drought, we calculated
resistance, recovery, and resilience in each diameter class. We used a growth dominance coefficient
(GDC) to exhibit the contributions of different-sized individuals to stand growth and demonstrated
the growth dynamics of both the individual and stand level. The results proved that large trees were
more vulnerable to local droughts, the resilience of larch had a negative relationship with the DBH
(p < 0.05), and small trees could recover to even exceed their pre-drought growth level. Most plots
had a negative GDC and small trees contributed more to stand growth compared with their size,
but their AGB growth was far less than that of large trees, which made it difficult to compensate
for stand growth decline. Our results indicate that tree resilience has a negative relationship with
their pre-drought sizes, as large trees in the stand fail to regain their growth level before drought.
Even with a larger relative contribution and higher resilience, small trees cannot cover deficits in
large trees’ growth. Under more frequent droughts, the total aboveground biomass growth of larches
would decline.

Keywords: Larix gmelinii; tree resilience; growth dynamics; drought events

1. Introduction

Boreal forests maintain the global terrestrial ecosystem carbon balance and the carbon
sink stability varies under natural disturbances and forest management [1]. Climate
change and large-scale disturbances, such as warming and drought, reduce forest biomass
growth [2,3].

Diameter size also influences individual tree responses to climatic factors and dis-
turbance events. Dominant individuals are more sensitive to drought [4] but can recover
better from disturbances [5]. Managements that adjust diameter class differences such as
close-to-nature silviculture usually maintain the growth advantage of large trees better [6].
Individuals with smaller initial diameters and faster growth rates before drought show
higher resilience, but this effect will change over time [7]. Small trees contribute more
steadily to forest growth and have a greater contribution to long-term carbon storage,
sequestration, and forest climate resilience [8]. Tree diameter classes may be more heteroge-
neous as they respond to environmental conditions differently. We now should also focus
on how smaller ones would perform under climate change.
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Boreal forests in northern regions will face intensifying local drought conditions and
accelerated climate warming under permafrost layer degradation [9] and increasing soil
moisture evaporation [10]. In the northern part of China, the Greater Khingan Mountains
region was considered as the south edge of boreal forests [11] and served as a crucial ecolog-
ical barrier. Drought events occurred more frequently in the Greater Khingan Mountains
from 1961 to 2012 [12]. Under such a background, the forests’ net primary productiv-
ity will reduce, and forest decline will occur, leading to ecosystem shrinkage and severe
degradation [13,14].

Larix gmelinii is the dominant tree species in northern forests in China [15]. The
growth of Larix gmelinii is extremely sensitive to climate conditions [16], influenced by
latitude [17], and has shown significant changes in growth trends under warmer and
drier climatic conditions [18]. Under higher temperatures, growth patterns even vary
within the same area. In high-latitude regions, the growth of larch is promoted, while in
middle- and low-latitude regions, it was suppressed by drought events caused by high-
temperature summers [17,19]. Larix gmelinii showed a positive correlation with the mean
annual temperature [20], while with the increasing temperature leading to water stress,
the growth of dominant larch individuals was suppressed [21]. With varied responses
in different regions and sizes, it is important to look into whether the growth differences
caused by a size difference could balance the slowing growth contribution of large trees to
the forest.

To clarify the growth characteristics of Larix gmelinii across different diameter classes
and how climate change affects the biomass dynamics, we focused on Larix gmelinii in the
Greater Khingan Mountains. We reconstructed historical diameters based on tree rings and
field data. Utilizing allometric growth equations, we derived historical biomass dynamics
and the quantified growth dynamics of L. gmelinii through resilience in different diameter
classes, and aimed to uncover the influence of climate change on the aboveground biomass
growth contributions of various sizes. We hypothesized that:

1. In the southern part of the study area, droughts would suppress the growth of larches,
while in the northern part, growth will be prompted by droughts.

2. Larger trees will suffer from droughts, but smaller trees could maintain stand growth
after a drought event.

3. Multiple droughts will lead to larch aboveground biomass growth reduction in the
study area.

2. Materials and Methods

2.1. Study Area

The research area locates in the Greater Khingan Mountains region in northeastern
China (120◦26′38.38′′–126◦30′22.12′′ E, 47◦31′34.67′′–53◦22′03.16′′ N) (Figure 1). The soil
type of this area is brown coniferous forest soil [22]. The vegetation community structure
in this area is relatively uniform, with associated tree species including Betula platyphylla
and Pinus sylvestris. We set twenty-six pure Larix gmelinii forest plots to analyze the impact
of drought events. Each sample plot had a radius of 17.85 m and covered an area of
0.1 hectares. The elevation of these sample plots ranged from 300 to 1000 m above sea level,
with the coldest monthly average temperature ranging from −29.5 to −22.6 ◦C and the
warmest monthly average temperature ranging from 15.9 to 19.6 ◦C.
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Figure 1. Locations of 26 pure Larix gmelinii forest sites in the Greater Khingan Range, China, and the
area of each plot is 0.1 hectare. The numbering increases with latitude and longitude.

2.2. Field and Laboratory Measurements

Within the established circular sample plots, individuals with a diameter at breast
height (DBH) that is greater than or equal to 5 cm were systematically measured clockwise.
The following information was recorded for each individual: tree species, DBH, tree height,
angle, and distance from the plot center. Additionally, at breast height (1.3 m above ground
level), tree core samples were collected. These core samples were naturally air-dried in
the laboratory, securely fastened to wooden mounts, and assigned unique identification
numbers. The tree ring widths were measured using the LinTab 5 (RINNTECH, Heidelberg,
DE, www.rinntech.com (accessed on 24 May 2021)) tree ring width measurement instru-
ment, with a measurement accuracy of up to 0.01 mm. To ensure the accuracy of dating
and measurements, the COFECHA software [23] was employed to perform correlation
tests on 26 sample sequences within the study sites (Table 1). This process helped ensure
precise dating, and only tree core samples with clear and reliable tree rings were selected
for further analysis. We then used reconstructed historical DBH data as the initial DBH
before the disturbance events for resilience analyses. Please refer to Table 2 for the specific
characteristics of the tree core samples.

Table 1. Plots information.

Plots Longitude (E) Latitude (N) Elevation/m Slope/◦ Slope
Direction

Density/n·hm−2 Mean
DBH/cm

Mean
Height/m

P01 122◦41′28.88′′ 53◦22′3.16′′ 522.6 3 southwest 590 18.5 24.7
P02 121◦45′35.84′′ 53◦19′20.97′′ 670.3 18 southwest 1060 15.5 22.9
P03 121◦24′2.67′′ 53◦1′22.07′′ 436.3 3 northeast 470 18.1 21.6
P04 122◦33′16.06′′ 52◦54′0.90′′ 498.5 8 northeast 790 19.4 26.6
P05 123◦20′1.81′′ 52◦51′25.90′′ 567.4 2 north 540 16.3 26.2
P06 125◦0′58.02′′ 52◦30′19.40′′ 368.3 7 southeast 720 18.7 18.6
P07 125◦51′19.44′′ 52◦27′27.90′′ 370.6 2 southeast 490 13.9 14.5
P08 122◦23′32.41′′ 52◦18′43.58′′ 741.5 22 south 880 16.4 22.3
P09 121◦27′1.31′′ 52◦15′57.03′′ 690.7 13 west 950 12.8 21.3
P10 124◦3′3.28′′ 52◦9′8.07′′ 506.8 2 northeast 640 9.1 10.1
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Table 1. Cont.

Plots Longitude (E) Latitude (N) Elevation/m Slope/◦ Slope
Direction

Density/n·hm−2 Mean
DBH/cm

Mean
Height/m

P11 124◦56′20.70′′ 52◦2′15.05′′ 481.3 2 north 710 13.5 13.6
P12 121◦30′36.51′′ 50◦56′22.80′′ 850.2 12 south 490 22.2 29
P13 126◦30′22.12′′ 51◦47′4.43′′ 283.3 3 southeast 690 16.3 15.9
P14 120◦50′24.53′′ 51◦58′0.16′′ 483.2 6 northeast 500 23.1 13.9
P15 123◦52′56.99′′ 51◦36′38.95′′ 721 3 northeast 490 15.6 12.2
P16 125◦44′4.35′′ 51◦21′7.70′′ 405.1 17 southwest 500 17 26.8
P17 120◦26′38.38′′ 51◦27′38.35′′ 589.7 10 southwest 530 25.4 17.8
P18 124◦41′11.50′′ 51◦32′28.00′′ 560.5 3 northeast 530 9.9 17.4
P19 121◦53′29.55′′ 50◦43′14.47′′ 822.5 9 southeast 640 21.2 20.8
P20 122◦10′8.93′′ 51◦21′31.38′′ 855.5 23 east 810 13 24.5
P21 122◦31′0.17′′ 50◦7′11.62′′ 572.6 1 south 300 25.3 29.3
P22 122◦26′54.67′′ 49◦31′15.08′′ 590.8 2 southeast 260 30.5 33.9
P23 121◦20′10.55′′ 48◦30′52.53′′ 997 10 west 340 31.2 14.8
P24 121◦14′22.65′′ 47◦57′11.19′′ 755.6 11 north 540 22.4 17.9
P25 121◦22′43.57′′ 47◦31′53.92′′ 610.8 18 northeast 400 25.4 15.6
P26 120◦38′33.79′′ 47◦31′34.67′′ 1087.7 12 northeast 670 20.5 17.6

Table 2. Tree ring characteristics.

Plots Sample Depth
Common
Interval

Mean
Correlation
Coefficient

between Trees

Expressed
Population

Signal

Signal Noise
Ratio

Mean Stand
Age at Breast

Height

P01 59 1954–2012 0.53 0.97 32.1 45
P02 106 1978–2015 0.44 0.98 43.4 44
P03 47 1988–2016 0.31 0.95 18.93 83
P04 79 1991–2016 0.24 0.93 13.06 49
P05 54 1995–2016 0.6 0.99 81.5 40
P06 72 1985–2016 0.31 0.88 7.08 24
P07 49 1969–2012 0.61 0.99 70.96 35
P08 88 1997–2016 0.11 0.74 2.88 49
P09 95 1992–2016 0.3 0.97 27.93 50
P10 64 1980–2016 0.15 0.84 5.08 21
P11 71 1982–2013 0.42 0.96 26.81 37
P12 50 1991–2013 0.2 0.82 4.6 31
P13 69 1958–2016 0.61 0.98 55.04 39
P14 49 1968–2016 0.36 0.93 14.07 129
P15 53 1984–2016 0.6 0.98 45.9 31
P16 53 1975–2016 0.37 0.97 27.75 37
P17 81 1991–2016 0.76 0.97 37.49 48
P18 50 1937–2016 0.65 0.95 18.8 47
P19 49 2000–2016 0.48 0.97 29.78 61
P20 64 1975–2014 0.68 0.98 47.06 49
P21 30 1977–2016 0.46 0.97 31.71 29
P22 26 1984–2015 0.71 0.98 60.62 37
P23 34 1904–2016 0.29 0.92 11.6 38
P24 54 1983–2014 0.19 0.84 5.1 45
P25 40 1976–2016 0.64 0.96 22.86 45
P26 67 1975–2016 0.72 0.98 55.14 48

2.3. Statistical Analysis Methods
2.3.1. Drought Events Selection and Region Partition

The growing season of L. gmelinii is from May to September [24]. We chose the
historical average 3-month Standardized Precipitation Evapotranspiration Index (SPEI-
3) [12,24,25] to measure drought intensity and determine the drought events of the study
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area. Drought data were downloaded from the Royal Netherlands Meteorological Institute
(KNMI) website (https://climexp.knmi.nl (accessed on 26 September 2021)) and used Climatic
Research Unit (CRU) Time-Series (TS) version 4.03 of high-resolution (0.5 × 0.5 degree)
gridded data of month-by-month variation in the climate. Drought events are classified
into five levels [25]. The threshold of drought was set to −0.5. We selected a period that
started from the year 1984, when the local climate showed an increasing trend [26], to
2017. There are two main drought events that happened in 1999 and 2007, and we will
discuss the resilience separately to avoid the first drought disrupting the plant responses
during the subsequent drought occurrences. To explore the drought patterns in each plot,
we calculated the characteristics based on the theory of runs in R (Version 4.2.3, Vienna,
Austria) [17,27]. Scaled drought characteristics (drought number, duration, intensity, and
peaks) were chosen to cluster plots in the study area. We chose the year that had a growth
season SPEI below −0.5 as the drought year between 1984 and 2017 in each plot, and
the time when SPEI dropped below −0.5 and then returned above −0.5 was the drought
duration. During the drought duration, the absolute cumulative SPEI was the drought
intensity, and the minimum absolute SPEI was the drought peak. We used factoextra
package (version 1.07) to perform cluster analysis on the SPEI of each plot to divide the
study area into 3 regions with different drought severities by the ward.D method (Table 3).

Table 3. Drought classification according to SPEI.

Drought Level Drought Intensity SPEI

1 Non-drought −0.5 < SPEI
2 mild −1.0 < SPEI ≤ −0.5
3 moderate −1.5 < SPEI ≤ −1.0
4 severe −2.0 < SPEI ≤ −1.5
5 extreme SPEI ≤ −2.0

2.3.2. Reconstruction of Historical AGB

Based on the reconstructed historical diameter at breast height (DBH) data, we per-
formed diameter class separation. This involved calculating the annual DBH of each tree
and categorizing it into 2-cm diameter classes. We then integrated these data with the
corresponding aboveground biomass increments to determine the specific growth perfor-
mance of L. gmelinii within each diameter class annually. This approach allowed us to
eliminate the influence of changes in growth rates during individual growth processes
and investigate the dynamic contributions of different diameter classes to the total growth
during the study period.

Using the historical DBH data, we employed the aboveground biomass formulas to
calculate the aboveground biomass and growth increment of larches in the study plots [28].

Aboveground biomass calculation for Larix gmelinii:

ML = 0.11270 × D2.39582 (D ≥ 5 cm) (1)

ML = 0.18254 × D2.09620 (D < 5 cm) (2)

ML stands for the aboveground biomass of Larix gmelinii and D stands for the diameter.

2.3.3. Size-Different AGB Response to Drought Events

The response of L. gmelinii growth to disturbance events can be assessed by calculating
resistance, recovery, and resilience, which reflect the trends in growth changes under
extreme climatic disturbance events. A resistance value greater than 0.75 is considered a
strong resistance to disturbance events, while a recovery value greater than 1.25 indicates
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strong recovery ability. When the resilience is less than 1.0, it is considered that the growth
cannot recover to the pre-disturbance state [29].

Resistance Rt = Dr/PreDr (3)

Recovery Rc = PostDr/Dr (4)

Resilience Rs = PostDr/PreDr (5)

Dr stands for the average AGB growth of Larix gmelinii during the disturbance period;
PreDr stands for the average growth before the disturbance occurred; and PostDr represents
the average growth afterwards. In this study, we chose the before and afterwards stage as
the same length as the disturbance period.

To explore how trees in different sizes respond to drought events, we combined
the initial DBH pre-drought and their resilience and used Pearson correlation to test the
relationship between pre-drought size and resilience to corresponding drought events
through the ggpubr package in R language (version 0.6.0) [30].

Large trees are believed to be more vulnerable to droughts and play a crucial role
in forest growth; however, there are three common definitions for large trees [31]: the
99th percentile method (selecting the largest 1% of individuals in the population with
a diameter at breast height of ≥1 cm), fixed diameter threshold (the specific threshold
varies with tree species and forest types, with a common threshold being ≥20 cm in cold
regions [32], and large diameter class threshold (individuals reaching this specific diameter
class must collectively contribute to more than half of the live aboveground biomass). With
resilience showing the growth potential of different diameter classes, the growth dynamics
after the droughts of stands constituted by diverse individuals is uncertain. To investigate
the contributions of large and small trees to the overall growth of Larix gmelinii, we selected
the top 10% of individuals with the largest size from the historical population as the large
tree group (Group L), and the bottom 10% of individuals with the smallest size as the small
tree group (Group S). In this paper, Group L refers to individuals with a diameter class
larger than 30 cm, while Group S refers to individuals with a diameter class smaller than
8 cm. The data analysis was completed in R version 4.2.3 [33]. We also completed ARIMA
analysis using the astsa package (version 2.0) to forecast the AGB growth trend in the future
and examine whether small trees could compensate for the loss of large trees.

The Growth Dominance Coefficient (GDC) reflects the relative contributions of different-
sized individuals to the total growth in a stand [34,35]. It can represent the stage of forest
development and can be calculated by the difference between the cumulative biomass
increment Gini coefficient (GCis) and the cumulative biomass Gini coefficient (GCs).

GDC = GCis − GCs (6)

GC =
∑n

i=1 ∑n
j=1

∣∣xi − xj
∣∣

2n(n − 1)x
(7)

xi and xj represent the cumulative aboveground biomass or cumulative aboveground
biomass increment of the i-th and j-th trees among the n trees in the stand.

3. Results

3.1. Stand Age of the Study Area

The EPS of 22 plots is above 0.85, which shows that the results are reliable. The larch
forests in the study area were mainly young and middle-aged forests, with an average age
of 60 years, and the lowest average age of the sample plots was 21 years and the longest
average age of the sample plots reached 129 years (Table 2).
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3.2. Size-Different Relationship between Aboveground Biomass Growth and Drought Severity
3.2.1. Drought Characteristics of Each Region

With a decreasing latitude, the drought level of the Greater Khingan Mountains
increased, and the southern regions experienced even more severe aridity. According to the
clustering result (Figure 2), plots located differently show three main drought patterns in
the study period. The plots in Cluster 1 (referred to as Region I) went through the mildest
drought in all three regions, Cluster 2 (Region II) showed a relatively moderate drought
condition, and the plots in Cluster 3 (Region III) suffered the most under severe drought
(Figure 2). The plots in the first cluster had the smallest drought number, shortest drought
duration, mildest drought intensity, and lowest drought peaks. The plots in the second
cluster had the highest drought number while the duration, severity, and peaks showed
a moderate level. The plots in the third cluster had the longest duration, highest peaks,
and the most severe drought events. The drought severity of Region I was 7.67, while in
Region III the severity reached 12.35. The drought peaks in Region I indicated drought
events which never reached a severe level, while in Region III, which had an average peak
of 1.93, extreme drought happened. There were three clusters generated, sized 13, 7, and
6. The ratio of between the group sum of squares and the total sum of squares within is
80.4%, which shows a good fit.

Figure 2. Plots clustering result according to drought characteristics.

3.2.2. Size Affects Relationships between AGB Growth and Local SPEI

The tree growth response to drought varied along with their size, and the relationship
between the growth and drought severity of each size showed different trends in three
regions. For trees with a DBH class smaller than 18 cm, there was no significant correlation
between the growth and local SPEI. In Region I, trees with a size of 24 cm displayed a
negative correlation with the local SPEI (see Figure 3), indicating that the growth of larch of
this size is promoted under drier conditions. In Region II, the growth of trees with sizes of
18 cm and 28 cm even increased while the drought conditions turned worse. Conversely,
in Region III where the drought duration lasted longer, trees that had a DBH at a 36 cm
level grow faster when the drought has gone down, and the water condition helps with
large tree growth in drier places. Trees that are relatively large are more sensitive to the
local drought condition.
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3.3. Size Affects Tree Resilience to Drought Events

With the growth response to drought severity varying in each diameter class, we
further analyzed the relationships between the initial diameter class at the beginning of
drought, and the resistance, recovery, and resilience under two drought events.

Figure 3. Relationships between AGB growth of different diameter classes (cm) (x-axis) and SPEI in
each region (I, II, III). Red to blue stand for positive correlation to negative correlation. * stands for
p-value less than 0.05, ** stands for p-value less than 0.01.

3.3.1. Resistance

The larch resistance was lowered when the size increased after the first drought, and
the relationship disappeared after the second drought. During the first drought, both
Region I and Region III exhibited a trend of decreasing resistance with the increasing
diameter class (p < 0.05). Smaller-diameter individuals showed higher resistance. In Region
III, individuals with a DBH above 34 cm displayed lower resistance and could not reach the
0.75 threshold (see Figure 4a(1st_drought)). After the second drought event, the correlation
between the initial diameter class and resistance disappeared, but the resistance values
remained above 0.75. All diameter classes in the three regions displayed strong resistance
to drought, and the growth during the disturbance period was close to the pre-disturbance
levels (see Figure 4a(2nd_drought)).

3.3.2. Recovery

Small trees recovered better after the first drought. Following an increase in the diam-
eter class, both Region I and Region II showed a significant decrease in recovery (p < 0.05)
after the first drought event. Regarding growth after the first drought, most diameter
classes were unable to surpass their growth levels during the first drought. In Region III,
recovery was not significantly related to the initial DBH, and most diameter ranges had
strong recovery, with values exceeding 1.25 (see Figure 4b(1st_drought)). After the second
drought event, only Region II exhibited a significant positive correlation between the initial
DBH and recovery (p < 0.05) (see Figure 4b(2nd_drought)). Larger-diameter individuals
with an initial DBH greater than 30 cm displayed stronger recovery. In Region I and III,
there was no significant correlation between the initial DBH and recovery, but the recovery
values remained above 1.0, although not reaching the 1.25 threshold. After the second
drought, the post-disturbance growth approached the growth during the disturbance.

3.3.3. Resilience

After the first drought, large trees’ growth decreased while the small tree growth
level increased. Resilience fell with enlarged tree size, which exhibited a negative cor-
relation with the initial DBH during the first drought event (p < 0.05). As the severity
of the drought increased, smaller trees showed higher resilience. In Region I, only indi-

61



Forests 2024, 15, 448

viduals with a DBH below 14 cm could recover their growth to pre-drought levels (see
Figure 4c(1st_drought)). In Region III, individuals with a DBH below 30 cm were able to
reach their pre-drought growth levels after drought. After the second drought event, most
growth levels in all three regions achieved pre-disturbance levels, with resilience values
exceeding 1.0. However, the correlation between the initial DBH and resilience weakened
(p > 0.05) (see Figure 4c(2nd_drought)). Frequent droughts did not cause further growth
decline.

Figure 4. Cont.
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Figure 4. Relationships between DBH and growth resilience after two drought events: 1st_drought

stands for drought events that started at around 1999, 2nd_drought stands for drought events that
started at around 2007. (a) Relationships between DBH and resistance; (b) Relationships between
DBH and recovery; (c) Relationships between DBH and resilience.

3.4. Growth of Small Trees Cannot Compensate for Large Trees’ Growth Loss

With large trees failing to achieve their pre-drought growth level and small trees
showing a resilience above 1.0, it is necessary to find out which group can decide forest
growth. The Growth Dominance Coefficient showed the relative growth contributions
of individuals compared to their size. The GDC in most plots was close to 0, indicating
low competition and demonstrating that individual contributions to aboveground biomass
growth were uniform. However, in specific plots like P03 and P14 with higher average
ages, the GDC was less than −0.1, indicating that smaller trees contributed more due to
a slowdown in large tree growth. The study area was primarily composed of young and
middle-aged forests, and only eight plots followed the development pattern of large trees,
which had a relatively greater growth contribution (GDC > 0). In contrast, 13 plots exhibited
an early manifestation of low growth dominance (GDC < 0), whereas smaller-diameter trees
contributed more to their biomass. Additionally, five plots initially showed low growth
dominance and then reverted to GDC ≥ 0 (Figure 5). Plot P03, with the highest average
age, consistently remained in the stage where smaller trees had a growth advantage. Small
trees contributed more size-symmetrically in the study area.

To better connect tree growth actual contribution with their size in stands, instead of
their relative contribution, we showed the rebuilt AGB growth dynamics of Group S (DBH
class under 8 cm) and Group L (DBH class above 30 cm). Large trees had a more significant
impact on the total growth of larch during the study period. Based on the predictions
made by the ARIMA model, there was no apparent trend in the growth contribution of
Group S and Group L in the next five years, as they remained stable (Figure 6a). The total
aboveground biomass growth volume showed a different pattern of initially decreasing
and then stabilizing at 3500 kg (Figure 6b). The increment in the aboveground biomass of
Group S was considerably lower than that of individuals with a diameter class of above
8 cm, and the total growth during the latter period was less than 80 kg, which accounted
for only less than 3% in the total stand AGB growth. The aboveground biomass growth
of large-diameter individuals stayed at a relatively high level in the preceding five years,
exceeding 1000 kg in the later period and contributing to more than 30% of the total stand
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AGB growth. Throughout the research period, the total growth of Group S in the study
area remained consistently low, while the individuals of other diameter classes tended to
maintain relatively high levels of future growth, far surpassing the increments of small trees.

Figure 5. Growth dominance dynamics in each plot.

Figure 6. (a) Growth contribution of Group S and Group L and total aboveground biomass growth
over the next 5 years showed plateauing trend; (b) stand AGB growth pattern during study period.
The red hollow dots and lines stand for future 5 years changing pattern and the grey area stands for
the prediction interval.

4. Discussion

4.1. Response of Trees’ Growth in Different Sizes to Drought Events

Drought changed the growth pattern of different-sized Larix gmelinii in the Greater
Khingan Mountains. The growth of large trees in Region III would increase with better
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water conditions but decrease in Region I and II (Figure 3). This conclusion is consistent
with the previous findings that Larix gmelinii shows a decreasing trend in the southern
and central parts of the Greater Khingan Mountains [19], but an increasing trend in the
northern parts and permafrost areas [17,18]. Our results also showed that larch resistance
is inversely related to diameter size in all three regions. Small Larix gmelinii individuals
exhibited higher drought resilience. After the disturbance event, small trees can all recover
to their pre-disturbance growth levels, whereas large-diameter individuals have lower
resistance and resilience compared to small trees (Figure 4). This finding contradicts the
notion proposed by Lloret [5] that larger individuals exhibit greater recovery. The growth
of large trees dominates the upper canopy in the vertical structure and differs from that
of smaller trees in the understory [31]. During the drought period, large trees experience
growth suppression [36] while small trees can recover to their pre-drought growth levels
and even be promoted [35]. Dominant trees rapidly occupy the forest canopy, leading to
canopy closure [37] and shading effects [38]. This can alter the microclimate within the plot
and mitigate the decline and mortality of nearby small trees during drought conditions.
However, the water stress induced by rising temperatures is unfavorable for the growth of
dominant individuals occupying the main forest canopy [21]. As a result, larches that had
larger diameters exhibited lower resistance and resilience to drought events.

4.2. Tree Resilience under Multiple Drought Events

Low-intensity and continuous drought in the study area reduced the forest produc-
tivity [39]. Resilience decreased with the increasing diameter classes in all three regions
after the first drought, and trees with larger diameters did not recover to the same growth
level as before the drought events (Figure 4c(1st_drought)). After the second drought
event, trees did not show further decline in resilience (Figure 4b) and displayed a recov-
ery above 1.0 (Figure 4b(2nd_drought)). Continuous drought might not cause a further
growth decline, but would still lead to a stand-level low growth increment. Due to drought
legacy, trees might take approximately 16 years to recover [40]. In 2017, severe and extreme
drought events occurred. Under these extremely dry conditions, large trees would wilt to
reduce solar radiation and water evaporation [41]. This will further weaken the growth of
large trees.

4.3. Stand-Level AGB Growth Dynamics under Frequent Droughts

After frequent drought events, the total aboveground biomass increment of Larix
gmelinii is expected to slow down in the future [42]. Although smaller individuals had
a relatively greater contribution during the study period with a GDC of less than 0 in
many plots (Figure 5), the growth of large trees still had a greater impact on the total
growth of larch, and large trees (Group L) retained a much higher growing level than
smaller trees (Group S) (Figure 6). Large trees determine the growth of stands [43], but
are more sensitive to droughts. Frequent droughts will result in homogeneous diameter
class structures between different regions, with the northern regions exhibiting a lower
growth dominance. The extreme drought event in 2018 led to a decrease in tree growth
and redistributed the total forest growth to a state that favored small trees [44]. Under
climate warming, the mortality rate of large trees has increased [4], and some seedlings
might have a greater tendency to distribute to more northern areas [45]. In the future, the
study area is likely to have a diameter structure that is dominated by smaller individuals.
This, in turn, may lead to a decreased productivity and carbon sequestration capacity. With
their more stable contribution to growth instead of canopy-dominating individuals, the
roles of smaller trees are relatively greater compared to their proportion of aboveground
biomass in forest volume, carbon sequestration, and climate resilience [8]. In the following
forest management, we could improve the water availability of large trees in drier stands or
maintain a more diverse diameter structure for larch forests to support forests in performing
their functions better during drought events.
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4.4. Prospects and Outlook

We compared the growth patterns of individuals within different diameter classes,
while individuals of the same diameter class but different ages may still exhibit differences
in productivity and other aspects. Research on Chinese fir in Guangxi by Huang Xiaorong
showed that productivity did not increase with stand age and, in fact, had a negative
effect [11]. The total aboveground biomass of larch increased with age [46], but the relation-
ship between growth and age remains uncertain. Larix gmelinii growth tends to stabilize
after reaching maturity, typically around 100 years of age [47]. Most of the forests in the
Greater Khingan Mountains are in the young and middle-aged stages [48]. Although young
forests have faster carbon sequestration efficiency compared to older forests, the average
volume over large spatial and temporal scales is more critical for carbon flux [37], which
means that forests in the study area still have a great potential in carbon sequestration.
The data in this study only include results reconstructed from samples of standing trees
in plots. Subsequent research could supplement historical biomass change data through
records of L. gmelinii regeneration and mortality. Also, in this study we did not involve
tree heights as a perspective, and comparing the productivity performance of individuals
from different vertical layers within the same diameter class may better explain forest stand
dynamics under climate change, helping us to make more accurate predictions about the
overall changes in the stand level.

5. Conclusions

The study area is located in the south border of boreal forests and faces frequent
droughts. In our study, we found that under the influence of two major drought events
that occurred in 1999 and 2007, moderate droughts have stimulated the aboveground
biomass growth of Larix gmelinii. Across all regions, large trees exhibit lower resistance
and resilience compared to small trees, resulting in growth suppression. However, with
an annual growth of less than 80 kg, small trees cannot fully compensate for the reduced
growth of large trees. Large trees still play a dominant role in the growth of pure Larix
gmelinii forests in the Greater Khingan Mountains. Under the future climate warming and
frequent drying, the total aboveground biomass growth of Larix gmelinii in the Greater
Khingan Mountains is expected to decline, which may lead to the larch forest area in China
decreasing. These results provide a reference for future forest management practices and
ideas to improve sustainable forest management in the context of frequent drought events.
Future forest management could focus on improving water availability for large trees and
further prompt small trees’ growth.
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Abstract: This research delves into the impact of climate change on the wood traits of Cunninghamia
lanceolata across various altitudinal gradients, aiming to understand the influence of altitude and
climatic factors like temperature and precipitation on key wood characteristics. Employing a compre-
hensive approach, samples were collected from different altitudes for detailed phenotypic analysis.
Methods included Pearson correlation, principal component analysis, cluster analysis, and random
forest analysis. Results revealed significant variations in wood traits such as heartwood ratio, tracheid
length, and width across altitudes. Notably, wood traits in lower- and middle-elevation popula-
tions exhibited higher variability compared to higher elevations, indicating greater environmental
diversity and genetic adaptability at these altitudes. Climatic factors, particularly temperature and
precipitation, were found to increasingly influence wood trait variation with altitude. The research
concludes that the adaptation of Cunninghamia lanceolata to climate change is significantly influenced
by both altitudinal and climatic factors, highlighting their importance in forest genetic breeding and
conservation strategies amidst global climate change.

Keywords: Cunninghamia lanceolata; wood traits; altitude; climatic adaptation; random forest analysis

1. Introduction

Cunninghamia lanceolata, endemic to China, is a predominant afforestation species
in southern China. It covers one-fourth of the country’s artificial arboreal forests in area
and one-third in volume, amounting to 9.87 million hectares and 755 million cubic meters,
respectively, leading the nation in both aspects [1]. With a long history of cultivation
and a wide range of applications, natural occurrences of Cunninghamia lanceolata have
become exceedingly rare due to prolonged human interference and high levels of gene
flow, resulting in minimal genetic differentiation among different sources of Cunninghamia
lanceolata [2]. This suggests a potential weakening of adaptability against the backdrop
of climate change [3]. In 2012, our research team discovered a natural population of Cun-
ninghamia lanceolata in the Xiaoxi National Nature Reserve in Hunan Province, a narrowly
distributed ecotype. Locally known as “Iron-Heart Cunninghamia lanceolata”, this variant is
distinguished by its dense texture, good rot resistance, high heartwood ratio, and brownish
heartwood [4]. Its mechanical properties, such as bending strength, compressive strength,
and shrinkage, are significantly superior to other populations of Cunninghamia lanceolata [5].
The quality of wood is a crucial indicator for timber forest cultivation [6]. With the shift in
China’s timber market demand, developing precious native timber species is a key step
towards modernizing forestry [7]. The superior wood quality of this regional Cunninghamia
lanceolata has attracted widespread attention. Extensive research has been conducted on
its wood physical properties [4,8], seed traits [9], breeding population construction [10,11],
and spatial genetic structure [12]. To further explore the excellent germplasm resources of
Cunninghamia lanceolata and enhance the sustainable utilization and management of these
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resources, our research focuses on wood properties of natural populations of Cunninghamia
lanceolata and their correlation with altitudinal climate change.

Genetic diversity, encompassing the genetic variation within biological populations and
individuals [13], forms the foundation of species diversity and represents the core of bio-
diversity. It reflects the genetic richness of species and determines their potential to adapt
to environmental changes [14,15]. Phenotypic diversity, as the external manifestation of
genetic diversity, results from the interplay of genes and the environment [16]. The pheno-
typic variation among individuals within a species is influenced not only by specific habitat
conditions but also by historical processes and phylogeny [17]. In different environmental
settings, populations of the same plant species may undergo varying selective pressures,
leading to genetic and phenotypic distinctions among populations [18]. Thus, researching the
phenotypic diversity of forest tree populations in diverse ecological environments not only
unveils the extent of genetic variation but also aids in understanding the evolutionary level
and environmental adaptability of plants [19,20]. Studies have demonstrated that wood traits
are significantly influenced by environmental factors such as geographic location (latitude
and longitude) [21], altitude [22], light [23], soil [24], and climate [25,26].

According to relevant statistics, by 2020, the global temperature had risen by approx-
imately 0.99 ◦C compared to the pre-industrial era (1850–1900), leading to an increase
in extreme weather events worldwide [27]. Global climate change is accelerating its im-
pact on forest disturbance mechanisms and adaptability [28], with effects on forests being
dual-natured; they can be either positive or negative [29]. The adaptive capacity of tree
populations to climate change depends on intraspecific genetic variation and phenotypic
plasticity [30]. Altitude, a pivotal ecological factor, influences plant growth through gradi-
ent changes in temperature, precipitation, light, soil, and other factors [31]. This contributes
to adaptive variation in plant phenotypic traits, making altitude an ideal subject for re-
searching genetic variation [32,33]. While previous research has explored wood trait
variation across altitudinal gradients from ecological [34,35], physiological [36–38], and
dendrochronological perspectives [39,40], there remains a gap in understanding the ge-
netic variation of these traits and their impact on the environmental adaptability of trees,
particularly from a genetic standpoint. The upper limit of the vertical distribution of
Cunninghamia lanceolata often varies with different topographical and climatic conditions.
In the high-latitude Dabie Mountains, it grows below an altitude of 700 m, while in the
lower latitude region of Dali, Yunnan, it can be found at elevations as high as 2500 m [41].
Investigating the variation of Cunninghamia lanceolata across different altitudinal gradients
and the influence of altitudinal climatic factors on wood traits can provide insights into the
species’ response to climate change and the role of the environment in shaping traits [42].

Wood traits encompass a range of characteristics, primarily including anatomical traits
such as tracheids and microfibril angles, physical traits like wood density, shrinkage and
swelling properties, mechanical properties, and chemical traits involving the content of
cellulose, hemicellulose, lignin, and various metabolites [43]. Wood density is a pivotal
factor affecting plant ecological strategies, influenced by vascular traits and tree growth
rates [44,45]. Denser wood is not only harder and more decay-resistant but also exhibits
greater wind resistance [46]. In this research, seven representative wood traits were meticu-
lously selected for comprehensive analysis. The annual ring width, indicative of the wood
layer formed during a tree’s one-year growth cycle, serves not only as a crucial indicator
of growth rate [47] but also mirrors historical climate changes, ecosystem dynamics, and
trees’ adaptability to environmental shifts [48]. The heartwood ratio, wood density, and
water absorption rate are pivotal in assessing wood quality. The heartwood ratio often
signifies wood quality, while wood density and water absorption directly influence wood’s
processing performance, strength, and durability [49]. Wood with high water absorption
is susceptible to swelling, deformation, and biodegradation [50]. Moreover, variations
in wood density, a vital attribute in trees’ carbon storage strategy, emerge as significant
indicators for climate change assessment [51,52]. Lastly, the dimensions, shape, and ar-
rangement of tracheids, crucial xylem cells in gymnosperms responsible for water and

70



Forests 2024, 15, 411

nutrient transport, not only impact the wood’s physical and mechanical properties [53] but
also reflect the plant’s adaptability to its growth environment [54].

In this research, wood core samples were meticulously collected from four distinct al-
titudinal populations of Cunninghamia lanceolata within its natural habitat. We conducted a
thorough analysis of phenotypic variation in seven key wood traits. The objective was to
unravel the patterns of phenotypic differentiation and variation in Cunninghamia lanceolata
wood traits along altitudinal gradients and to investigate the correlations between these traits
and corresponding climatic factors at different altitudes. The findings of this research signifi-
cantly enhance our understanding of the growth characteristics and adaptive mechanisms
of Cunninghamia lanceolata across various altitudes. This is crucial for the discovery and
conservation of high-quality germplasm resources of Cunninghamia lanceolata, as well as for
bolstering its conservation and sustainable utilization. Furthermore, in the context of global
climate change, these insights are pivotal in forecasting future shifts in forest ecosystems and
elucidating the mechanisms through which trees adapt to environmental changes.

2. Materials and Methods

2.1. Overview of the Research Area

Xiaoxi National Nature Reserve (hereinafter referred to as Xiaoxi) is located in Xiangxi
Tujia and Miao Autonomous Prefecture of Hunan Province (Figure 1), east of the Yunnan–
Guizhou Plateau and the central part of the Wuling Mountain Range, which is the intersection
of China’s second and third ladders, with the highest altitude of 1327.1 m, and latitude and
longitude of 110◦6′50′′–110◦21′35′′ E, 28◦42′15′′–28◦53′55′′ N. The climate is a subtropical
humid monsoon climate, a warm and humid climate with abundant rainfall and an annual av-
erage temperature of 13~15 ◦C, annual precipitation of 1300~1400 mm, and relative humidity
of 79%. The soil in Xiaoxi shows distinct zonal characteristics: below 400 m in altitude, there
are mountain red soils; between 400 m and 500 m, mountain yellow–red soils; from 500 m to
800 m, mountain yellow soils; and above 800 m, mountain yellow–brown soils. Due to the
diversity of habitats in Xiaoxi, the area boasts an exceptionally rich variety of plant species.
According to surveys and analyses, there are a total of 2252 species of seed plants in Xiaoxi,
including 20 species of gymnosperms and 2232 species of angiosperms. The reserve is home to
43 species of nationally protected plants of Classes I and II, such as Manglietia decidua, Davidia
involucrata Baill, Taxus wallichiana var. mairei, and Bretschneidera sinensis [55]. Cunninghamia
lanceolata predominantly exists as scattered individuals in primary and secondary forests,
mainly distributed at altitudes between 500 m and 1200 m.

Figure 1. Schematic map of the sampling research area of Cunninghamia lanceolata at different altitudes.
(a) Administrative map of China; (b) Administrative map of Hunan; (c) Tujia–Miao autonomous
continent of Xiangxi Prefecture; (d) Xiaoxi National Nature Reserve.
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2.2. Sample Collection

In November 2022, a comprehensive field survey was conducted on the naturally
grown Cunninghamia lanceolata in the Xiaoxi National Nature Reserve. The species was
categorized into four altitudinal populations, each separated by an interval of 200 m:
population 1 (Pop1) at 550 m, population 2 (Pop2) at 750 m, population 3 (Pop3) at 950 m,
and population 4 (Pop4) at 1150 m. For each population, 30 adult individual plants
exhibiting normal growth and free from apparent pests and diseases were selected, with a
consistent diameter at breast height (DBH, 1.3 m). Due to prior human interference and
the species’ altitudinal distribution limits, only 8 sample trees were collected for Pop4. A
minimum distance of 100 m was maintained between each plant. Using a 5 mm growth
cone, a core sample was extracted through the pith from south to north at a height of
1.3 m from the target tree. The core was then placed into a PVC pipe and numbered for
subsequent wood trait analysis. Concurrently, the DBH and height of each sample tree
were measured, and GPS coordinates were recorded to locate the sample sites. Detailed
information about the sample sites and associated meteorological factors is presented in
Table S1.

2.3. Measurement of Traits

Wood properties assessed in this research encompass seven key attributes: average
annual ring width (Rb), heartwood ratio (P), basic wood density (WHD), water absorption
(Hy), tracheid length (L), tracheid width (D), and the tracheid length-to-width ratio (L/D).

As per the technical guidelines, the wood core was first smoothed with 600# sandpaper.
A line was drawn perpendicular to the annual rings in the radial direction, and the total
width of the complete annual rings was measured along this line. The total width was
precisely measured to 0.01 mm using a ruler, and the number of annual rings within
the measurement range was counted. The average width of the annual rings was then
calculated by dividing the total width by the number of rings [56]. The heartwood ratio (P)
was determined by dividing the disc area, calculated using the radius from the edge of the
heartwood to the pith, by the total disc area. This was carried out by measuring the length
of the heartwood and the cores, with P calculated as r2/R2 × 100%, where r and R represent
the lengths of the heartwood and the core, respectively (Figure 2a). Basic wood density
(WHD) was measured using the saturated drainage method. The cores were immersed
in water, with water changes every two days, and weighed periodically until a constant
saturated water content weight (W1) was achieved. The cores were then dried in an oven
at 103 + 2 ◦C to a constant weight (W2); WHD was calculated as 1(W1/W2 − 0.346), and
Hy as (W1 − W2)/W2. The cores were divided radially into three sections (near the pith,
middle section, near the bark) and dissociated using a mixture of glacial acetic acid and
30% hydrogen peroxide solution. The dissociated samples were then observed under a
bio-digital microscope (model OLYMPUS-BX51) to analyze the tracheids’ morphological
characteristics (Figure 2b). The lengths and widths of the tracheids were measured 20 times
for each sample using Photoshop 2022 software, with the average of these measurements
from the three samples taken as the final value. Finally, the tracheid length-to-width ratio
was calculated [57].
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Figure 2. Schematic diagrams of Cunninghamia lanceolata cores and tracheids at different altitudes;
550 m, 750 m, 950 m, and 1150 m from Pop1, Pop2, Pop3, and Pop4 populations, respectively,
representing the average altitude sampled, (a) Cunninghamia lanceolata cores collected from different
altitudes; (b) tracheids under the bio-digital microscope.

2.4. Data Processing and Analysis

Preliminary processing of the measured data was carried out using Excel, and the
population mean, standard deviation, intra- and interpopulation coefficients of variation,
and Nestle’s analysis of variance (ANOVA) were calculated for each trait using SPSS 27.

(1) Inter- and intrapopulation variation was analyzed based on Nestle’s ANOVA model
(significance tests were performed using the Duncan method of multiple comparisons),
with a linear model of:

Yijk = μ+ τi + δj(i) + εijk (1)

where: Yijk is the kth observation of the jth monoculture in the ith population, μ is the overall
mean, τi is the between-population effect value, δj(i) is the within-population monoculture
random effect value, and εijk is the random error.

(2) The coefficient of variation (CV) between populations was calculated using the
following formula:

CV = δ/x (2)

where: δ and x represent the standard deviation and mean of the trait, respectively.
The climate data for this research were sourced from the World Climate Database

(https://worldclim.org/data/worldclim21.html, accessed on 26 October 2023). This
database primarily compiles climate observation records from weather stations globally,
spanning from 1950 to 2000. The data were generated through interpolation, utilizing a
global climate database with a spatial resolution of 30′ [58]. Utilizing ArcGIS 10.2 software,
we obtained estimated meteorological data for each altitudinal sampling point. Subse-
quently, six representative meteorological factors were extracted from a total of nineteen
climatic factors through principal component analysis. These factors included the annual
mean temperature (BIO1), the average temperature of the wettest season (BIO8), the average
temperature of the driest season (BIO9), the annual precipitation (BIO12), the precipitation
of the wettest season (BIO16), and the precipitation of the driest season (BIO17). The
specifics of these factors are detailed in Table S1.

Data processing and analysis in this research were conducted within the R language
environment. Principal component analysis (PCA) was executed using the FactoMineR
package, complemented by graphical presentations created with the factoextra and ggplot2
packages. Cluster analysis employed the Euclidean distance matrix, computed via the
ape package, and hierarchical clustering was performed using the Ward.D method, with
graphical outputs generated by the RColorBrewer package. The linkET package facilitated
correlation analysis, calculating Pearson correlation coefficients and significance p-values,
which were further validated through the Mantel test. Data processing and transformation
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were adeptly handled by the dplyr and magrittr packages, with all graphs being plotted
using ggplot2.

To uncover the primary drivers of wood trait variation, four traits—heartwood ratio,
tracheid length, tracheid width, and tracheid aspect ratio—showing significant correlations
with altitudinal climatic factors, were selected based on correlation analysis results. These
traits were then subjected to random forest (RF) analysis [59], utilizing the randomForest
package to calculate feature importance. The contribution rate of altitudinal climatic factors
to the variation of these four wood traits was determined based on this feature importance.
The contributions were then visualized using Origin 2022 software.

3. Results

3.1. Analysis of Variance of Wood Traits of Cunninghamia lanceolata at Different Altitudes

Nested ANOVA conducted on the wood traits of Cunninghamia lanceolata across differ-
ent altitudes revealed significant variations (refer to Table 1). There were highly significant
differences observed among Cunninghamia lanceolata populations in terms of heartwood
ratio, tracheid length, and tracheid length-to-width ratio (p < 0.001). Notable differences
were also evident in the average annual ring width and tracheid width (p < 0.05). However,
no significant differences were found in basic wood density and water absorption rate.
The within-population ANOVA indicated a lack of significant differences across all seven
wood traits.

Table 1. Nested ANOVA of wood property traits of natural populations of Cunninghamia lanceolata at
different altitudes.

Wood Property
Traits

Mean Square F

Among
Populations

Within
Populations

Random Error
Among

Populations
Within

Populations

Rb, mm 207.6424 53.2672 67.8218 3.0616 * 0.7854
P 1031.1240 102.7945 63.9987 16.1116 *** 1.0662

WBD, gm3 0.0023 0.0014 0.0024 0.9622 0.5977
Hy, % 763.9594 492.2978 820.6657 0.9309 0.5999
L, um 1,076,974.1572 68,727.2615 64,557.9490 16.6823 *** 1.0646
D, um 59.0698 21.0064 20.0651 2.9439 * 1.0469
L/D 385.5733 44.5341 78.5751 4.9071 *** 0.5668

Note: * p < 0.05; *** p > 0.001. Rb, Average Annual Ring Width; P, Heartwood Ratio; WBD, Basic Wood Density;
Hy, Water Absorption Rate; L, Tracheid Length; D, Tracheid Width; L/D, Tracheid Length-to-Width Ratio.

Multiple comparisons and comparing the mean values of wood traits at different
altitudes (Table 2) showed that the basic wood density, tracheid length, tracheid width, and
tracheid length-to-width ratio were the largest in Pop1, reaching 0.42 g/cm3, 2888.06 mm,
45.22 mm, and 67.45, respectively; and they were the smallest in Pop4, with 0.39 g/cm3,
2283.09 mm, 40.99 mm, and 58.20. The mean heartwood ratio and water absorption were
the largest in Pop3, reaching 30.51 mm, and the smallest in Pop1, with only 24.35 mm.
The average annual ring width was the largest in Pop3, reaching 30.51 mm, and the
smallest in Pop1, only 24.35 mm. Heartwood ratio and water absorption were the largest
in Pop3, 77.51% and 191.9%, respectively, and the smallest in Pop1, only 53.95% and
174.97%, respectively.

The variation of each wood trait showed (see Table 2) that the coefficient of variation
of wood traits was 13.55% on average, and the level of variation of different wood traits
varied greatly, with the average variation of each trait ranging from 9.40% to 24.31%, with
the smallest variation being in tracheid length (9.40%) and the largest being in the average
annual ring width (24.31%). The magnitude of variation of wood traits within populations
at different altitudes was also significantly different, with the largest magnitude of variation
in Pop3 (9.4%~36.38%) and the smallest magnitude of variation in Pop4 (7.81%~13.38%).
In terms of the average coefficient of variation of wood traits within the populations,
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the largest and smallest coefficients of variation were found in Pop3 (15.14%) and Pop4
(10.27%), respectively.

Table 2. Variations of wood property traits of natural populations of Cunninghamia lanceolata at
different altitudes.

Wood
Property

Traits

Population I Population Pop2 Population Pop3 Population Pop4 Among Populations

Mean ± SD
CV
(%)

Mean ± SD
CV
(%)

Mean ± SD
CV
(%)

Mean ± SD
CV
(%)

Mean ± SD
CV
(%)

Rb, mm 24.35 ± 6.66b 27.35 28.01 ± 5.88ab 20.99 30.51 ± 11.1a 36.38 29.21 ± 3.61ab 12.36 28.02 ± 6.81 24.31
P 53.95 ± 7.58c 14.04 57.963 ± 8.99c 15.51 63.58 ± 9.64b 15.15 77.51 ± 7.95a 10.25 63.05 ± 8.54 13.50

WBD, g/cm3 0.42 ± 0.05a 11.90 0.42 ± 0.05a 11.90 0.41 ± 0.04a 9.76 0.39 ± 0.04a 10.26 0.41 ± 0.05 10.98
Hy, % 174.97 ± 27.86a 15.92 177.64 ± 28.43a 16.00 180.61 ± 24.25a 13.43 191.90 ± 25.67a 13.38 181.28 ± 26.55 14.65

L, um 2888.06 ± 266.18a 9.22 2589.22 ±
215.29b 8.31 2503.64 ±

296.24b 11.83 2283.09 ±
187.22c 8.20 2629.51 ±

241.23 9.40

D, um 45.22 ± 4.54a 10.04 44.65 ± 4.92a 11.02 43.21 ± 4.32ab 10.00 40.99 ± 3.2b 7.81 43.52 ± 4.25 9.75
L/D 67.45 ± 10.06a 14.91 61.08 ± 9b 14.73 59.14 ± 5.56b 9.40 58.20 ± 5.60b 9.62 61.47 ± 7.56 12.29

average
value - 14.77 - 14.07 - 15.14 - 10.27 - 13.55

Note: SD, standard deviation; CV, coefficient of variation. The underline represents the maximum value and the
letters a, b, and c represent the results of multiple comparisons. Rb, Average Annual Ring Width; P, Heartwood
Ratio; WBD, Basic Wood Density; Hy, Water Absorption Rate; L, Tracheid Length; D, Tracheid Width; L/D,
Tracheid Length-to-Width Ratio.

3.2. Principal Component Analysis and Cluster Analysis of Wood Traits of Cunninghamia
lanceolata at Different Altitudes
3.2.1. Principal Component Analysis of Cunninghamia lanceolata Wood Traits at
Different Altitudes

The principal component analysis (PCA) conducted on the Cunninghamia lanceolata
populations at different altitudes identified three principal components with eigenvalues
exceeding 1. The cumulative contribution rate of these first three principal components to
the variance in the seven wood traits was 79.79% (as shown in Figure 3, Tables S2 and S3),
effectively encapsulating most of the information pertinent to the characteristic variables
of the wood traits. The first principal component, accounting for 37.98% of the total
variance, included key variables such as water absorption rate, basic wood density, average
annual ring width, and the aspect ratio of Cunninghamia lanceolata. The second principal
component, encompassing tracheid length and heartwood ratio, explained 23.14% of the
total variance. The third principal component, comprising tracheid width and tracheid
aspect ratio, accounted for 10.82% of the total variance. The cumulative contributions of
these principal components, in descending order of significance, were for tracheid width,
basic wood density, water absorption, tracheid aspect ratio, tracheid length, mean annual
ring width, and heartwood ratio.

Figure 3. (a) Fragmentation plot; (b) Principal component analysis 3D plot. Pop1, Pop2, Pop2, Pop4
represent four Cunninghamia lanceolata populations at different elevations.
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3.2.2. Cluster Analysis of Wood Traits of Cunninghamia lanceolata at Different Altitudes

The clustering analysis of 12 wood traits from four Cunninghamia lanceolata populations
at different altitudes revealed distinct clusters, as illustrated in Figure 4. The analysis
categorized the 98 samples into four clusters. Cluster I comprised 27 samples, representing
27.55% of the total, predominantly including 16 samples from Pop1 and 7 from Pop2.
Cluster II, with the fewest samples, contained 10 samples, accounting for 12.20% of the
total, mainly from Pop3. Cluster III encompassed 20 samples, constituting 20.41% of the
total, primarily including eight samples from Pop3 and six from Pop4. Cluster IV, the
largest population, contained 41 samples, making up 41.84% of the total, with 16 samples
from Pop2, 13 from Pop1, and 12 from Pop3.

 
Figure 4. Cluster analysis diagram. L1–L30 represent 30 samples from Pop1; LH1–LH30 represent
30 samples from Pop2; MH1–MH30 represent 30 samples from Pop1; H1–H8 represent 8 samples
from Pop4.

3.3. Correlation between Cunninghamia lanceolata Wood Traits and Altitude Climate Factors at
Different Altitudes
3.3.1. Correlation Analysis between Wood Traits of Cunninghamia lanceolata at
Different Altitudes

Pearson’s correlation analysis was conducted among various wood traits of Cunning-
hamia lanceolata (as depicted in Figure 5 and detailed in the accompanying Table S4). The
analysis revealed that the mean annual ring width was significantly negatively correlated
with the tracheid aspect ratio (−0.2449 *) and tracheid length (−0.2363 *). It also showed
a significant negative correlation with wood density (r = −0.4641 ***) and a significant
positive correlation with water absorption rate (r = 0.4668 ***). The heartwood ratio ex-
hibited a significant negative correlation with the tracheid aspect ratio (−0.3011 **) and a
highly significant negative correlation with tracheid length (−0.3525 ***). Wood density
was found to have a significant positive correlation with the tracheid aspect ratio (0.2182 *)
and a highly significant negative correlation with water absorption (−0.9908 ***). The
tracheid aspect ratio demonstrated a highly significant negative correlation with water
absorption (−0.2280 *) and tracheid width (−0.4466 ***), indicating significant and highly
significant negative correlations, respectively. Furthermore, tracheid length showed a
highly significant positive correlation with tracheid width (0.3570 ***) and the tracheid
length-to-width ratio (0.6573 ***).

76



Forests 2024, 15, 411

Figure 5. Correlation analysis and Mantel test between altitude climatic factors and wood traits.
* p < 0.05; ** p < 0.01; *** p < 0.001. BIO1, Mean Annual Temperature; BIO8, Mean Wettest Season
Temperature; BIO9, Mean Driest Season Temperature; BIO12, Annual Precipitation; BIO16, Wettest
Season Precipitation; BIO17, Driest Season Precipitation. Rb, Average Annual Ring Width; P, Heart-
wood Ratio; WBD, Basic Wood Density; Hy, Water Absorption Rate; L, Tracheid Length; D, Tracheid
Width; L/D, Tracheid Length-to-Width Ratio.

3.3.2. Correlation Analysis of Wood Traits of Cunninghamia lanceolata at Different Altitudes
with Altitude Climatic Factors

The correlation analysis between wood traits and altitudinal–climatic factors revealed
highly significant correlations for three traits: heartwood ratio, tracheid length, and tracheid
length–width ratio (Figure 5 and Table S4). The results of detailed analyses are as follows:
there was a significant positive correlation between the average annual ring width and
altitude (0.2852 *). A highly significant positive correlation was observed between the
heartwood ratio and altitude (0.5793 ***), annual precipitation (0.4752 ***), precipitation of
the wettest season (0.4153 ***), and precipitation of the driest season (0.4687 ***), along with
a highly significant negative correlation with annual average temperature (−0.5019 ***),
average temperature of the wettest season (−0.5004 ***), and average temperature of the
driest season (−0.5061 ***). Tracheid length demonstrated a highly significant negative
correlation with altitude (−0.5525 ***), annual precipitation (−0.4516 ***), precipitation
of the wettest season (−0.4497), and precipitation of the driest season (−0.4369 ***) and
a highly significant positive correlation with annual average temperature (0.4634 ***),
average temperature of the wettest season (0.4626 ***), and average temperature of the
driest season (0.4630 ***). Tracheid width showed a significant negative correlation with
altitude (−0.2488 *), annual precipitation (−0.2030 *), and precipitation of the driest season
(−0.2123 *) and a significant positive correlation with annual average temperature (0.2111 *),
average temperature of the wettest season (0.2103 *), and average temperature of the driest
season (0.2135 *). The tracheid length–width ratio exhibited a highly significant negative
correlation with altitude (−0.3608 ***) and precipitation of the wettest season (−0.3303),
a significant negative correlation with annual precipitation (−0.3100 *) and precipitation
of the driest season (−0.2960 *), and a significant positive correlation with annual average
temperature (0.3095 **), average temperature of the wettest season (0.3095 **), and average
temperature of the driest season (0.3080 **). Notably, wood density and water absorption
rate showed no significant correlation with altitudinal–climatic factors.
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3.3.3. Mantel Test of Cunninghamia lanceolata Populations at Different Altitudes with
Altitudinal Climatic Factors

The Mantel test conducted on the wood traits of Cunninghamia lanceolata at different
altitudes in relation to altitudinal climatic factors revealed (as shown in Figure 5, Table S5)
a highly significant correlation between the wood traits of the Pop3 population and the
driest seasonal precipitation (BIO17). Additionally, a highly significant correlation was
observed between the wood traits of the Pop4 population and altitude. The wood traits of
the Pop3 population exhibited significant or highly significant correlations with altitudinal
climate factors. In contrast, the wood traits of Pop1 and Pop4 populations showed partial
significant correlations with these factors, whereas the wood traits of the Pop2 population
did not display any significant correlation with altitudinal climate factors.

3.4. Random Forest Analysis of Wood Traits of Cunninghamia lanceolata at Different Altitudes

Random forest analysis results (illustrated in Figure 6a) suggested that the altitude
factor predominantly influenced the variation of four wood traits: heartwood ratio, tracheid
length, tracheid width, and tracheid length-to-width ratio, with contribution rates of
48.81%, 45.71%, 61.94%, and 60.92%, respectively. The variances of these four wood traits
were differentially impacted by climatic factors. For instance, the average temperature
during the wettest season was the most influential climatic factor for the heartwood ratio
(10.18%), tracheid length (9.97%), and tracheid length-to-width ratio (7.13%). In contrast,
the precipitation during the driest season had the most significant impact on tracheid width
(7.55%). Additionally, the cumulative contributions of temperature factors (BIO1, BIO8,
BIO9) to the heartwood ratio, tracheid length, tracheid width, and tracheid length-to-width
ratio were 29.72%, 28.22%, 19.53%, and 20.70%, respectively. These were higher than the
cumulative contributions of precipitation factors (BIO12, BIO16, and BIO17) to the four
wood traits, which were 21.46%, 26.07%, 18.53%, and 18.38%, respectively. This indicates
that among the climatic factors, temperature had a greater contribution to the variation of
wood traits compared to precipitation.

Figure 6. Cont.
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Figure 6. (a) Stacked diagram of the sources of variation in wood traits. (b) Stacked diagram of the
sources of variation in wood traits at different altitudes. Random forest analysis. Values represent
the contribution of altitudinal climatic factors to variation in wood traits. BIO1, Mean Annual
Temperature; BIO8, Mean Wettest Season Temperature; BIO9, Mean Driest Season Temperature;
BIO12, Annual Precipitation; BIO16, Wetter Season Precipitation; BIO17, Driest Season Precipitation;
P, Heartwood Ratio; L, Tracheid Length; D, Tracheid Width; L/D, Tracheid Length-to-Width Ratio;
550, 750, 950, 1150 for different altitudes.

Further analysis revealed significant differences in the contribution of altitudinal
climatic factors to the variability of four wood traits across the altitudinal gradient (as shown
in Figure 6b). In the middle- and low-altitude gradients (populations Pop1, Pop2, and
Pop3), the altitude factor was the predominant influence on the variation of the four wood
traits. However, with increasing altitude, the influence of the altitude factor on the variance
of heartwood ratio decreased, while its effects on tracheid length and tracheid aspect ratio
initially increased and then decreased. The impact on tracheid width showed an overall
decreasing trend. This decrease in the influence of the altitude factor was accompanied
by an increased impact of the climatic factor on the four wood traits. Notably, except for
the heartwood ratio, the cumulative contribution of climatic factors to tracheid length,
tracheid width, and tracheid aspect ratio was greater than that of the altitude factor at
higher altitudes (population Pop4), reaching 67.17%, 65%, and 72.16%, respectively. These
factors became the primary influences on the wood traits at higher altitudes.

4. Discussion

4.1. Analysis of Variation in Wood Traits of Cunninghamia lanceolata at Different Altitudes

Plant phenotypic traits, resulting from the interplay between genetics and envi-
ronment, not only mirror genetic diversity but are also pivotal in identifying superior
germplasm resources [12]. This research delved into the variation of wood traits in Cunning-
hamia lanceolata across different altitudes, examining the influence of altitudinal climatic
factors. Nested ANOVA results indicated highly significant differences (p < 0.001) in heart-
wood ratio, tracheid length, and tracheid length-to-width ratio among various altitudes.
Mean annual ring width and tracheid width also showed significant differences (p < 0.05).
These findings align with Elif Topaloğlu et al.’s research [60] on the anatomical properties of
oriental beech wood, underscoring the variability of wood traits across altitudes. However,
basic wood density and water absorption rate did not exhibit significant differences across
altitudes, suggesting a stronger genetic influence on these traits, with a lesser role for envi-
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ronmental factors [61]. The within-population ANOVA revealed no significant differences
in any of the seven wood traits, contrasting with Hongjing Duan et al.’s findings [57],
which showed significant within-population variation in Cunninghamia lanceolate wood
traits from different seed sources. This discrepancy might stem from factors like similar
selection pressures [62], inbreeding [63], gene flow [64], and human interference [65] in
Cunninghamia lanceolata populations in the same altitudinal gradient. The variability of
Cunninghamia lanceolata wood traits across altitudes ranged from 9.40% to 24.31%, relatively
modest compared to the variability (6.43% to 45.55%) in Cunninghamia lanceolate wood traits
from different seed sources [57]. The coefficients of variation for middle- and low-altitude
populations (Pop1, Pop2, Pop3) were comparable, yet significantly higher than the 10.27%
for the high-altitude population Pop4. This could reflect the more complex and diverse
habitats at middle and low altitudes, while the high-altitude region might offer more severe
and uniform environmental conditions, constraining phenotypic variation [66].

To delve deeper into the contribution of the seven wood traits to overall variance, we
conducted a principal component analysis (PCA). This analysis identified the key variables
of Cunninghamia lanceolata wood traits at various altitudes and quantified their contributions
to total variance. This approach offers valuable insights into the adaptation and growth
characteristics of Cunninghamia lanceolata across different altitudinal ranges. The PCA
results indicated that the first three principal components accounted for a cumulative
contribution of 79.79% to the total variance. The order of contribution of the seven wood
traits, from highest to lowest, was tracheid width, basic wood density, water absorption,
tracheid length-to-width ratio, tracheid length, average annual ring width, and heartwood
ratio. This analysis underscored the principal factors influencing wood traits [67], providing
a deeper understanding of Cunninghamia lanceolata’s adaptation and growth at different
altitudes [68] and aiding in the selection of superior germplasm resources [69].

Cluster analysis of Cunninghamia lanceolata wood traits across different altitudes re-
vealed that the 98 samples were categorized into four taxa. Interestingly, these clusters
did not align strictly with altitude, suggesting that while traits like heartwood ratio, tra-
cheid length, and tracheid length-to-width ratio varied significantly among altitudes, these
variations were not solely altitude-dependent. This indicates the potential influence of
genetic factors or other environmental elements beyond altitude on wood trait forma-
tion. For instance, studies on wood traits in species such as the spruce Picea asperata [70],
Japanese larch [71], and poplar [72] have demonstrated that traits like tracheid size and
wood density are strongly genetically controlled. Additionally, environmental factors like
temperature [73], precipitation [74], soil [75], and their interactions [76] also significantly
impact wood traits. Therefore, the variation in Cunninghamia lanceolata wood traits could
be attributed to a combination of factors, including but not limited to altitude.

4.2. Variation Patterns of Wood Traits and Ecological Adaptations of Cunninghamia lanceolata at
Different Altitudes

Mountains, as unique ecosystems, exhibit high habitat heterogeneity and climatic diver-
sity. Environmental factors such as temperature, light, moisture, and soil exhibit gradient
variations with altitude [77]. This gradient provides a distinctive setting for investigating
species’ genetic variation and their responses to climate change [78]. As altitude increases,
plant growth and development are constrained by temperature and moisture, leading to
notable changes in adaptive traits, which in turn influence the wood traits of trees [79,80].

In our Pearson correlation analysis of Cunninghamia lanceolata wood traits at different
altitudes, we observed intricate relationships among wood traits and between wood traits
and climatic factors at various altitudes. These relationships highlight the significance of
quantitative traits in trees, where correlations between two traits might be due to strong
linkage disequilibrium or pleiotropic effects of related genes [81]. Our findings revealed
that the mean annual ring width was significantly negatively correlated with tracheid
length and aspect ratio and highly significantly negatively correlated with wood density.
Conversely, it showed highly significant positive correlations with water absorption. These
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results align with previous studies that underscore the interplay between wood traits and
environmental influences [57,82]. Notably, the significant negative correlation between
heartwood ratio and tracheid aspect ratio and the highly significant negative correlation
with tracheid length suggest a robust connection between heartwood formation and the
morphological characteristics of tracheids. Moreover, wood density exhibited a significant
positive correlation with tracheid aspect ratio and a highly significant negative correlation
with water absorption, underscoring the pivotal role of wood density in determining
wood traits.

Further examination of the correlation between wood traits and climatic factors at
different altitudes revealed that the heartwood ratio exhibited highly significant positive
correlations with altitude, annual precipitation, and precipitation during the wettest and
driest seasons and highly significant negative correlations with mean annual air tempera-
ture and mean air temperature during the wettest and driest seasons. This pattern suggests
that heartwood formation is smaller in environments with higher temperatures and lower
precipitation, reflecting the adaptive survival strategies of trees under varying hydrother-
mal conditions. These observations align with Almeida et al.’s findings [83] regarding the
impact of climate on eucalyptus heartwood. Additionally, a significant positive correlation
was observed between tracheid length, width, and aspect ratio and altitude and air tem-
perature, indicating an increase in tracheid structural dimensions with rising altitude and
air temperature. This trend might be attributed to the influence of climatic conditions on
plant growth at higher altitudes [84], as suggested by Fonti et al. [85], where a warming
climate is conducive to tracheid growth. Conversely, tracheid structure showed a significant
negative correlation with annual precipitation and precipitation during the wettest and
driest seasons, implying that excessive moisture may inhibit tracheid growth, highlighting
the regulatory role of water conditions on plant cell structure. These insights corroborate
previous studies [86,87], underscoring the critical role of environmental factors in shaping
plant cell structure. Nonetheless, it is essential to consider the variability across different
tree species, geographical locations, and environmental conditions [88,89].

4.3. Analysis of the Contribution Rate of Altitude Climatic Factors to the Variation of Wood Traits
of Cunninghamia lanceolata

Random forest analysis results underscored the significant impact of altitude on the
variability of wood traits like heartwood ratio and tracheid length, width, and aspect ratio,
with respective contribution rates of 48.81%, 45.71%, 61.94%, and 60.92%. This evidence
points to the pivotal role of altitude in shaping wood traits, particularly in middle and lower
altitudinal gradients where it emerges as the dominant environmental influence. Additionally,
the analysis revealed that temperature’s contribution to wood trait variability surpassed
that of precipitation, aligning with Castagneri et al. [90] and Dang, Haishan et al. [34], who
highlighted temperature’s limiting role in tree growth at higher altitudes.

As altitude increases, the influence of altitude factors on wood trait variation dimin-
ishes, while climatic factors become more pronounced. At higher altitudes, climatic factors’
cumulative contribution to tracheid length, width, and aspect ratio surpasses that of alti-
tude, becoming the primary determinants of wood traits. This shift could be attributed
to low temperatures and altered precipitation patterns at higher altitudes significantly
impacting tree growth and wood traits. For instance, low temperatures may restrict cell
division and elongation, influencing tracheid formation and size [91]. Changes in precipita-
tion, on the other hand, can affect trees’ water use efficiency and growth rates [92], thereby
altering wood quality and structure. These physiological responses indicate trees’ adaptive
adjustments to their environment. At higher altitudes, temperature and precipitation’s
limiting effects on tree growth become more evident, making wood traits more sensitive
to these climatic factors [93]. Research has shown that at the upper limits of a species’
altitudinal distribution, low temperatures during the growing season can limit metabolic
processes like photosynthesis fixation, subsequently affecting cell differentiation and xylem
formation [22,90].
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5. Conclusions

In this research, the phenotypic variation in wood traits of Cunninghamia lanceolata
across diverse altitudinal gradients was meticulously analyzed. Our findings revealed
significant differences in traits like heartwood ratio, tracheid length, and tracheid length-to-
width ratio among various elevations, with mean annual ring width and tracheid width
also exhibiting notable variations. This underscores the substantial variability in Cunning-
hamia lanceolata wood traits across different elevation zones. Notably, the coefficients of
variation for these wood traits were markedly higher in populations at middle and lower
elevations compared to those at higher elevations, suggesting a greater influence of diverse
environmental conditions and enhanced genetic adaptability at these altitudes.

Principal component analysis identified key variables influencing wood trait variation,
with tracheid width, basic wood density, and water absorption emerging as significant con-
tributors to overall variability. These insights are crucial for comprehending the adaptation
and growth dynamics of Cunninghamia lanceolata at varying altitudes and are instrumental
in identifying superior germplasm resources. Cluster analysis further revealed that wood
trait variation is influenced not only by altitude but also by an interplay of genetic and
other environmental factors.

Pearson correlation analysis delineated intricate relationships among wood traits
and between these traits and climatic factors at different altitudes. These relationships
highlight the significance of quantitative traits in trees, where correlations between traits
could be attributed to strong linkage disequilibrium or pleiotropic effects of associated
genes. Random forest analysis underscored the pivotal role of elevation in influencing
wood traits such as heartwood ratio, tracheid length, width, and aspect ratio. As elevation
increases, the influence of elevation factors on wood trait variation diminishes, while
climatic factors, particularly temperature, play an increasingly limiting role in tree growth
at higher elevations.

These findings offer novel perspectives on tree adaptation to climate change and
bear significant implications for forest genetic breeding and resource conservation. The
pronounced variability observed in populations at lower and middle elevations presents a
wealth of genetic resources for breeding programs. Concurrently, preserving high-elevation
populations is essential for maintaining their unique adaptive traits. In the context of global
climate change, these insights are vital for anticipating future shifts in forest ecosystems.

Future research should delve into the specific mechanisms through which different
environmental factors, such as soil and light, impact wood traits in Cunninghamia lanceolata.
Understanding how these variations influence the ecological functions and ecosystem
services of these trees will enrich our knowledge of forest ecology and genetics, guiding
future forest management and conservation strategies.
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wood traits of Cunninghamia lanceolata at different elevations and climatic factors at elevation; Table S5:
Mantel test for wood traits of Cunninghamia lanceolata at different elevations in relation to climatic
factors at elevation.
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Abstract: Siberian pine (Pinus sibirica Du Tour) is a widespread and long-lived species in the northern
hemisphere, which makes it a good potential proxy for climatic data. However, the tree-ring growth
of this species weakly correlates with climatic conditions, which prevents its use in dendroclimatic
reconstruction. It was proposed to use the measurements of tracheid characteristics as model
predictors to reconstruct the smoothed temperature of the key periods in tree growth. In this study,
algorithms for preprocessing tracheids and temperature data, as well as for model cross-validation,
were developed to produce reliable high-resolution (weekly-based) temperature reconstructions. Due
to the developed algorithms, the key time periods of Siberian pine growth were identified during
the growing season—early June (most active cell development) and mid-July (setting new buds for
the next growing season). For these time periods, reliable long-term temperature reconstructions
(R2 > 0.6, p < 10−8) were obtained over 1653–2018. The temperature reconstructions significantly
correlated (p < 10−8) with independent reanalysis data for the 19th century. The developed approach,
based on preprocessing tracheid and temperature data, shows new potential for Siberian pine in
high-resolution climate reconstructions and can be applied to other tree species that weakly respond
to climate forcing.

Keywords: wood anatomy; cell measurements; radial cell diameter; cell wall thickness;
tracheidograms; tree-ring response; poorly sensitive to climate; temperature reconstruction

1. Introduction

Siberian pine forests are the most complex ecosystems in the Siberian taiga, char-
acterized by regenerative-age dynamics, stability, spatial and temporal structure, and
biodiversity [1]. The distribution range of Siberian pine (Pinus sibirica Du Tour), a forest-
forming species of the “cedar” forest formation, extends from the northeast of Euro-
pean Russia to the south of East Siberia, reaching Mongolia in the southern part (http:
//agroatlas.ru/ru/content/related/Pinus_sibirica/map/, accessed on 27 June 2023).

The observed global warming of recent decades has contributed to a shift in the
timespan of the active growing season and its heat availability [2–4]. The consequences of
these changes are most acute at the edges of the growing range, where trees often grow
at the limits of physiological endurance [5,6]. Moreover, the responses of tree plants to
climate change are mixed, from range expansion to suppression or death [7–11]. Under
current climate changes, it is therefore critical not only to understand the response of tree
vegetation as an important part of the planetary carbon cycle [12–15] but also to obtain a
quantitative assessment through robust reconstructions of long-term climatic fluctuations.
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The use of long-term chronologies of the anatomical parameters of tree rings allows
one to obtain a more accurate and detailed understanding of past and recent variability
in principal climatic factors compared to simply analyzing tree-ring width (TRW) [16–19].
The seasonal development of xylem anatomical structure significantly determines tree
productivity and survival; hence, forests’ vulnerability to climate change and their ability
to fix carbon dioxide [20,21]. This approach also enhances opportunities to study the phys-
iological mechanisms of plant adaptation to changing environmental conditions, due to
changes in both hydraulic and mechanical functions of woody tissue [22–24]. Therefore, un-
derstanding how and at which intervals of the growing season the principal climatic factors
(temperature or precipitation) modify the tree-ring structure turns out to be important both
for reconstructing past climate-tree ring relationships and developing adequate prediction
models of climatic factors influencing the anatomical structure of tree rings [24–29]. The
application of the quantitative wood anatomy approach is particularly relevant for the
species (i.e., Pinus sibirica Du Tour) for which the study of climate response is extremely
difficult due to the limited climate sensitivity of their radial growth [30,31].

A unique 495-year chronology of wood anatomical characteristics for Siberian pine
has recently been obtained for the timberline in the Western Sayan, which has made it
possible to estimate the climatic response of tree-ring widths and integral anatomical
characteristics (namely, TRW indices, mean and maximum radial cell diameters, and cell
wall thickness) [19].

However, the dataset of detailed anatomical measurements used in this study, namely
the radial cell diameter and cell wall thickness of Pinus Sibirica tracheidograms, allows us
to estimate the century-old records of climate factors with much higher time resolution. In
this work, we exploit the full potential of the anatomical structure of tree rings in a detailed
analysis of their climatic response, with a focus on dendroclimatic reconstructions, using
previously developed [32] and new approaches.

In this study, we employ tracheid measurements with the objective of revealing
the potential of Pinus sibirica Du Tour for high-resolution temperature reconstructions.
Algorithms for tracheid and temperature preprocessing and accurate model evaluation
were developed. Additionally, two hypotheses were tested: (1) key periods of tree growth
can be determined by the quality of the smoothed daily temperature reconstruction models,
and (2) the use of TRW for modeling would not achieve the same reconstruction reliability
as using tracheid data.

2. Materials and Methods

2.1. Climate Data

Temperature and precipitation data were obtained from the Tashtyp meteorolog-
ical station (WMO 29956), 52.8 N, 89.9 E, 455 m a.s.l., and they included mean daily
temperature and cumulative daily precipitation records from 1929 to 2016. Mean daily
NOAA/CIRES/DOE 20th Century Reanalysis V3 temperatures were obtained from the
Climate Explorer web platform (http://climexp.knmi.nl/select.cgi?field=c3t2m_daily, ac-
cessed on 29 August 2023), using the grid box region: longitude from 89.5 to 90.5 E, latitude
from 52.5 to 53.5 N (Figure 1).

To create a dependent variable for the reconstruction from the raw temperature data,
a two-way sequential smoothing algorithm was applied (Figure 2).

To suppress high-frequency fluctuations in the mean daily temperature, intra-annual
smoothing with varying lengths w of the sliding window (from 1 up to 14 days) was
applied (Figures 2 and S1). The optimal length of the sliding window was determined by
optimization of the temperature reconstruction models as described below.

In addition to the intra-annual smoothing, an inter-annual smoothing procedure for
temperature was applied to develop reconstruction models of the smoothed temperature
based on anatomical characteristics. The second smoothing was done to reduce annual
variance in temperature. We used a moving average with a sliding window of W years
(from 1 to 11 years) (Figures 2 and S2), using the same criteria to choose the length of W.
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Figure 1. The locations of the study plot (brown pinecone for Pinus sibirica Du Tour) and the climate
station Tashtyp (red triangle) (A,B), and the average monthly mean temperature (T, ◦C) and monthly
total precipitation (P, mm) in Tashtyp from 1929 to 2016 (C).

Figure 2. The two-way sequential smoothing algorithm for obtaining the dependent temperature variable
Tinter (w, W, doy), where w is the length of the intra-annual sliding window; W is the length of the
inter-annual sliding window; doy is the day of the year for which the reconstruction model is developed.
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For each pair (w, W) of intra- and inter-annual sliding windows, the set DOYsig(w, W) ⊆
{152, . . . , 243} was created as a subset of tree-ring growing days (DOYs, growing season).
DOYsig(w, W) is the set of DOYs for which the Pearson correlation between inter-annual and
intra-annual smoothed temperatures was highly significant (p < 0.001).

As a result of the two-way sequential smoothing algorithm, we obtained dependent
variables Tinter(w, W, doy) of inter-annual smoothed temperatures for the model.

2.2. Tree Data Collection and Processing

Wood samples were collected from seven trees of Pinus sibirica Du Tour located on
the border of the Republic of Khakassia and the Republic of Tyva (51◦42.8′ N 89◦51.9′ E,
1970–2020 m a.s.l.) (Figure 1). Tracheidogram measurements of tree rings over 1653–2018,
obtained earlier (see [19] for more details), were used in this work (Figure S3).

For each tree ring, lumens (Ls) and double cell wall thickness (DCWT) were mea-
sured for 5 rows of cells (Figure S3). Then, the radial cell diameter (Cell Diameter, D)
was calculated as the sum of lumen and double cell wall, and cell wall thickness (CWT)
was determined as half of DCWT [33]. The obtained measurement were verified by an
independent cell measuring tool [34].

The resulting tracheidograms of averaged D and CWT from the five rows of the
measured series (Figure S4A,C) were then standardized to 15 cells (mean seasonal cell
production over 1653–2018), resulting in standardized sD and sCWT series for each year
of each tree [35]. Absolute tree ring width (TRW) values were obtained by summarizing
DMeans of the corresponding rings.

The TRW values of all trees in a year were averaged to obtain the site tree-ring
chronology. A standardized chronology was developed by bi-weight robust averaging
individual tree indices, which were obtained by removing the age-related trends using
cubic smoothing splines with a 50% frequency response at 67% of the series length [36].

The standardized tracheidograms of individual trees were year-to-year averaged
(Figure S5). As a result, a single 30-dimensional object was obtained for each year (growing
season), consisting of the values of cell diameters (D1–D15) and cell wall thicknesses
(CWT1–CWT15) of the corresponding standardized curves (Figure S6).

Finally, 15 radial-cell-diameter and 15 cell-wall-thickness chronologies were obtained
over 1653–2018 (Figure S7). Figure S8 shows examples of smoothed (“inter-seasonal
smoothing”) chronologies of radial cell size and cell wall thickness. All the smoothed time
series had significant Pearson correlations (p-value < 10−16) with D1–D15, CWT1–CWT15
series for all the sliding windows.

Principal component analysis (PCA) was applied to the radial-cell-size and cell-wall-
thickness chronologies to reduce the dimensionality of the resulting 30-dimensional objects.
It was shown that 4 principal components explained 95% of the variance of the series,
while 9 principal components explained 99% of the variance (Figure S10). In addition, the
application of PCA allows one to avoid multicollinearity in the obtained series, as noted
above [37].

The first P principal components, smoothed with the inter-annual window W (see the
example for P = 5, Figure S9):

PCi(W) =
{

pcW
i (y)

∣∣∣y ∈ {1653 . . . 2018}
}

, i ∈ [1, . . . , P] (1)

were used as predictors (independent variables) in the model development process (P ∈
[4, . . . , 9]). The principal component transformation matrix is presented in Table S1.

2.3. Reconstruction Models Development

For the best model fit, a triplet of hyperparameters (w, W, P ) was varied as follows:
w ∈ {1, . . . , 14}, W ∈ {1, . . . , 11}, P ∈ {4, . . . , 9}.
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For each triplet (w, W, P ), we obtained the set of independent variables
{PC1( W), . . . , PCP( W)} (Figure 3) and the set of dependent variables
Tinter(w, W, doy), doy ∈ DOYsig(w, W) (Figure 2).

Figure 3. The reduction of tracheidograms to smoothed principal components algorithm for obtaining
independent variables from the raw tracheid data (Diameters (Ds) and Cell Wall Thicknesses (CWTs)).

For each doy ∈ DOYsig(w, W), a separate multiple linear regression (MLR) model
MLRw, W, P,doy (year) was developed.

The final MLR models were considered as ensembles of individual MLR models
obtained in a new rolling leave-one-out cross-validation (RLOO CV) procedure:

MLRw, W, P,doy(year) = k0 + ∑P
l=1 kl · pcW

i (y), (2)

where kl = kl(w, W, P, doy) is the lth coefficient of the final MLR model (l = 0, P), estimated

as kl =
∑

N(W)
θ=1 kθ

l
N .

We note that kθ
l = kθ

l (w, W, P, doy) is the lth coefficient of the θth individual MLR
model, and N = 2016 − 1929 + 1 = 88 is the total number of individual MLR models
obtained in the RLOO CV procedure.
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Each θth individual MLR model can be described by this formula:

MLRθ
w, W, P,doy(year) = kθ

0 +
P

∑
l=1

kθ
l · pcW

i (y), θ = 1929, 2016 (3)

To obtain the θth individual MLR model, Tinter(w, W, doy) was split into calibra-
tion (Tcal

inter(w, W, doy)) and verification (Tver
inter(w, W, doy)) sets by the rules of the RLOO

CV procedure:

1. Each θth element (year) of Tinter(w, W, doy) is considered as a verification set.

2. The elements from
[
θ −

∣∣∣W
2

∣∣∣, θ
)
∪
(

θ, θ +
∣∣∣W

2

∣∣∣
]

are omitted (
∣∣∣W

2

∣∣∣ is the floored divi-
sion). This is done to prevent the data from the θth element from getting into the
calibration set due to smoothing with the W inter-annual sliding window and affect-
ing the elements from

[
θ −

∣∣∣W
2

∣∣∣, θ
)
∪
(

θ, θ +
∣∣∣W

2

∣∣∣
]
. All indices from θ −

∣∣∣W
2

∣∣∣ < 1929

or θ +
∣∣∣W

2

∣∣∣ > 2016 are ignored.

3. All other elements are considered as a calibration set.

In this study, the RLOO CV procedure was developed as an extension of the LOO CV
procedure [38] for smoothed data.

After obtaining the calibration and verification sets, the coefficients kθ
l of the θth

individual MLR model are obtained by training the model on the calibration set.
To evaluate the individual models on the calibration sets, the coefficient of deter-

mination (R2
cal,θ) and the Root Mean Squared Error (RMSEcal,θ) were calculated between

Tcal
inter(w, W, doy) and

{
MLRθ

w, W, P,doy(year)
∣∣∣year ∈ Tcal

inter(w, W, doy)
}

.
After training the N = 88 models, one for each year, the chronology of the verification

values was obtained as:

CRNver
w, W, P,doy =

{
MLR1929

w, W, P,doy(1929), . . . , MLR2016
w, W, P,doy(2016)

}
(4)

and the mean metrics R2
cal =

∑2016
θ=1929 R2

cal,θ
N , RMSEcal =

∑2016
θ=1929 RMSEcal,θ

N were calculated to
evaluate the total quality of the individual models on the calibration set.

To evaluate the individual models on the verification set, R2
ver and RMSEver were

calculated between CRNver
w, W, P,doy and Tinter(w, W, doy).

After individual evaluation, the final MLR model MLRw, W, P,doy(year) was developed
by averaging the coefficients of the individual models.

To evaluate the final model, R2
sim and RMSEsim (sim—simulated) were calculated

between Tinter(w, W, doy) and
{

MLRw,W,P,doy(year)
∣∣∣year ∈ Tinter(w, W, doy)

}
.

All data processing algorithms were implemented in Python and can be downloaded
from: https://github.com/mikewellmeansme/dendroclimatic-reconstructor/ (accessed
on 9 January 2024).

3. Results

3.1. Reconstruction of Temperature Dynamics

We chose R2 > 0.5 as a threshold for the selection of qualitatively reconstructed pe-
riods on the calibration and verification sets to be sure that the model explained most of
the variance. After varying the triplet of hyperparameters (w, W, P ), the next heatmap
was obtained (Figure 4). Obviously, reliable reconstructions appeared when the annual
smoothing windows W was not less than 8 years.
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Figure 4. Heatmap showing the number of models for which R2 on the calibration and verification
sets was greater than 0.5 for different pair of hyperparameters W (inter-annual sliding window)
and P (number of first principal components), and w = 7 (7-day intra-annual sliding window of
temperatures).

The approach of choosing the optimal triplet (w, W, P) of hyperparameters is debat-
able, and different combinations of the triplet values sometimes result in the reconstruction
of different days of the growth season. Mainly, temperatures at the beginning of June
(weeks with DOY 152–154 at the center) and the middle of July (weeks with DOY 195-198
at the center) are adequately simulated by the tracheidograms.

There are also a couple of models for late June (P = 4, DOY 175) and August (DOY
220 and 232), but these results are not sustainable because they do not appear with other
triplets of hyperparameters.

As an example, we chose the triplet w = 7, W = 9, P = 5 to demonstre the applicability
of our approach to dendroclimatic reconstruction of summer temperatures (Figure 5).

Figure 5. The values of R2 metric per day of the year (DOY) on the calibration (black line) and
verification (red line) sets for the models of temperature reconstruction with w = 7, W = 9, P = 5.
The dotted gray line shows the threshold for selecting acceptable reconstructed periods (R2 > 0.5 on
both calibration and verification sets). The blue lines show DOYs with acceptable metrics. The gaps
in the curves show DOYs where the intra-annual temperatures did not correlate with their smoothed
curves (see Figure S1).
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We compared the new reconstructions with the observed and reanalyzed temperatures
for two main sustainable periods: A—DOY 154 (the mean daily temperature from 30 May
to 5 June) and B—DOY 197 (the mean temperature of the week from 12 July to 18 July)
(Figure 6).

 

Figure 6. Smoothed (W = 9, 1 year step) mean Tashtyp temperature of two periods: DOY 154 (A) and
DOY 197 (B). Observed (red line), reconstructed (black line), reanalysis V3 temperatures (blue line).

3.2. Reconstruction Model Evaluation

For each model, we obtained R2 and RMSE metrics for the calibration set—performance
of the models on the data on which they were trained; and for the verification set—
performance of the models on the data that were not used in the training process. We also
calculated simulated metrics—final performance of the models on the whole dataset. The
obtained metrics are shown in Table 1.

Table 1. Mean R2 and RMSE obtained for the models during their calibration and verification.

Period DOY
R2

Calibration
R2

Verification
R2

Simulated
RMSE

Calibration
RMSE

Verification
RMSE

Simulated

A 154 0.74 ± 0.03 0.60 0.74 0.48 ± 0.15 0.60 0.48
B 197 0.79 ± 0.03 0.60 0.78 0.46 ± 0.15 0.63 0.46

Since different R2 and RMSE were obtained for each iteration of the rolling cross-
validation for the calibration set, Table 1 summarizes the mean values of the statistics on
the calibration sample (±s.d.).

The obtained metrics show a reasonably high quality of the models, with more than
74% of the explained variance with RMSE less than 0.49 ◦C on the calibration set, and 60%
of the explained variance with RMSE less than 0.63 ◦C on the verification set.

Figure 6 shows that, over the period of instrumental observations (1929–2016), the
modeled (black line) and observed (red line) temperatures for both periods (A and B) have
an extremely high degree of synchrony (R > 0.8, p < 10−26, Table 2), as do the observed and
reanalyzed temperatures (blue line) (R > 0.96, p < 10−45, Table 2), but the reanalyzed data
are significantly underestimated relative to the observed temperature (>1 ◦C) (see Figure 7
for more detail).
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Table 2. The Pearson correlations (Rs) and their significance (p) between the observed, reanalyzed,
and simulated temperatures.

Years Period
Observed\Reanalyzed Observed\Simulated Simulated\Reanalyzed

Pearson R p-Value Pearson R p-Value Pearson R p-Value

1836–1928
A - - - - 0.67 <10−12

B - - - - 0.57 <10−8

1929–2016
A 0.97 <10−51 0.86 <10−26 0.79 <10−18

B 0.96 <10−45 0.89 <10−29 0.81 <10−20

Figure 7. Scatterplots for the simulated/reanalyzed temperatures versus the observed temperatures
obtained for two periods: DOY 154 (A,C) and DOY 197 (B,D) (1929 to 2016).

Due to their strong correlation with the observed temperature, despite the underesti-
mation, the reanalyzed data can be taken as a reliable source of information on temperature
trends. In this regard, the significant correlation (R > 0.56, p < 10−8, Table 2) between
simulated and reanalyzed temperatures for the years with no direct climate observations
(1836–1928) indicates that the models are sufficiently correct in indicating temperature
trends for the modeled periods (A and B). In this paper, reanalyzed data are used for
additional assessment of model quality beyond the metrics from Table 1.

The reanalyzed data are consistently underestimated (from 1.35 to 1.78 ◦C) relative to
the observed data. This can be explained by the altitude difference between Tashtyp and
the stations on the basis of which the reanalyzed data were constructed. As the altitude
increases by 100 m, the temperature may proportionally decrease by a value close to
0.5 ◦C [39], so it can be assumed that the reanalyzed data are constructed on the basis of
the data from the stations located 300–400 m above Tashtyp.

We noted that the obtained tree-ring width chronology did not correlate (p > 0.05)
with the smoothed observed temperature of the Tashtyp weather station for intra-annual
intervals up to 14-day smoothing.
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Moreover, the enumeration of inter-annual sliding windows (Ws) for the standard
TRW chronology from the range of 1 to 11 years did not allow one to obtain any models
with R2 > 0.5.

4. Discussion

It is known that both the width of tree rings and their anatomical structure are con-
trolled by internal and external factors [35,40–43]. However, when comparing the variance
and sensitivity coefficient of tree-ring width chronologies for different species under the
same growing conditions, Siberian pine is shown to have rather low values of growth
variability indices, even under climatically limited growing conditions [44,45]. There is no
doubt that the low variability in Siberian pine growth is the result of a greater contribution
of internal factors to its seasonal and perennial growth. These factors include adaptations of
its physiology to the slow accumulation and utilization of nutrients [46,47], adaptations to
wetter growing conditions (average variability of growth in other similar species of Siberian
taiga, Siberian spruce, and Siberian fir [48,49]), and other ecophysiological features [50]. It
is possible that the minor response of Siberian pine growth to low temperatures at high
elevations is related to its genome size, which is larger than that in most tree species [51,52].

However, the long lifespan (up to 800–900 years [50,53]), wide distribution, and high
economic and ecological value of Siberian pine have determined the ongoing attempts
of dendrochronologists to obtain centuries-long annals of its tree rings and decode the
contribution of the dynamics of environmental conditions, including climate forcing, on the
formed rings. One of the approaches, due to a greater number of low-frequency fluctuations
compared to annual fluctuations in tree-ring growth, is the use of smoothed time series with
a window width of several years. The effectiveness of this approach was demonstrated in
this work, and corresponds well with previously published results [30,54].

Another approach is to search more sensitive indicators of climate variability among
the parameters of annual rings, including the use of quantitative wood anatomy. The
use of long-term chronologies of tree-ring anatomical characteristics to reconstruct long-
term changing climates over centuries is a relatively new and rapidly developing research
direction [27,28,55,56].

We hypothesized that the ability to reconstruct seasonal, weekly-based temperature
changes could be enhanced by using cell chronologies of Siberian pine anatomical char-
acteristics, which was confirmed by both previously published results [19] and the new
temperature reconstructions developed in the current research. Since the effects of inter-
nal factors are fairly uniform from year to year, by special treatment and combining the
available cell measurements, we can accumulate the effects of external climate forcing and
potentially reveal “hidden” correlations with climatic variables that cannot be observed
based on traditional dendroclimatology techniques. To realize this approach, we developed
several procedures to treat initial climate and anatomical data (Figures 2 and 3). We also
developed a new reconstruction procedure of seasonal temperatures (Figure 4) based on
the principal component decomposition of cell measurements, specifically radial cell sizes
and cell wall thickness.

The search for optimal windows for temperature generalization within a season and
on a long-term scale allowed us not only to obtain reconstruction models that had high
convergence with instrumental and reanalysis data but also established physiologically
based regularities. The high first-order autocorrelation within a decade, accounting for
the increased contribution of low-frequency oscillations and the possibility of preferential
reconstruction of smoothed climatic series, can, at least partly, be attributed to the perennial
needles of the species. It is known that needles of different species can persist for up to
14 years (e.g., spruce at the limit of distribution in the mountains; [57]). Siberian pine
has a needle life span of 4–6 years at lower elevations and up to 9–10 years at higher
elevations [58,59]. The age of needles of a related species, European cedar Pinus cembra, can
reach 9–12 years [60,61].
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The temperature intervals during the season, for which the reconstruction models
showed the highest and most reliable statistical estimates, are important indicators of
xylogenesis phenology. Thus, the first period in the first week of early June indicates the
time interval of the most active growth of Siberian pine under certain local conditions, with
sufficient humidity and increasing daylight but low heat availability. The second period
(the week in the middle of July) corresponds to the interval of the end of primary growth
and the budding for the development of shoots and needles for the next season [62–64].

The resulting models had quite high metrics. The metrics of the models based on
tracheid data (R > 0.86) are much higher than those of models based on tree ring widths
(R ∈ [0.2, 0.6]), both in the current work and compared to standard metric values of models
based on climate-insensitive trees [19,65]. The obtained metric values are comparable to
those from recent works on temperature reconstruction based on quantitative wooden
anatomy of climate-insensitive species (R2 > 0.74 on the calibration set) [65], which
suggests that the cellular indices of these species are robust in explaining 60%–75% of the
variance in temperature reconstruction.

In the current work, to test the quality of the models, in addition to the verification
sample, whose data did not participate in the model training process and therefore can
be considered independent, we also used V3 reanalysis grid data, with the modeled
temperature also significantly correlating with these data, both during the years with
instrumental measurements (R > 0.79) and outside them (R > 0.57).

Nevertheless, the potential of the proposed approach to modeling short-term cli-
matic fluctuations requires further research. Various transformations or standardization
of anatomical measurements may, for example, suppress a part of the non-climatic signal
(including size-age) or the climatic signal inherited from previous stages of xylogenesis [66].
Different approaches to selecting relevant predictors among PCs and identifying promising
intervals for intra- and inter-annual averaging, such as wavelet analysis, are worth explor-
ing. The proposed approach can also be widely tested on new data from different forest
stands with the same or other tree species that have low sensitivity to climate, as well as in
different climatic zones.

5. Conclusions

The use of tracheid measurements has made it possible to realize the potential of Pinus
sibirica Du Tour for high-resolution temperature reconstruction.

Using the developed algorithms, reliable models for temperature reconstruction were
obtained. The seasonal, weekly-based intervals for which the models were obtained
correlated with the key growth periods of Pinus sibirica Du Tour—the period of the highest
cellular activity (early June) and the period of budding for the next season (mid-July),
which confirmed our first hypothesis. Also, the smoothing windows, for which the first
adequate reconstructions appeared, correlated with the lifespan of Pinus sibirica needles.

The use of tree ring widths as predictors did not allow one to obtain reliable reconstruc-
tion models for any seasonal time interval or with a single smoothing window due to their
poor correlation with the temperature data. At the same time, the results of reconstructions
derived from tracheid data did not only show good metric values for the verification set
(R2 > 0.6) but also had a significant correlation with the independent V3 reanalysis data
for the 19th century (p < 10−8), which also confirmed the second hypothesis of this work.

Further modifying the developed algorithms can improve the quality of temperature
reconstruction, but it is already evident at this stage that, despite the greater complexity of
obtaining tracheidogram measurements compared to annual rings, quantitative wooden
anatomy allows one to reconstruct temperature with much higher accuracy and resolution
than classical approaches.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f15010167/s1, Figure S1. Example of daily (or intra-annual)
smoothing. The raw (red dashed) and smoothed (w = 7, 1 day step) daily Tashtyp temperature; Figure
S2. Example of unsmoothed and 9-year (or inter-annual) smoothing of temperature characteristics:
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mean values of the 1st week of May (red dotted curve), June (green dotted curve), and July (blue
dotted curve) and their smoothed analogs (solid thick lines), respectively; Figure S3. Example of cell
measurements for the year 1653 of Tree №2; Figure S4. Dmean (A) and CWTmean (C) tracheidograms
for the year 1653 of Tree №1, and their standardization to 15 cells (B,D); Figure S5. Example of the
mean standardized tracheidograms (thick black curves) for the 1653 year: radial cell diameter (A)
and cell wall thickness (B); Figure S6. Obtained tracheidogram objects; Figure S7. The obtained 30 cell
chronologies: 15 mean standardized cell diameters (A) and corresponding 15 cell wall thicknesses
(B); Figure S8. Example of 9-year smoothed cell chronologies: mean standardized cell diameters
(A) and corresponding cell wall thicknesses; Figure S9. First five principal components (PCs) of
the smoothed (9-year sliding window) tracheid chronologies; Figure S10. Cumulative explained
variance of the tracheidogram objects; Figure S11. Visualization of the Rolling Leave-One-Out Cross
Validation procedure for the data with the sliding windows w = 7, W = 9, for the doy = 152. The red
cells are considered as a verification set for the corresponding model, the gray cells are omitted, and
the white cells are considered as a calibration set for the corresponding model. Table S1. Examples of
the temperature time series Tinter (w, W, doy) for w = 7, W = 9, |DOYsig (7,9)| = 63; Table S2. Examples
of thirty (2n = 30) mean tracheidogram chronologies; Table S3. Example of inter-annual smoothed
tracheid chronologies for W = 9; Table S4. Example of PC chronologies for W = 9; Table S5. PCA
transformation matrix for first five principal components; Table S6. Example of the calibration and
verification sets for w = 7, W = 9, doy = 152, θ = 2000; Table S7. Model coefficients.
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Abstract: We still lack information on the long-term growth responses to climate of relict tree
populations, which often persist in topoclimatic refugia. To fill that research gap, we studied three
relict cork oak (Quercus suber) populations located in northern Spain using dendrochronology. The
sites were subjected to humid (Zarautz), continental (Bozoó) and xeric (Sestrica) climate conditions.
Cool–wet conditions during the current spring enhanced growth in Bozoó and Sestrica, whereas wet
conditions in the previous October enhanced growth in Zarautz. In this site, growth also increased
in response to dry conditions in the prior winter linked to high North Atlantic Oscillation indices.
Correlations between the precipitation summed from the previous September to the current May
peaked at the driest site (Sestrica). The strongest growth responses to drought severity were also
found at this site, where growth negatively responded to 9-month early-summer droughts, followed
by the continental Bozoó site, where growth was constrained by 1-month July droughts. Growth
declined in response to 6-month January droughts in the wettest site (Zarautz), where cork oak was
vulnerable to previous late-summer to autumn drought stress. Despite warmer and drier spring
conditions that would negatively impact cork oak at the Bozoó and Sestrica sites, trees from these
populations could tolerate further aridity.
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1. Introduction

The Mediterranean Basin is a climate change hotspot subjected to increasingly warming
conditions and ongoing aridification and an area where further warming and drying are
forecasted [1,2]. In this region, forests have been used and managed by people for millennia
to extract timber, charcoal, fodder, fruits and also cork from the cork oak (Quercus suber L.)
bark [3]. However, climate warming may menace the persistence of some cork oak populations
because hotter droughts lead to growth decline and increase mortality due to severe water
deficits or greater pathogen incidence [4–10]. Furthermore, in addition to dieback and growth
decline, climate change may result in a 20% decrease in cork production by the late 21st
century [11]. Therefore, a better long-term assessment of climate impacts and growth responses
to drought is needed for cork oak, given its wide distribution (ca. 2.5 million ha) and socio-
economic and ecological relevance in the western Mediterranean basin.

The cork oak is an evergreen tree species with diffuse-porous wood widely distributed
in areas with mild climate conditions characterized by acidic, often nutrient-poor soils,
where it is usually managed for cork production [12]. Cork is stripped from the trunks of
mature trees at intervals ranging from 8 to 14 years [12]. Cork oak provides multiple ecolog-
ical services, such as enhancing biodiversity, promoting carbon sequestration, protecting
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soils from erosion and supplying economic (cork, wood, timber) and cultural services [3].
This oak responds to the typical Mediterranean summer drought through changes in sev-
eral traits (leaf osmotic adjustments, rapid stomata closure, isohydric behavior, uptake of
deep water sources, reduction in xylem vessel diameter), which make it a drought-avoiding
species [13–18]. The drought-avoiding strategy of cork oak should help it to alleviate
the negative impacts of severe water shortages on radial growth and reduce the risk of
hydraulic failure through controlling stomatal conductance, tissue hydration, xylem em-
bolism and root access to deep water sources [13–19]. Nevertheless, it may also succumb in
response to severe, lasting droughts [5,20]. Declining trees have shown tissue dehydration
and low water-use efficiency, suggesting poor resistance to severe droughts [21].

As in other Mediterranean oaks, growth decline in cork oak associated with canopy
dieback and drought stress is reflected not only by lower radial growth rates (narrow
tree rings) but also by reduced cork production (narrow cork rings) [22]. In cork oak,
intra-annual radial growth peaks in late spring (June), shows minimum values in summer
and winter (dormancy) and is constrained by dry conditions in the previous winter [22].
Therefore, dry conditions in the winter prior to tree-ring growth should induce lower
growth rates, leading to higher adult mortality rates as drought stress intensifies [21,23].
Adult mortality is high in cork oak populations from xeric sites subjected to increasing
aridity, albeit survival and growth also depend on stand density and pathogen incidence
(e.g., Phytophthora cinnamomi Rands.) [24]. Consequently, a lower growth rate and higher
growth responsiveness or sensitivity to climate stressors, including drought, could be
expected in the most arid sites. According to studies based on cork oak seedlings, it
was concluded that greater aboveground (root) development is expected in humid (xeric)
sites [25,26]. Therefore, higher growth rates are expected in humid sites subjected to mild
conditions (e.g., coastal sites), while sites subjected to continental conditions (e.g., inland
sites) could be negatively impacted by low temperatures in winter and early spring.

Here, we compared the growth responses to climate variables (maximum and mini-
mum temperatures, precipitation) and a drought index of three relict cork oak populations
located in northern Spain using dendrochronology. Isolated, relict tree populations, of-
ten located in harsh sites, constitute ideal settings to assess growth sensitivity to climate
and drought stress because they may have adapted to marginal site conditions through
phenotypic plasticity and/or genotypic variation [27,28]. We compared three cork oak
populations situated in a humid coastal site (Zarautz), a humid continental site (Bozoó)
and a xeric continental site (Sestrica). We expected that the trees growing in the driest
(wettest) sites would display the lowest (highest) growth rates and the highest (lowest)
responsiveness (change in growth rate, correlation coefficient) to precipitation and drought,
whereas trees growing in the coldest site would be more responsive to cold conditions in
the early growing season (spring) when cambium resumption occurs [22].

2. Materials and Methods

2.1. Study Sites and Field Sampling

We selected three relict cork oak populations subjected to contrasting climatic condi-
tions in northern Spain (Figures 1 and 2, Table 1). In the three sites, the last debarking of
trees to extract cork occurred at least 15–20 years before sampling. Therefore, the study sites
were considered not to be managed for the past two decades. We measured the location
and elevation of trees using a GPS with a 5 m resolution. We also recorded the mean slope
and exposition of each site. The stand composition (main accompanying tree species in
terms of relative basal area) was also characterized. The main tree species, in addition to
cork oak, were holm oak (Quercus ilex L.) and maritime pine (Pinus pinaster Ait.).

According to 0.1◦-gridded climate data [29], Zarautz and Sestrica were the wettest
and driest study sites, whereas Bozoó was the most continental site, showing the widest
thermal range (Table 1). In all sites, soils were acidic and sandy, but soil rockiness was
particularly notable in Sestrica. The Zarautz and Bozoó forests are public, but the Sestrica
forest is private. The summer drought was evident in Bozoó and Sestrica.
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Table 1. Main characteristics of the three study sites, including the mean annual temperature (MAT)
and the total annual precipitation (TAP). Dbh is the diameter at breast height. Different letters indicate
significant (p < 0.05) differences between sites according to Mann–Whitney tests.

Site Latitude N Longitude W Elevation (m a.s.l.) Exposition Slope (%) MAT, Range (◦C) TAP (mm) KOI 1 Dbh (cm) Height (m) Other Tree Species

Zarautz 43◦17′20′′ 2◦10′52′′ 141 E 15–20 12.4, 3.9–22.8 1417 26.3 34.8 ± 1.9 c 7.5 ± 1.2 b Arbutus unedo, Laurus
nobilis

Bozoó 42◦44′15′′ 3◦06′31′′ 759 NE 5–10 10.1, −2.5–23.4 789 21.5 27.3 ± 1.6 a 5.9 ± 0.3 a Quercus ilex, Pinus pinaster

Sestrica 41◦30′02′′ 1◦38′11′′ 865 E, SE 10–45 11.8, −1.6–27.8 455 15.3 31.4 ± 1.2 b 6.6 ± 0.9 ab Quercus ilex, Quercus
faginea

1 KOI is the Kerner Oceanity Index, which is the ratio of the mean monthly air temperature difference between
October and April and the difference between mean monthly temperatures of the warmest and coldest months.
Small and large KOI values indicate oceanic—high continentality (11 ≤ KOI < 20)—and hyperoceanic—low
continentality (21 ≤ KOI < 50)—conditions, respectively.

(a) 

(b) 

 
(c) 

 

Figure 1. (a) Distribution of cork oak (Q. suber) in the western Mediterranean Basin and locations of
the three relict populations sampled in northern Spain (Z, Zarautz, dark blue square; B, Bozoó, light
blue square; S, Sestrica, yellow square). Light gray is the species distribution; dark gray is the data
from forest inventories; and crosses are isolated or relict populations. Modified from [30]. (b) View of
sampled site in Sestrica. (c) Cross-section of a cork oak core sampled at the same site and showing
annual rings.
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(a) (b) (c) 

   
(d) 

Figure 2. Climate diagrams of the three study sites ((a) Zarautz, (b) Bozoó and (c) Sestrica) and
(d) locations in the climatic space. In the lower plots, the grey and green dots show annual temperature
and precipitation data for Europe (12◦ W–60◦ E, 32–72 ◦N) and for those dominated by cork oak,
respectively. The study sites are represented using dark blue (Zarautz), light blue (Bozoó) and yellow
(Sestrica) triangles.

Sampling was carried out in spring 2022. In each site, we selected 10 to 14 mature,
apparently healthy cork oak trees for sampling across an area of ca. 2 ha. We measured
their diameter at breast height (dbh) and total height using tapes and a laser rangefinder,
respectively (Nikon Forestry Pro II, Nikon, Japan). Then, two cores per tree were taken
at 1.3 m and perpendicular to the maximum slope using 5-mm Pressler increment borers
(Haglöf, Långsele, Sweden). The mean basal area of cork oak was similar among sites, with
values ranging from 12.2 (Sestrica) to 15.7 (Zarautz) m2 ha−1.

2.2. Climate Data and Drought Index

To avoid problems with heterogeneity or missing values, we obtained 0.1◦-gridded monthly
climate (maximum and minimum temperatures, total precipitation) data from the European
E-OBS v. 28.0e dataset [30]. To measure drought severity, we used the standardized precipitation-
evapotranspiration index (SPEI) for the period 1970–2021. The SPEI is a standardized multi-
scalar drought index based on the accumulated water deficit, calculated as differences between
precipitation and potential evapotranspiration, with negative (positive) values indicating dry
(wet) conditions [31]. We used weekly SPEI data and considered 1- (SPEI 1), 3- (SPEI 3), 6- (SPEI
6) and 9-month (SPEI 9) SPEI temporal resolutions. These data were downloaded at a 1.1 km2

spatial resolution from the Spanish SPEI dataset [32]. For the analyses performed with daily
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climate, the 5 km grid calculated by the Spanish Meteorological Agency (AEMET) from more
than 3200 and 1800 precipitation and temperature local stations, respectively, located in Spain,
was used (https://www.aemet.es/es/serviciosclimaticos/cambio_climat/datos_diarios?w=2,
accessed on 11 June 2023).

To characterize the climatic marginality of the study relict populations, we first ob-
tained distribution data of the species in Europe, considering the area encompassed by
coordinates 12◦ W–60◦ E and 32–72◦ N [33]. Then, two relevant climatic variables (mean
annual temperature, total precipitation) were downloaded at 1-km2 spatial resolution from
the Worldclim database, considering the period 1970–2000 [34]. Finally, the raster R pack-
age was used to select the 1-km2 grids where cork oak was present [35]. The three sites
occupied marginal locations within the cork oak climatic distribution space in Europe, with
the Zarautz and Sestrica sites corresponding to the wettest and driest locations, respectively
(Figure 2d).

2.3. Processing Wood Samples and Tree-Ring Width Data

Cores were air-dried in the laboratory. Then, they were glued onto wooden mounts and
sanded until tree rings were clearly visible [36]. All samples were visually cross-dated, and
tree-ring width was measured with a 0.001 mm resolution using scanned images (EPSON
10,000 XL, Nagano, Japan) obtained at 2400 dpi resolution. Ring widths were measured and
cross-dated using the CooRecorder and CDendro software v. 9.3.1 [37]. The quality of cross-
dating was checked using the COFECHA software, which calculates moving correlations
between individual series of ring width values and the mean site chronologies [38]. In some
trees, particularly those most difficult to cross-date, thin (15–25 μm) wood cross-sections
were prepared to help with their accurate cross-dating (Figure 1c). Wood cross-sections
were obtained by using a sledge microtome, and the resulting samples were stained using
safranin [39]. The estimation of tree age was based on cores taken at a height of 1.3 m and
reaching the pith.

Individual tree-ring width series were detrended using negative linear or exponential
functions. The resulting ring width indices were pre-whitened by fitting an autoregressive
model and removing the first-order autocorrelation. A bi-weight robust mean was used to
calculate the mean site residual (pre-whitened) series or chronologies of ring width indices.
Then, to describe ring width data and chronologies, several dendrochronological statistics
were calculated [40]: the mean tree-ring width and its first-order autocorrelation, a measure
of year-to-year growth persistence, the mean sensitivity, which measures relative changes
in standardized (not pre-whitened) ring width indices, and the mean correlation among the
series of pre-whitened ring width indices (rbar). These analyses were carried out using the
dplR package [41]. We also calculated the Expressed Population Signal (EPS) of indexed
ring width site series to assess their internal coherence and replication [42].

2.4. Statistical Analyses

Comparisons between sites of tree size (dbh, height) and tree-ring statistics (ring
width, first-order autocorrelation, mean sensitivity) were performed using Mann–Whitney
tests. Pearson correlations were used to assess relationships between growth indices,
climate variables and the SPEI drought index. Correlations with monthly climate variables
were calculated from September of the previous year up to September of the growth
year. Correlations were also calculated with the summed precipitation from the previous
September until the current May, which accounts for most of the precipitation of the
hydrological year. In this case, slopes were used as a measure of responsiveness to climate,
and they were compared among sites using ANCOVAs. A similar analysis was carried out
by relating estimated tree age and mean tree-ring width.

Correlations between weekly SPEI data and ring width indices were calculated from
January to November, when most of the annual ring was already formed. Relationships
between pre-whitened series of ring width and climate variables or drought indices were
assessed using the R package treeclim [43].
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Since the winter climate conditions over northern Spain are tightly coupled with the
North Atlantic Oscillation (NAO), moving correlations between the NAO index of the
previous November and ring width indices were calculated using 20-year intervals shifted
year by year. The NAO variability is related to shifts in the position of the Iceland low-
pressure and Azores high-pressure systems linked to changes in the direction and strength
of the westerlies [44]. High (low) NAO values in late autumn and winter are related to
low (high) precipitation over most of the northern Iberian Peninsula [45]. Therefore, if
relationships between winter precipitation and ring width indices are negative (positive),
we would expect correlations with NAO indices to be positive (negative).

Radial growth is a continuous process that is not limited by monthly boundaries.
Furthermore, the study of growth–climate relationships can give very different results
depending on whether continuous periods of time are used or whether the climate of each
month is analyzed separately [46]. To address this issue, we calculated, for each climatic
variable, the time period in which the growth–climate relationship is maximal (best climate
window) using the R package climwin [47,48], which offers important advantages in the
field of dendroecology [46]. To select the best climatic window based on daily climate data,
all possible linear and quadratic models relating a series of ring width indices and the
climate variable are first fitted. In each model, a different climate window is tested. Then,
the model that minimizes the corrected Akaike Information Criterion (AICc) is chosen [49].
The mean and sum of temperatures and precipitation, respectively, in each time window
considered were used as the aggregate statistics. The large numbers of models that are
fitted to test all possible climatic windows increase the possibility of obtaining models with
low AICc by chance. To solve this problem, randomization tests were performed with
1000 replications to obtain a probability value (p AICc), which determines the likelihood
that the AICc value of the selected model has occurred by chance [47,48]. All statistical
analyses were performed within the R software [50].

3. Results

3.1. Growth Patterns and Variability

The smallest trees were sampled in the continental Bozoó site, whereas the largest
trees were sampled in the humid Zarautz site (Tables 1 and 2). The estimated age ranged
between 54 and 65 years. The mean ring width was the highest in Zarautz (2.27 mm) and
lowest in Bozoó (1.14 mm) (Figure 3), while mean sensitivity was highest in Sestrica (0.45)
as well as rbar (0.70) (Table 2). The highest first-order autocorrelation (0.74) corresponded to
Bozoó. The common, best-replicated period was 1967–2021, albeit EPS values were below
the 0.85 threshold, which is usually considered to define well-replicated and coherent
chronologies. There were negative relationships between tree age and mean ring width,
which were significant (p < 0.05) in all sites except Bozoó (Figure S1).

Table 2. Variables and statistics related to tree-ring data. Values are means ± SD. Different letters indi-
cate significant (p < 0.05) differences between sites according to Mann–Whitney tests. Abbreviations:
rbar, mean correlation among all series; EPS, expressed population signal.

Site
No. Trees

(No. Radii)
Period

Estimated Tree
Age (yrs.)

Tree-Ring
Width (mm)

First-Order
Autocorrelation

Mean
Sensitivity

rbar EPS

Zarautz 10 (14) 1949–2021 54 ± 11 2.27 ± 0.22 c 0.50 ± 0.09 a 0.27 ± 0.04 a 0.39 0.61
Bozoó 12 (21) 1940–2021 64 ± 10 1.14 ± 0.16 a 0.74 ± 0.11 b 0.30 ± 0.05 a 0.57 0.72

Sestrica 14 (23) 1937–2021 65 ± 14 1.71 ± 0.18 b 0.51 ± 0.06 a 0.45 ± 0.09 b 0.70 0.81

Both the Bozoó and Sestrica series of tree-ring widths showed significant (p < 0.001)
negative trends (r = −0.92 and r = −0.78, respectively; Figure 3a). This growth decline is a
common ontogenetic pattern that does not correspond to a loss in tree vigor (dieback). No
significant correlation was found between the site series of ring width indices, indicating
they did not share common regional climate signals (Figure 3b).
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Figure 3. Mean site series of (a) ring width data (means ± SE) and (b) residual ring width indices of
the three study sites (Zarautz, Bozoó and Sestrica). In the upper plot, the sample size (annual number
of measured trees, lower lines of different colors) is shown on the right y axis.

3.2. Relationships between Climate Variables, Drought and Growth Indices

The correlations between climate variables and ring width indices showed that cork
oak growth was constrained by warm and dry spring and early summer conditions in
Bozoó and Sestrica (Figure 4). In Zarautz, cool and wet conditions in the previous October
enhanced growth. In Sestrica, high minimum temperatures in April and elevated precip-
itation in the prior winter, spring and current September improved growth. However,
some relationships with precipitation were of the opposite sign in Zarautz, where elevated
precipitation in January reduced growth indices. This was related to the positive correlation
found between ring width and the NAO indices of the previous year (r = 0.43, p = 0.001) in
Zarautz (Figure S2). This association weakened in the 2010s–2020s.

The correlations between the precipitation summed from the previous September to
the current May and the series of ring width indices yielded the highest coefficients and
were positive and significant at the driest Bozoó and Sestrica sites (Figure 5). Cumulative
precipitation explained 12% and 30% of the variability of ring width indices in Bozoó and
Sestrica, respectively. The slope was significantly higher (F = 4.43, p = 0.038) in Sestrica
than in Bozoó.
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Figure 4. Relationships between monthly climate variables ((a), TMx, mean maximum temperature;
(b), TMn, mean minimum temperature; (c), precipitation) and site series of ring width indices of
the three study sites. The bars are Pearson correlation coefficients (r), and the dashed and dotted
horizontal lines indicate the 0.05 and 0.01 significance levels, respectively. The correlation window
spans from previous September to current September, with months of the prior year abbreviated with
lowercase letters.

r p
r p

r p

Figure 5. Relationships between precipitation summed from the previous (year t − 1) September to
the current (year t) May and ring width indices in the three study cork oak populations. The Pearson
correlation coefficients (r), their significance levels (p) and the slopes corresponding to fitted linear
regressions are shown in the box.
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The highest correlation coefficient found between the values of the SPEI drought
index and ring width indices (r = 0.56, p < 0.001) corresponded to early June considering
9-month-long SPEI scales, and it was found in the driest Sestrica site (Figure 6).

 

Figure 6. Correlations calculated between SPEI weekly values and the site series of ring width indices
considering the common interval 1967–2021 and the temporal window from January to October.
Dashed lines show the 0.05 significance levels.

The continental Bozoó site presented the second highest correlation (r = 0.48, p = 0.0003)
in early July for 1-month-long SPEI values. In Sestrica and Bozoó, 6-month SPEI values
also showed strong positive correlations with cork oak ring width indices. Finally, in the
wettest Zarautz site, the highest correlation (r = 0.42, p = 0.0019) was found in early January
for 6-month-long SPEI values.

3.3. Analyses of Climate–Growth Relationships Based on Climwin

Regarding climwin analyses, the highest coefficient of determination (R2) was found
for precipitation in Sestrica, which explained 41% of the variability of ring width indices
(Table 3). In this case, precipitation had a positive effect, followed by a linear relationship,
and its impact on growth indices spanned from previous September until current Novem-
ber (Figure 7). Precipitation showed similar impacts on growth indices in Zarautz and
Bozoó, where it explained 34% and 21% of the growth indices variability, respectively, but
along different temporal windows, previous September–October and current June–August,
in that order. The relationships between growth indices and precipitation were mostly
linear, but nonlinear models also showed good fits (Figure S3). Maximum temperatures
showed negative correlations with the ring width indices, explaining from 13% (Sestrica)
to 22% (Zarautz) of growth variability, but with very different temporal windows (Zarautz,
September–October; Bozoó, March; Sestrica, June; see Figure 4). Lastly, minimum tempera-
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ture exerted a negative effect on growth in Bozoó, explaining 20% of the variability and
corresponding to January temperature values. In the other sites, the influences of minimum
temperature on growth indices were positive, explaining 12% and 14% of growth variability
in Zarautz and Sestrica, respectively, and peaking the correlations in August and April,
correspondingly. In any case, the relationships between temperature and growth were not
significant, according to randomization tests.

Table 3. Variables of climwin analyses relating series of ring width indices and monthly climate vari-
ables (Tmax, mean maximum temperature; Tmin, mean minimum temperature; Prec, precipitation).
The previous year is indicated with “(t − 1)”. DOY is the day of the year. The ΔAICc is a subtraction
between the model AICc and the AICc value of the null model. The p AICc is the probability value
obtained in the randomization test.

Site
Climate
Variable

Window Open
(DOY)

Window Close
(DOY)

Coefficient p R2 ΔAICc p AICc

Zarautz Tmax 244 (t − 1) 292 (t − 1) −0.046 <0.001 0.22 −10.85 0.079
Tmin 210 228 0.041 0.011 0.12 −4.49 0.661
Prec 238 (t − 1) 296 (t − 1) 0.043 <0.001 0.34 −19.69 0.002

Bozoó Tmax 70 85 −0.044 <0.001 0.21 −10.16 0.144
Tmin 360 (t − 1) 10 −0.048 <0.001 0.20 −9.4 0.167
Prec 147 238 0.206 <0.001 0.21 −10.28 0.116

Sestrica Tmax 152 170 −0.036 0.009 0.13 −4.85 0.904
Tmin 104 126 0.063 0.007 0.14 −5.4 0.431
Prec 258 (t − 1) 312 0.665 <0.001 0.41 −25.6 <0.001

Figure 7. Plots summarizing climwin analyses between precipitation (climate variable in the scatter
plot) and the site series of ring width indices (biological response in the scatter plot) in the Sestrica site.
The upper plot (a) shows temporal windows and best fits (see Table 3) as red grids corresponding to
lowest ΔAICc values (shown in the histogram). The ΔAICc is a subtraction between the model AICc
and the AICc value of the null model. Dates of the previous year are indicated with “(t − 1)”. The
bottom plots show (b) the relationship between the climate of the best supported window and the
growth indices, and (c) the histogram of ΔAICc values of the models fitted on randomized data with
a vertical dashed line showing the ΔAICc of the best model fitted on the observed data.

4. Discussion

As expected, the cork oaks from the driest site (Sestrica) showed the highest respon-
siveness (correlation coefficient, precipitation–growth slope) to spring–summer drought,
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but the lowest growth rates were found in the continental site (Bozoó), indicating that
cork oak growth was particularly constrained by cold spring conditions at that site. Unex-
pectedly, we also found that cork oak growth in the wettest site (Zarautz) was limited by
low precipitation in the previous autumn, suggesting a marked sensitivity to late-summer
drought stress. In addition, elevated precipitation in the previous winter also reduced
growth in this humid site, indicating a negative influence of cloudy and rainy conditions
on spring growth through lagged effects. The highest sensitivity of radial growth to water
shortage in the driest site could have been exacerbated by its steep slopes and E aspect.

From a methodological point of view, we have to emphasize that applying den-
drochronology to cork oak is challenging because annual rings are hard to distinguish,
cross-date and measure. Nevertheless, we were able to develop robust tree-ring chronolo-
gies with the help of anatomical cross-sections developed at some sites. The continentality
of some sites (e.g., Bozoó) and the marked and long summer drought of others (e.g., Ses-
trica) contributed to a clear seasonality and the formation of annual growth rings. This
would explain the lowest coherence statistics (rbar, EPS) found in the mesic Zarautz site,
located near the Atlantic coast and subjected to temperate conditions.

There have been a few studies on climate–growth relationships in cork oak, particularly
in southern Portugal, i.e., in the distribution core area [51–53]. They also found that cork
oak growth was enhanced by higher cumulative precipitation from the previous autumn
until early spring [52]. These authors also found a positive effect of warmer September
conditions on growth [52], a correlation similar to that found with maximum temperatures
in the continental Bozoó site, albeit it was not significant in our case. In addition, a positive
effect of warmer spring temperatures (as we found in Bozoó) and a negative effect of
summer maximum temperatures (as we found in Bozoó and Sestrica) were reported on
growth [51]. These thermal influences may be explained by a higher cambial activity in
spring triggered by warmer night conditions and a higher evapotranspiration rate induced
by warmer day conditions in summer, making cork oak trees more dependent on deeper
soil water sources and reducing their photosynthesis rates and meristem activity [14–16,19].
Overall, these studies and our findings support the importance of soil water recharge
during autumn and winter prior to the start of the growing season. Such an effect has
already been noted in several Mediterranean conifers and could explain the different
temporal scales of SPEI-growth correlations [54].

Cork oak is a drought-avoiding species that reduces leaf conductance to water vapor
through efficient stomatal control of transpiration [55]. This isohydric strategy is maintained
during the dry Mediterranean summer through the uptake of deep underground water,
despite radial growth rates being very low in summer [14–16,22]. In this study, cork oak
growth was notably constrained by 9-month and 1-month-long droughts ending in June
(i.e., dry conditions from prior October to current June) or July (i.e., dry conditions from
current June to July) in the Sestrica and Bozoó sites, respectively. This agrees with the
growth sensitivity of cork oak to spring–summer precipitation observed in these two sites,
particularly in Sestrica, where the highest R2 value (0.41) was found for precipitation
in the selected climwin models. The contrasting growth responses to different timings
and durations of drought also suggest different growth phenologies, with a more delayed
growth onset in Bozoó. This idea could be tested through xylogenesis analyses and/or using
dendrometers. In Zarautz, growth responded to 6-month-long SPEI values in January (i.e.,
dry conditions from prior August to current January), indicating that late-summer drought
stress in the previous year could constrain cork oak growth in this site through legacy
effects (e.g., carbohydrate consumption due to warm conditions and high respiration rates,
fine root and bud formation, etc.). In this wet site, the positive correlation of ring width
indices with prior November NAO indices is explained because of the negative association
between growth indices and the January precipitation. Such a negative relationship could
be caused by wet, cloudy winter conditions reducing photosynthetic rates and leading to
lower growth rates in spring.
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Cork oak radial growth may also be reduced by cork extraction, which can intensify
the negative impact of droughts on cork oak [52,53,56,57], but we discarded this effect
by selecting stands that have not been subjected to cork harvesting during the past two
decades. Furthermore, cork oak growth positively depends on tree basal area and tree
diameter [53], which could partially explain the lowest growth rates found in Bozoó, where
the trees with the smallest diameter were also sampled. Tree-to-tree competition could
also modulate cork oak growth responses to climate, particularly precipitation, but the
sampled stands were usually open forests, and the basal area was similar. Masting could
also influence cork oak growth responses to climate, but long series of acorn production
are not available for the study sites.

Our findings have profound implications for the management and conservation of
the studied relict cork oak populations. These forests persist in topoclimatic refugia as
isolated populations within adverse regional climate conditions under drought (Sestrica)
or cold (Bozoó) stress. In addition to evolutionary factors leading to genetic differences
among populations, which we did not analyze, contrasting growth responses to climate
may represent key mechanisms implied in population persistence [58]. For instance, the
highest responsiveness to spring–summer drought in the driest site (Sestrica) indicates
a remarkable capacity to tolerate water shortage, whereas the negative response to prior
winter precipitation in the wettest site (Zarautz) may correspond to a reduction in carbohy-
drate formation due to cloudy–rainy conditions. Nevertheless, the Zarautz site is the most
sensitive to drier conditions in the prior autumn, which could lead to growth decline even
in such mesic conditions. Lastly, in the most continental Bozoó site, forecasted warmer
spring conditions would enhance tree growth more than in the other sites. If this site is
considered the “winner” in response to projected and ongoing climate warming, Sestrica
could be regarded as the “loser” if further aridity in spring and summer leads to growth
decline and dieback once a drought tolerance threshold is surpassed. Nevertheless, no
recent dieback episode has been observed at the Sestrica site, to the best of our knowledge,
indicating that this population is a valuable genetic source for assisted migration of cork
oak under more arid conditions. Finally, the cork oaks at the wettest Zarautz site could also
be negatively impacted by hotter droughts in late summer and autumn.

5. Conclusions

The study of the three relict cork oak populations in northern Spain evidenced the
plastic and contrasting climate–growth relationships observed under different topoclimatic
conditions. Relict tree populations persist in topographic and climatic refugia and may
have developed adaptations to withstand climatic stressors. Cork oak growth was severely
limited by cold spring conditions in the continental site (Bozoó) and by spring–summer
warm–dry conditions during the growing season in that site and also in the xeric site
(Sestrica). In contrast, growth was limited by prior autumn droughts and wet winters in the
humid site (Zarautz), subjected to more oceanic influence, including cloudier winter–spring
conditions. If climate keeps warming and drying, the persistence of the relict cork oak
populations located in the continental and xeric sites may be threatened. However, these
stands have not shown recent symptoms of crown dieback or increased mortality despite
recent hotter droughts in the past four decades. Therefore, trees from isolated relict stands
under drought stress, such as those in Sestrica, represent valuable genetic pools for assisted
migration under forecasted more arid conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f15010072/s1, Figure S1: Associations found between tree age and
mean growth rate; Figure S2: Series of ring width indices from Zarautz and the previous November
NAO index; Figure S3: Quadratic relationships observed between precipitation (standardized climate
variable) and cork oak series of ring width indices (biological response).
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Abstract: Due to land use change, green alder (Alnus alnobetula), formerly restricted to moist slopes,
is now expanding to drier sun-exposed sites at the alpine treeline. The highly productive shrub
is forming closed thickets, establishing nitrogen-saturated species poor shrublands. To evaluate
wood anatomical adaptations to changing environmental conditions, we analyzed vessel character-
istics (mean vessel area, MVA; vessel density, VD; and theoretic conductive area, TCA) and axial
parenchyma abundance, as well as their distribution in the annual ring at a moist north-facing and a
dry south-facing site at the alpine treeline on Mt. Patscherkofel (Central European Alps, Austria).
Results revealed that lower soil water availability and enhanced evaporative demand did not affect
MVA while VD and TCA were significantly reduced at the dry south-facing site. This suggests that
in green alder, vessel size is a static trait whereas vessel number responds plastic. Limited water
availability also triggered a significant increase in axial parenchyma, confirming the important role
of xylem parenchyma in water relations. Harsh environmental conditions at the distributional limit
of green alder may have affected xylogenesis, leading to a near semi-ring-porous distribution of
vessels and an accumulation of parenchyma in the late growing season. We conclude that in a warmer
and drier climate, growth limitation and physiological stress may set limits to the distribution of
Alnus alnobetula at drought-prone sites in the alpine treeline ecotone.

Keywords: alpine treeline ecotone; global change; green alder; phenotypic plasticity; xylem anatomy;
xylem parenchyma

1. Introduction

Mountain ecosystems are particularly vulnerable and are expected to undergo consid-
erable transformations due to global change [1–3]. However, within the European Alps,
land abandonment and decreasing grazing pressure may have a greater impact on the
treeline ecotone in the coming decades than rising temperatures [4,5]. There are indications
that shrubs may benefit more from land use changes than trees and take over abandoned
pastures [6–8]. During the last decades, in particular, green alder (Alnus alnobetula (Ehrh.) K.
Koch = Alnus viridis (Chaix) DC.) has spread rapidly across the Alps [7,9–11]. A. alnobetula is
a cold-resistant and moderately shade-tolerant species of the subalpine and subarctic zones
of the northern hemispheres, growing in mountains, tundra, and river valleys [12]. Due
to clonal growth, high seed production, and symbiosis with N2-fixing actinobacteria and
ectomycorrhizal fungi, A. alnobetula is spreading rapidly after land abandonment. As green
alder forms closed thickets, with canopy heights up to 4 m, it drives former N-poor grass-
land into nitrogen-saturated-species-poor shrubland and suppresses tree establishment
within the treeline ecotone [7].

Although the occurrence of green alder was restricted to north-facing slopes and
avalanche gullies, with high water availability [10,13,14], this species is now expanding
into moderately steep well-drained subalpine grasslands, as well as sun-exposed sites with
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shallow soils and impaired water availability [9,15]. Green alder is known to be an aniso-
hydric species, keeping its stomata open even under high vapor pressure deficits [16–18],
a strategy that can be risky under drought conditions [19]. Nevertheless, the former re-
striction of A. alnobetula to moist habitats may be due to former land use patterns, while
A. alnobetula is able to adapt to drier condition [15].

A. alnobetula is a diffuse-porous species, keeping vessel diameters constant throughout
the annual ring [20]. However, drought-induced changes in vessel development in diffuse-
porous species have been reported before [21–23]. Size, number, and distribution of vessels
are closely linked to tree hydraulic conductivity and drought resistance [24,25], but still little
is known about intraspecific adaptations in hydraulic properties. The intraspecific studies
available to date have shown the effects of water availability on conduit traits [26,27] where
decreasing water availability resulted in narrower conduits and higher conduit density
in different species [28–31]. However, the adaptation of wood anatomical traits might
vary between species and there may be different adaptation strategies for ring-porous and
diffuse-porous angiosperms [32,33].

Furthermore, there is increasing awareness that aside from conductive cells, parenchyma
tissues in the secondary xylem also play a critical role in the water relations of woody
plants [34–37]. It is well known that parenchyma in the secondary xylem stores carbohy-
drates, which can subsequently be used for growth, establishment of freeze tolerance, and
protection against or recovery after infestations [38–41]. Increasing drought stress in the
course of global warming emphasizes the role of xylem parenchyma in maintenance of the
water transport and embolism repair [33,42,43], as well as water storage and circulation
between xylem and phloem [34,36,40,44,45]. Axial parenchyma is reported to be more
plastic than ray parenchyma [39,40,46] and its fractions vary with environmental conditions
at the intra- and interspecific level [47,48].

Analysis of functional adaptations in the wood anatomy of A. alnobetula provides
insights into the ecological limits of this pioneer species. We, therefore, evaluated ves-
sel and axial parenchyma properties and distribution in A. alnobetula at a south-facing
windward and a north-facing leeward site at the alpine treeline, differing in soil water
availability and evaporative demand. We tested the hypotheses that reduced soil water
availability and enhanced evaporative demand on the south-facing site (i) reduces vessel
diameter, (ii) increases vessel density, (iii) changes vessel distribution within the annual
ring leading to a semi-ring-porous arrangement of vessels, and (iv) causes an increase in
axial parenchyma cells.

2. Materials and Methods

2.1. Study Area and Sample Plots

The study was performed within the treeline ecotone of Mt. Patscherkofel in the Cen-
tral European Alps, Tyrol, Austria (47◦12′ N, 11◦27′ E), where A. alnobetula stands primarily
spread out in avalanche gullies on leeward north-facing slopes between 1950 and 2150 m
asl. Even so, during the last decades, A. alnobetula stands spread out to windward sites on
south- to southeast-facing slopes [9]. Within the study area, the bedrock is dominated by
gneisses and schists [49], and the soils are classified as haplic podzols [50,51].

The mean annual temperature at the meteorological station on top of Mt. Patscherkofel
was 0.8 ± 0.7 ◦C during the period from 1991 to 2020, with February being the coldest
month (−6.6 ◦C) and July the warmest (8.9 ◦C). Despite the high altitude, air temperature
can frequently reach maxima around 20 ◦C during summer. Mean annual precipitation
was 889 ± 128 mm with precipitation maxima occurring in summer (long-term mean:
371 ± 74 mm, June to August) and winters being the driest season (132 ± 60 mm, De-
cember to February). The study area is also characterized by the frequent occurrence of
strong southerly Föhn-type winds [52], which strongly influences snow depth and snow
distribution—[53] and hence, the duration period of the permanent snow cover. At south-
facing slopes, snow depth is generally < than 1 m and only small patches of snow are
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present till early April; while on leeward north-facing slopes, a closed snow cover with
snow depths up to 3 m frequently persists from the end of October till the end of May.

Within the study area, we selected two study plots at the upper edge of the treeline
ecotone (Figure 1, Table 1): a north-exposed leeward (hereafter N-site) and a south-exposed
windward site (hereafter S-site). Although the two plots were only 150 m apart in linear
distance, they differed considerably with respect to slope exposure and soil depth (Table 1),
soil water availability, and evaporative demand (Table 2, Figure 2). The canopy height of
A. alnobetula was higher on the N-site, although shrubs were older on the S-site (Table 1).

 
Figure 1. Geographical location of the N-site and S-site in the Central Austrian Alps. Source:
tirisMaps Land Tirol, (https://maps.tirol.gv.at/synserver?user=guest&project=tmap_master, ac-
cessed on 6 November 2023).

Table 1. Site description (N-site = north-facing leeward site; S-site = south-exposed windward site)
and characteristics of the selected A. alnobetula stands. Mean values ± standard deviation (SD)
are shown.

Elevation
(m asl)

Aspect Slope (◦)
Soil Depth (cm)

Mean ± SD
Canopy Height (m)

Mean ± SD
Stand Age (yrs)

Mean ± SD

N-site 2150 N 35 12 ± 3 270 ± 80 15 ± 7
S-site 2140 SE 30 7 ± 3 140 ± 40 20 ± 8

Table 2. Climatic parameters (mean values ± standard deviation for July and August) obtained
during the growing season 2022 and mean ring width on the S- and N-site. Statistical significance
(p-values) of the differences between the study plots are indicated.

Tair (◦C) 1 Solar Radiation
(Wm−2)

Tsoil (◦C) 2 Soil Moisture (% vol.) Ring Width (μm)

S-site 10.8 ± 4.0 229.5 ± 82.7 10.3 ± 1.0 20.1 ± 2.7 378 ± 171
N-site 10.4 ± 3.6 180.7 ± 67.1 9.8 ± 1.1 23.0 ± 3.2 714 ± 228

p 0.421 <0.001 0.021 <0.001 <0.001
1 Tair = air temperature, 2 Tsoil = soil temperature.
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Figure 2. (a) Seasonal variation of soil moisture (solid lines) and precipitation (bars). (b) Air and soil
temperature (solid and dotted lines, respectively) and solar radiation (solid lines) at both study plots.
Black and red lines indicate the N- and S-site, respectively.

2.2. Environmental Data

Environmental conditions were recorded at both study sites from June through Septem-
ber 2022. At each study plot, air temperature and relative air humidity (CS215 Temperature
and Relative Humidity Sensor) and solar radiation (SP1110 Pyranometer Sensor) (all sen-
sors, Campbell Scientific, Shepshed, UK) were monitored 2 m above ground, while soil
temperature (T 107 temperature probe, Campbell Scientific) and moisture in 10 cm soil
depth were monitored using four ThetaProbes ML2 (Delta-T Devices Ltd., Burwell, UK).
Precipitation (ARG100 Rain Gauge) was recorded at the S-site. All the environmental data
were recorded with a Campbell CR1000 data logger (Campbell Scientific, Shepshed, UK)
programmed to record 30-minute averages of measurements taken every minute.

Daily mean air temperature averaged throughout the growing season did not differ
significantly between the two study plots (Figure 2, Table 2). During the growing season,
daily mean solar radiation and soil temperature in 10 cm soil depth, respectively, were
significantly higher on the windward S-site than on the leeward N-site (Table 2). Conversely,
soil water content in 10 cm soil depth was significantly lower on the S-site than on the
N-site (Table 2), indicating that drier conditions prevail on the S-site compared with the
N-site. This assumption is supported by significantly lower annual radial increments and a
lower canopy height at the S-site compared with the N-site (Table 1).

2.3. Sample Collection, Preparation, and Wood Anatomical Analysis

Stem discs were sampled from 3 different stocks on the N-site (mean diameter of
stem discs: 2.13 ± 0.21 cm) and 4 stocks and the S-site (mean diameter of stem discs:
2.08 ± 0.17 cm). Discs were taken 150 cm from the shoot tip as there is evidence that xylem
anatomy in trees and shrubs is changing from tip to base [54–57], with the narrowest
conduits found at the tip of the shoots. Stem discs were air-dried, and subsequently,
rectangular pieces were cut from the discs to prepare the probes for microtome sectioning.
After the samples were soaked in glycerin for one day to soften the wood, microsections
of 10 μm thickness were produced using a sledge microtome (WSL-core microtome, WSL,
Birmensdorf, Switzerland). The microsections were stained with safranin and astrablue to
differentiate between lignified (red) and unlignified (blue) cells. The stained cross sections
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were observed under the microscope (Olympus Typ BX50, Olympus Corporation, Tokyo,
Japan), and images were taken at 10× magnification with an HD-microscope camera
(ProgRes GryphaxR, Jenoptik, Jena, Germany).

Wood anatomic variables were evaluated from the microscopic images using the open-
source image analysis program Fiji (ImageJ2). Vessel number, vessel area, and diameter
were evaluated for 10 annual rings (2011–2020). In total wood anatomy of 70 annual
rings from 7 samples was determined. In total, 5677 and 4402 vessels were measured
at the N- and the S-site, respectively. From the collected data, mean vessel area (MVA),
vessel density (VD, number of vessels mm−2), and theoretic conductive area (TCA, i.e.,
percentage of vessel area to total area) were calculated for each sample. Kernel density
estimations were used to compare vessel area distributions between sites. All individual
vessel measurements were included in this analysis. To compare vessel area distributions
related to wood surface area, all measured data were assigned to size classes and the
number of vessels per size classes and xylem area was calculated.

To quantify phenological differences between vessels formed in different phases
during the growing season, we determined the position within the annual ring for each
vessel. Using this positioning data, we analyzed differences in the number and sizes of
vessels in the first and second 50% of each annual ring (i.e., early and late growing season).
MVA, VD, and TCA were calculated to gain insight into the plasticity of vessel formation
throughout the growing period. In addition, vessel area distribution was analyzed for
the first and the second 50% of the growth rings. Because some of the inner growth rings
were curved, which made reliable positioning difficult, only the outermost 6-year rings
(2015–2020) were used for the processing of the position data.

In a second series of measurements, we evaluated the number, area, and position of the
diffuse parenchyma within the annual ring. Using these data, we calculated the percentage
of the total area occupied by the axial parenchyma (PA). We also used the positioning data
to calculate the percentage of PA for the first and the second 50% of the annual ring to
get insight into the timing of the formation of diffuse parenchyma in the course of the
growing period.

2.4. Data Analysis

Shapiro–Wilk tests and Q-Q plots were used to check for normal distribution of
data. Most anatomical and climate datasets were not normally distributed, so we used
nonparametric statistical tests for analyses. Because temperature data were consistently
normally distributed, differences in air and soil temperature at the N-site and S-site were
tested for significance using paired t-tests. For analyzing differences in MVA, VD, and
TCA at the two sites, Mann–Whitney U tests were applied. For comparison of vessel and
parenchyma properties in the first and second half of the annual rings and for analysis of
soil moisture and solar radiation data, we used paired samples Wilcoxon tests. All statistical
analyses were performed using SPSS Statistics, Version 26 (IBM, New York, NY, USA).

3. Results

3.1. Wood Anatomy

On an entire growing season basis, MVA was not significantly different between the
N-site and S-site (Figure 3, Table 3). VD (p = 0.037) and TCA (p = 0.017), by contrast, were
significantly higher on the N-site than on the S-site (Figure 3).

Vessel area distribution calculated by Kernel density estimation (Figure 4) showed
similar patterns at both sites. Vessels around 250 μm2 had the highest frequency at both
measuring sites, then tailing out at with increasing vessel area (Figure 4). Nevertheless,
wood samples at the S-site showed a higher proportion of smaller vessels between 200 μm2

and 800 μm2 and vessels between 1200 and 2000 μm2 when compared with the N-site.

(Figure 3). Numbers of vessels per surface area were higher at the N-site in size classes up
to 1200 μm2. Values for vessels with areas greater than 1200 μm2 were quite equal at both
sites. Vessels up to 2500 μm2 were frequently found in samples from both sampling sites.
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Figure 3. Boxplots of (a) mean vessel area (MVA), (b) vessel density (VD), and (c) theoretic conductive
area (TCA). N-site: dark blue; S-site: light blue. Different letters indicate p < 0.05 among sites. p-values
are shown in the upper right corner.

Table 3. Mean vessel area (MVA), vessel density (VD), theoretical conductive area (TCA), and
percentage of axial parenchyma (PA) at the S- and N-site for the total annual ring (ARtot) and the
first (ARfirst) and the second half (ARsecond) of the annual ring. Mean values ± standard deviations
are shown.

MVA (μm2) VD (no./mm−2) TCA (%) PA (%)

N-site (ARtot) 659.5 ± 177.4 135.6 ± 39.5 9.3 ± 2.4 10.1 ± 2.0
S-site (ARtot) 708.4 ± 223.5 110.9 ± 32.9 7.7 ± 2.9 16.5 ± 5.2

N-site (ARfirst) 741.6 ± 187.5 166.1 ± 65.6 11.5 ± 3.1 4.0 ± 2.1
N-site (ARsecond) 658,8 ± 153.7 133.3 ± 55.4 8.3 ± 2.3 14.9 ± 3.5

S-site (ARfirst) 823.6 ± 241.8 109.7 ± 37.8 8.8 ± 3.4 9.5 ± 4.9
S-site (ARsecond) 701.1 ± 161.9 84.9 ± 34.0 6.5 ± 4.3 19.6 ± 5.7

MVA, VD, and TCA were significantly higher in the first 50% of the annual ring
compared with the second half at both sites (p-values, Figure 5). In the first half of the
annual rings, the N-site and the S-site showed no significant differences in MVA while VD
and TCA were significantly higher in N-site (p ≤ 0.006). The same accounted for the second
half of the annual ring (p ≤ 0.002). Kendal density curves and the calculated numbers of
vessels per area for the first and second half of the annual ring (Figure 6) provided a more
detailed insight into the differences in vessel production throughout the growing season.
In the first half of the annual ring, mean Kendal density curves were bimodal in shape
at both sampling sites. There were years where the bimodality of distribution was quite
pronounced, even in the second half of the annual ring, while it was weak or missing in
other annual rings. The first half of the annual ring showed a higher density of midsize
and large vessels. Vessels in the second half of the annual ring showed higher density in
small vessels up to a size of 500 and 750 μm2 at the N-site and S-site, respectively. The
number of vessels per size class and area was higher in the first 50% of the annual ring
throughout all size classes, with the greatest differences found for vessel areas between 200
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and 1000 μm2. At the S-site, the numbers of vessels per size class were overall significantly
smaller compared with the N-site.

Figure 4. (a) Kernel Gauss distribution of vessel area for the N-site (black line) and S-site (red
line). (b) Counts of vessels of different size classes per cross-section area. N-site: black line, S-site:
red line; grey and thin red lines represent single measuring years (2011–2020) at the N-site and
S-site, respectively.

Figure 5. Boxplots of (a) mean vessel area (MVA), (b) vessel density (VD), and (c) theoretic conductive
area (TCA), in the first and second half of the annual ring. Left panels: N-site in dark blue; right
panels: S-site in light blue. Different letters indicate p < 0.05 between the first and second 50% of the
annual ring. p-values are shown in the upper right corner.
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Figure 6. Kernel Gauss distribution of vessel area at the (a) N-site and (b) S-site and counts of vessels
of different size classes per cross-section area at the (c) N-site and (d) S-site. Black lines and dark
red lines represent values for the first half of the annual ring; grey lines and orange lines represent
values for the second half of the annual ring. In (c,d), thin lines represent single measuring years
(2015–2020).

3.2. Percentage of Axial Parenchyma

The percentage of axial parenchyma in the total annual ring was significantly higher
(p < 0.001) at the S-site (16.5 ± 5.2%) when compared with the N-site (10.1 ± 2.0%) (Figure 7).
At both sites, the percentage of axial parenchyma was significantly higher in the second
half of the annual ring, (p < 0.001 for N- and S-site), and the highest percentages of axial
parenchyma (19.6 ± 5.7%) were found in the second half of the annual ring at the S-site.
Furthermore, for both sections of the annual ring, the percentage of axial parenchyma was
significantly higher at the S-site (p < 0.001 and p = 0.002 for the first and second half of the
annual ring) compared with the N-site.

Figure 7. (a) Boxplots of the percentage of axial parenchyma (PA) at the N-site (orange) and the S-site
(light orange). (b) Boxplots of the percentage of axial parenchyma at the N-site in the first and the
second half of the annual ring. (c) Boxplots of the percentage of axial parenchyma at the S-site in the
first and the second half of the annual ring. Different letters indicate p < 0.05 among groups. p-values
are shown in the upper right corner.
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4. Discussion

Analysis of site-specific functional adaptations of A. alnobetula enables us to deter-
mine the effects of global warming on the limits of the expansion of this pioneer species.
Intraspecific studies provide insights into the impact of environmental factors on species-
specific anatomical traits, disentangling genotypic and environmental effects contributing
to xylem development is a difficult task. There is evidence that provenances can have
more impact on xylem anatomy than environmental conditions [58–60]. Therefore, anatom-
ical variations in plants growing at faraway sites or along wide-ranging environmental
gradients may result from genetic variations. However, in the presented study, the ex-
amined plants were growing in close proximity, and A. alnobetula has expanded from the
north-facing to the south-facing site only during the last decades [9], ruling out differences
in provenience. Even so, the two sites differed significantly with respect to environmen-
tal conditions. The S-site experienced significantly higher solar radiation and was more
exposed to the prevailing southerly winds while soil water availability was significantly
lower than at the N-site (Figure 2, Table 2; c.f. [53]). Moreover, in anisohydric A. alnobetula,
stomata remain open even under high evaporative demand [16–18], which, in combination
with frequently occurring strong winds reducing boundary layer resistance (e.g., [61,62]),
may lead to drought stress during periods of reduced soil water availability at the S-site.
This is confirmed by a lower canopy height (Table 1), a significantly lower radial growth
(Table 2; [53]), and premature leaf wilting, occurring at the S-site in mid-August after a
dry period in summer 2022. At the N-site, by contrast, leaf wilting did not occur until
early October.

Xylem cell division and differentiation are driven by environmental and internal
factors [63]. As a key factor, temperature controls cambial cell division and plays a major
role in cell wall lignification [64,65]. Conversely, as a turgor-driven procees cell enlargement
is mainly controlled by cell water status [66,67] and sugar availability acting as an osmotic
agent [68]. Cell enlargement and cambial cell division are seriously hampered under
drought, often leading to a decline in radial growth [69] and vessel diameter [70–72]. Air
temperature did not significantly differ between the two sampling sites (Table 2), and due
to a high surface roughness, A. alnobetula experienced strong aerodynamic coupling to the
free atmosphere [16]. On the other hand, significantly higher solar radiation at the S-site,
especially during cloudless periods, enhanced solar heating of the ground. Nevertheless,
as samples were taken in the upper branch section, temperature effects are less likely to
explain observed differences in anatomical traits between the N- and the S-site.

Fast-growing species like Populus sp. show high phenotypic plasticity and are used as
model species to examine environmental impacts on xylogenesis [73]. In poplar, drought
often initiates a reduction in the vessel area [23,29,74,75]. In our study, however, MVA and
HD did not differ significantly between the S- and N-site. However, tracheid enlargement
might be based on turgor control in gymnosperms [66], while in more complex angiosperms,
cell differentiation is probably actively regulated by endogen mechanisms rather than
being a result of passive processes [76]. Anatomical traits are often under strong genetic
control [58,73] suggesting species-specific adaptations to environmental impacts. In beech,
for example, like in our study, no change in MVA under drought was detected [22,77,78].
Despite significant differences in environmental conditions, plant height, and annual ring
width, Kernel density estimations of vessel areas (Figure 4a) showed no differences between
the two sampling sites, confirming our assumption that vessel size is a static trait in green
alder. Nevertheless, the control of cell formation and the patterns of cell distribution and
size are poorly understood and the role of auxin and other morphogens are still under
debate [24,79,80].

The number of vessels per size class and wood surface area (Figure 4b) showed a
lower absolute number of small and midsize vessels (up to 1200 μm2) at the dry S-site,
which is in accordance with the significantly lower VD and TCA at the S-site. On the
contrary, an increase in VD and TCA under drought conditions has been reported in several
studies [21,58,77]. However, Arnic et al. [21] and Giagli et al. [22] pointed out that drier
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summer conditions resulted in narrower annual rings and, consequently, higher VD and
TCA. Environmental and provenance effects on anatomical traits often result from stem
height and ring width [58]. In beech, VD was positively related to the above-ground
biomass and increased with tree height [77]. Plant height and crown size might often
explain anatomical properties like VD and TCA better than climatic conditions [81], and
leaf area has been found to be correlated with stem hydraulic conductivity [74]. In our
study, the green alder stand at the N-site reached greater height, had a denser crown and,
thus, higher leaf area compared with the S-site. Considering this, higher stem hydraulic
conductivity was needed at the N-site to adjust the balance between the water supply and
transpiring surface, which explains higher VD and TCA.

A. alnobetula is classified as a diffuse-porous species, with constant vessel diameters
throughout the annual ring [20]. Nevertheless, anatomical parameters and density curves
in our study estimate a near semi-ring-porous vessel distribution at both sampling sites.
Environmentally induced changes in vessel distribution in diffuse-porous species have
been reported—e.g., a near semi-ring-porous distribution of vessels in dry years and
continuous decrease in vessel size under dry conditions have been reported for diffuse-
porous beech [21–23]. As in diffuse-porous species, wide and narrow vessels can be formed
during the entire growing period, short-term adaptations to changing environmental
conditions are possible in these species [82,83]. The bimodal shape of density curves over
several years might be another reference for frequent semi-ring-porous vessel distribution
at our treeline site [84]. Schreiber et al. [29] linked the bimodal distribution of vessel
diameters in trembling aspen, which was found at a boreal site, to rough environmental
conditions and a short growing period. Therefore, the harsh conditions at the altitudinal
limit of A. alnobetula and not water deficiency might be the reason for hampered vessel
formation in the second half of the growing season.

In addition to vascular tissue, axial parenchyma seems to play a key role in hydraulic
optimization [33,44]. Xylem parenchyma is known to modulate xylem flow and hydraulic
resistance through osmotic exudation into the xylem [34,39] and is involved in in embolism
repair [34,85]. Moreover, water stored in xylem parenchyma cells [86,87] buffers a decline
in water potential to sustain water transport under drought stress [34,88]. Aritsara et al. [44]
found that species with more axial parenchyma were close to their hydraulic limits and [38]
hypothesized that axial parenchyma fractions potentially keep vessels hydrated during
drought periods. We, therefore, assume that the significantly higher amount of axial
parenchyma at the S-site might be an adaptation to drought conditions.

However, there are still gaps in knowledge, especially when it comes to diffuse axial
parenchyma in temperate species as most of the available studies concentrate on paratra-
cheal parenchyma and species from subtropical and tropical regions (e.g., [38,44,89–91]).
An accumulation of diffuse apotracheal parenchyma in latewood has been described for
several conifer species [92] and European beech and pedunculate oak [20,93]. Neverthe-
less, in our study, the accumulation of diffuse parenchyma is very pronounced and not
restricted to latewood. Therefore, we suggest that the higher fraction of parenchyma cells
in the second half of the growing season, when vessel production is declining, indicates an
enhanced investment in carbohydrate storage triggered by harsh environmental conditions
at the upper distributional limit of the species.

5. Conclusions

In contrast to our first and second hypotheses, lower soil water availability and en-
hanced evaporative demand did not affect the vessel diameter. However, vessel density and
the theoretic conductive area were reduced at the drier south-facing site. This is confirmed
by the higher number of vessels per size class at equal distribution, suggesting that vessel
size is a static trait in green alder. Vessel numbers, by contrast, demonstrate plastic response.
In accordance with our third hypothesis, limited water availability triggered a significant
increase in axial parenchyma. This confirms the important role of xylem parenchyma when
it comes to drought stress. Harsh environmental conditions at the distributional limit of
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green alder have affected xylogenesis, leading to a semi-ring-porous distribution of vessels
and accumulation of parenchyma in the late growing season. We conclude from the present
study that reduced annual increment, early leaf fall, and an accumulation of parenchyma
indicate growth limitation and physiological stress, setting limits to the distribution of
A. alnobetula in the treeline ecotone in a future drier environment.
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Climate-Sensitive Diameter Growth Models for White Spruce
and White Pine Plantations
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Ontario Forest Research Institute, Ontario Ministry of Natural Resources and Forestry, 1235 Queen St. East,
Sault Ste. Marie, ON P6A 2E5, Canada; mahadev.sharma@ontario.ca; Tel.: +1-(519)-572-7285

Abstract: Global change in the climate is affecting tree/forest growth. There have been many studies
that analyzed climate effects on tree growth. Results presented in these studies showed that the
climate had both positive and negative effects on tree growth. The nature (positive/negative) and
magnitude of the effects and the climate variables affecting growth depended on tree species. Climate-
sensitive diameter growth models are not available for white pine (Pinus strobus L.) and white spruce
(Picea glauca (Moench) Voss) plantations. These models are needed to project forest growth and yield
and develop forest management plans. Therefore, diameter growth models were developed for white
pine and white spruce plantations by incorporating climate variables. Four hundred white pine and
white spruce trees (200 per species) were sampled from 80 (40 per species) even-aged monospecific
plantations (five trees per plantation) across Ontario, Canada. Diameter–age pairs were obtained from
these trees using stem analysis. A nonlinear mixed-effects modeling approach was used to develop
diameter growth models. To make the models climate sensitive, model parameters were expressed in
term of climate variables. Inclusion of climate variables significantly improved model fit statistics
and predictive accuracy. For evaluation, diameters (inside bark) at breast height were estimated
for three geographic locations (east, west, and south) across Ontario for an 80-year growth period
(2021–2100) under three climate change (emissions) scenarios (representative concentration pathway
or RCP 2.6, 4.5, and 8.5 watts m−2). For both species, the overall climate effects were negative. For
white spruce, the maximum pronounced difference in projected diameters after the 80-year growth
period was in the west. At this location, compared to the no climate change scenario, projected spruce
diameters under RCPs 2.6 and 8.5 were thinner by 4.64 (15.99%) and 3.72 (12.80%) cm, respectively.
For white pine, the maximum difference was in the south. Compared to the no climate change
scenario, projected pine diameters at age 80 under RCPs 2.6 and 8.5 at this location were narrower by
4.54 (13.99%) and 7.60 (23.43%) cm, respectively. For both species, climate effects on diameter growth
were less evident at other locations. If the values of climate variables are unavailable, models fitted
without climate variables can be used to estimate these diameters for both species.

Keywords: climate change; tree growth; DBH growth models; boreal tree species; nonlinear regression;
mixed-effects model

1. Introduction

Accurate information about forest stand development over time is essential for forest
management planning [1–3]. This information is obtained using forest growth and yield
models that are driven by certain measurable variables (e.g., diameter at breast height
(dbh) and total height of a tree, site index, tree/stand age, basal area). These models are
mainly classified into two categories: stand- and tree-scale [2]. Stand-scale models rely
on stand-level attributes such as stand age, stand density, and site index for growth and
yield calculations. On the other hand, tree-scale models rely on individual tree attributes
(e.g., dbh, height) [3]. Stand-scale models are less comprehensive than tree-scale models
for providing stand structure and its development over time [1]. Tree-scale models pro-
vide detailed information about stand dynamics and structure, including stand volume
distribution by size classes [2].
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Information about individual tree diameters and their growth is needed to determine
current and projected product recoveries from trees growing in a stand under a range
of management alternatives. Therefore, diameter growth models are key components of
tree-scale growth and yield models. The models can be used to estimate individual tree
growth rates, which can be summed to obtain stand-scale estimates [3].

Diameter growth is affected by climate change [4–11]. The nature (positive/negative)
and magnitude of climate effects depend on tree species and geographic locations [3,12].
Pokharel and Frose [13] analyzed climate effects on basal area growth of black spruce (Picea
mariana (Mill.) B.S.P.), jack pine (Pinus banksiana Lamb.), balsam fir (Abies balsamea (L.)
Mill.), and trembling aspen (Populus tremuloides Michx.) grown in natural stands in eastern
Canada. They reported that basal area of all these tree species was significantly affected by
climate.

Maxime and Hendrik [5] examined climate effects on diameter growth of common
beech (Fagus sylvatica L.) and silver fir (Abies alba Mill.) grown in France. They reported
that climate significantly affected diameter growth of these tree species. In another study,
Subedi and Sharma [12] found positive effects of climate change on jack pine diameter
growth but negative effects on black spruce grown in plantations across Ontario, Canada.
For both species, the effects (positive or negative) were more pronounced in the west than
the east. Similarly, Matisons et al. [8] reported that the radial growth of European (common)
beech was sensitive to climate, with sensitivity depending on the method of establishment
and social status of trees.

Sharma [3] recently analyzed climate effects on diameter growth of red pine (Pinus
resinosa Ait.) plantations grown in eastern Canada. He reported that red pine diameter
growth was significantly affected by climate, with positive effects in the southeast and
southwest and negative effects in the central west of Ontario. No effect was evident in
the far west. The magnitude (positive or negative) of the effect varied by geographic
location. Oboite and Comeau [14] also found varying effects of climate on diameter
growth of lodgepole pine (Pinus contorta Douglas ex Loudon), jack pine, trembling aspen,
white spruce (Picea glauca (Moench) Voss), and balsam poplar (Populus balsamifera L.) trees
grown in western Canada. Similarly, Bayat et al. [15] analyzed climate effects on diameter
increment of various tree species of the Hyrcanian Forest of Northern Iran.

Most of the studies described above examined whether diameter/basal area growth
of different tree species in various locations were affected by climate change. Since these
studies reported significant effects (positive/negative of varying magnitude) of climate on
diameter/basal area growth of various tree species, climate factors need to be accounted
for to accurately project future tree growth [16]. Accurate growth projections are crucial for
developing credible forest management plans. Therefore, in addition to analyzing climate
effects on diameter growth of different tree species, Subedi and Sharma [12], Sharma [3],
and Oboite and Comeau [14] also developed diameter growth models by incorporating
climate variables. Similarly, Bayat et al. [15] modeled diameter growth in terms of climate
variables.

White pine (Pinus strobus L.) and white spruce grow throughout much of Ontario.
These species are the most commonly planted commercial tree species after jack pine and
black spruce. The objectives of this study were to (1) examine climate effects on diameter
growth of plantation-grown white pine and white spruce trees, (2) develop climate-sensitive
diameter growth models for these species, and (3) analyze climate effects on their future
diameter growth under three climate change scenarios.

2. Materials and Methods

2.1. Tree Data

For each species, forty even-aged monoculture plantations were selected from across
Ontario, Canada (Figure 1) to sample trees for this study. In total, 400 white spruce and
white pine trees (200 per species) were sampled from these plantations. White spruce
and white pine trees were sampled in fall 2021 and 2022, respectively. For both species,
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the latitude of sample sites ranged from 42.38◦ N to 50.83◦ N and longitude varied from
75.06◦ W to 94.07◦ W. Similarly, the variation in elevation was from 83.0 m to 534.0 m. A
circular temporary sample plot of 400 m2 (11.28 m radius) was established, representing
the tree population in the stand at each plantation site to sample the trees for each species.
If required, the plot size was increased (up to 600 m2) to ensure at least 40 planted live trees
were in the sample plots.

 

Figure 1. Distribution of white spruce (Sw) and white pine (Pw) plantation sites sampled across
Ontario, Canada.

All live trees were measured in each sample plot, and stem density (trees ha−1) and
total basal area (BA ha−1) were calculated by consecutively numbering all trees growing in
the plot for each species. Total basal area of each tree species from each plot was divided
into 5 BA classes. One tree was randomly selected from each BA class for each species at
each plot and destructively sampled. Five trees without visible deformities (e.g., broken
tops, forked, dead, injuries) were sampled from each plot (one tree from each BA class) for
each species. This sampling resulted in 200 trees for each species.

Each sample tree was cut at 0.15, 0.5, and 0.9 m heights below breast height and
one disk was sampled at 1.3 m (breast height). The rest of the height (tree height from
breast height to tip) was divided by 10, with sections cut at the resulting interval. This
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approach resulted in 13 sections per tree for each species. The largest outside and inside
bark diameters and those perpendicular to them passing through the pith were measured
at each stem height where sections were cut. Mean inside and outside bark diameters
were obtained by averaging these diameters at that stem height. Since this study involved
diameter at breast height (DBH) growth, only the disks cut and measurements taken at
breast height from each tree of each species were used for analysis. The sampling and
other data collection protocols used in [3] were applied in this study. For details about the
procedures used to measure mean annual radial growth by stem analysis and calculate
mean annual diameter growth for each tree, refer to [3].

Although all trees of a particular tree species at a specific site were planted during the
same year, erratic early height growth means not all of them reached breast height the same
year. However, climate variable values are tied to a particular calendar year. Therefore,
diameter growth of 5 trees from a site could not be combined to obtain a site-scale growth
series to analyze climate effects on diameter growth. Hence, climate effects on diameter
growth of a tree in a particular calendar year were analyzed using annual/seasonal values
of climate variables from the same calendar year that the tree reached breast height. This
analysis resulted in 200 diameter–age growth series for white pine plantations. For white
spruce, one tree was missing from the final data set, resulting in 199 trees in the growth
series.

The growth period used to analyze climate effects included the time between when
the sample tree reached breast height and when it was sampled, ending in 2021 for white
spruce and 2022 for white pine trees. Summary statistics of trees and stand characteristics
used in this study are listed in Table 1.

Table 1. Summary statistics for measured tree and stand characteristics of plantation-grown white
spruce and white pine trees and climate variables from across Ontario used in this study. DBH = di-
ameter at breast height; BA = basal area ha−1; trees ha−1 = density; TPGS = growing season total
precipitation; MTGS = growing season mean temperature; CMI = climatic moisture index; Std
Dev = standard deviation.

Attribute N Mean Std Dev Minimum Maximum

White spruce
DBH (outside bark) (cm) 199 24.83 7.03 10.10 48.80
DBH (inside bark) (cm) 199 23.20 6.82 9.48 45.53

Total height (m) 199 19.59 3.08 12.30 26.75
Breast height age (yr) 199 48.22 7.71 28.00 69.00

BA (m2 ha−1) 40 41.65 11.16 22.76 81.50
Trees ha−1 40 1134.14 451.22 533.33 2625.00

White pine
DBH (outside bark) (cm) 200 27.78 8.84 11.50 55.10
DBH (inside bark) (cm) 200 25.42 8.01 10.82 49.23

Total height (m) 200 21.09 4.59 8.60 34.90
Breast height age (yr) 200 51.31 15.67 21.00 88.00

BA (m2 ha−1) 40 44.00 12.15 23.09 78.84
Trees ha−1 40 975.08 451.72 366.67 2425.00

Climate variables
TPGS (mm) 9680 459.43 95.86 108.20 960.40
MTGS (◦C) 9680 13.41 1.04 9.65 17.20

CMI for June (cm) 9680 −1.29 3.58 −10.57 13.87
Sum of growing months (April to August) CMIs (cm) 9680 −1.78 8.26 −27.35 29.94

Annual CMI (sum of 12 months CMIs) (cm) 9680 30.61 13.69 −15.47 94.72

2.2. Climate Data

Climate variable values for each sample site were estimated using Canadian climate
models [17]. Estimates of annual/seasonal values of these variables were calculated for
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each year, starting when the sample tree reached breast height and ending in 2022. In this
study, 68 climate-related variables were used including mean, minimum, and maximum
values of total precipitation and air temperatures estimated for each month and quarter of
the year and annually (see [3] for a detailed description of climate variable calculations).

In addition, climatic moisture index (CMI) was computed by subtracting potential
evapotranspiration (PET) from mean monthly precipitation (MMP) for each month of each
year (see [18]). Climate variable values were taken from [16]. Summary statistics of climate
variables used in this study (climate variables that significantly explained diameter growth
of trees in white spruce and white pine plantations) are shown in Table 1.

2.3. Diameter Growth Models

In general, basal area/diameter growth models are developed using composite mod-
els [19–22]. These models include individual tree size, competition effects (tree vigor), and
a measure of site productivity [14,23]. Recently, growth functions commonly used to model
stand height growth have also been used to model diameter growth.

Sharma et al. [24] used a variant (algebraic-difference type) of the Chapman–Richards
function to model diameter growth of Norway spruce (Picea abies (Linnaeus) H. Karsten).
Similarly, Sharma [3] used the McDill and Amateis growth model (see [25]) to describe
diameter growth of red pine in plantations across Ontario, Canada. Comparing this model
to the variant of the Chapman–Richards function used by Sharma et al. [24] for red pine
plantation diameter growth data, he found the McDill and Amateis model had better fit
statistics and predictive ability. The mathematical form of the McDill and Amateis model
was:

D =
β0

1 −
(

1 − β0
D0

)(
A0
A

)β1
+ ε (1)

where D and D0 are diameters at ages A and A0, respectively, β0 and β1 are the parameters
to be estimated, and ε is the model error term. In this model, β0 and β1 determine the
asymptote and shape, respectively, of the curve.

Equation (1) can be easily modified to analyze climate effects on diameter growth by
expressing its parameters in terms of climate variables [3]. Therefore, Equation (1) was
used as the base function to describe diameter growth of trees in white spruce and white
pine plantations. Climate effects on diameter growth of these tree species were analyzed by
expressing the asymptote and the shape parameters as a function of climate variables. Three
site-related variables (longitude, latitude, and elevation) were added to climate variables to
account for site effects on tree diameter growth in white spruce and white pine plantations.

2.4. Methods

Diameter growth data of white spruce and white pine trees were obtained by mea-
suring annual ring widths along the radius of the disks sampled at breast height from
each tree at each plot (site). These data have hierarchical structures (i.e., rings within
trees, trees within plots/sites). Among trees, diameter measurements can be considered
independent, but within a tree they are correlated. Within-tree correlation (autocorrelation)
can be addressed by using a mixed-effects modeling technique [26]. Therefore, in this study
a diameter growth model was fit using a mixed-effects modeling technique. Random effects
at stand and tree scale were added to both asymptote and rate parameters.

Climate- and site-related variables were incorporated into diameter growth models
by dividing them into 3 categories: temperature, precipitation, and site-specific. First, all
temperature-related variables were introduced one at a time and fitted using the NLIN-
MIXED procedure in SAS. The variable that significantly explained the variation in diameter
growth (alpha = 0.05) and produced the lowest Akaike information criterion (AIC) value
was selected as the first climate (temperature) variable to be included in the model.

Precipitation-related variables were then introduced one by one in the presence of
the first temperature-related variable. The one that was significant in the regression and
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resulted in the lowest AIC value was selected to be included in the model. All other
climate- and site-related variables were introduced individually in the presence of the first
2 variables. Similarly, derived variables obtained by making quadratic and/or exponential
transformations of climate- (temperature and precipitation) and site-related variables were
introduced in the model. Variables that significantly explained the variation in diameter
growth and reduced the AIC value were added to the model.

Random effects were added to fixed-effects parameters at site and tree scales as
required. Estimated values of residuals (observed − predicted) from the diameter growth
model were calculated for all 1-year growth periods for each diameter growth series.
Heteroscedasticity in the data was checked by plotting these residuals against predicted
diameter growth.

Climate effects on future diameter growth were evaluated by randomly selecting
3 sites from eastern, central, and western (1 site from each area) Ontario (Figure 1). Inside
bark diameters of white spruce and white pine trees were estimated using the model with
projected values of climate variables for each area for each species under 3 climate change
scenarios. These scenarios include emissions trajectories with 2.6, 4.5, and 8.5 watts m−2 of
warming projected for the end of the century [27]. These scenarios were chosen as these
represent the mildest, an intermediate, and an extreme case of projected climate change
scenarios. These trajectories are known as representative concentration pathways (RCPs).
Since projected values of climate variables were available for 80 years beginning in 2021,
diameters were estimated for an 80-year growth period. These diameters were plotted
against breast height age (BHA).

3. Results

To check whether Equation (1) is appropriate to model diameter growth of trees in
white spruce and white pine plantations, this equation was fit to diameter growth data
collected from these species (Table 2). Nonlinear regression in SAS was used to fit the
equation for both species. Annual diameter growth was determined with the parameters
estimated using regression. Initial values used to estimate the diameters were average
diameter values at age 1 (0.52 and 0.72 cm, for white spruce and white pine, respectively).

Table 2. Parameter estimates and fit statistics (σ2 = mean squared error and AIC = Akaike’s informa-
tion criterion) for the base model (Equation (1)) fitted to diameter growth data collected from trees in
white spruce and white pine plantations across Ontario. NA = not applicable.

Parameters
White Spruce White Pine

Estimates SE Estimates SE

β0 43.9032 0.36930 51.8574 0.64230
β1 1.2177 0.00581 1.0898 0.00613
σ2 0.18866 0.00054 0.05236 0.00075

AIC −4309 NA −1073 NA

Estimated diameters were plotted against breast height age (BHA) for both species
(Figure 2). Observed diameters across BHA were also overlaid in the plot. Diameter growth
profiles generated using Equation (1) closely followed the trend of observed values for
both species. These results confirmed that Equation (1) was appropriate to model diameter
growth of both white spruce and white pine grown in plantations.

Equation (1) was modified to include climate- and site-related variables. Parameters
of Equation (1) were expressed in terms of climate- and site-related variables. The equation
was fit to diameter growth data by expressing each parameter in terms of temperature-
related variables individually for both species. Although many temperature-related vari-
ables were significant in the regression, the rate parameter (β1) expressed in terms of the
mean growing season temperature (MTGS) resulted in the best fit (lowest AIC value) for
both tree species.

136



Forests 2023, 14, 2457

(a) 

 
(b) 

 

Figure 2. Inside bark diameters at breast height (DBH) of all trees across breast height age (observed)
and diameter profiles (predicted) generated using Equation (1) for plantation-grown (a) white spruce
and (b) white pine in Ontario fitted without climate variables.

Precipitation-related variables were then introduced in the model in the presence of
MTGS. The asymptote (β0) expressed in terms of annual climatic moisture index (ACMI),
defined as the sum of the monthly moisture indices, and GMCMI, defined as the sum of
April to August (growing months) moisture indices, explained the variations in diameter
growth more than other variables from this category for white spruce and white pine,
respectively. Other temperature and precipitation variables were then introduced in the
presence of MTGS and ACMI and GMCMI.

In the presence of MTGS and the sum of climatic moisture indices, total growing
season precipitation (TPGS) and June climatic moisture index (JCMI) were also significant
in expressing the rate parameters for both species. No site-related variables (elevation,
latitude, longitude) were significant for both species. For transformations and interactions,
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only the quadratic transformation of JCMI was significant for white pine. The AIC value
decreased significantly for both species when climate variables were introduced.

The diameter growth models that include climate variables can be written as:
White spruce

Dij =
β0 + β2 ACMI

1 −
(

1 − β0+β2 ACMI
Dik(k 
=j)

)(
A0
A

)β1+β3 MTGS+β4TPGS+β5 JCMI + εij (2)

White pine

Dij =
β0 + β2GMCMI

1 −
(

1 − β0+β2GMCMI
Dik(k 
=j)

)(
A0
A

)β1+β3 MTGS+β4TPGS+β5 JCMI+β6 JCMI2 + εij (3)

where Dij is the diameter at breast height of ring j and tree i, β2 to β6 are fixed-effects pa-
rameters associated with climate-related variables, εij is the error term associated with the
jth ring of tree i, and other variables/parameters are as defined earlier. Random effects
were then introduced to fixed-effects parameters. Only random effects associated with
intercepts in the expressions for asymptote and the rate parameter were significant at
tree level. However, introduction of these random effects resulted in very unstable and
inconsistent parameter estimates for both species.

For example, estimates for β3 and β4 were both negative for the model without
random effects but turned positive when the random effects were introduced for white
spruce. Additionally, the estimated standard error for β3 was zero for the model with
random effects for this tree species. Moreover, diameters estimated using the parameters
with random effects were negative for some trees. Results for white spruce were also
inconsistent. Therefore, random effects were not included in the final model for either
species. Table 1 includes the summary statistics for climate variables (TPGS, MTGS, JCMI,
GMCMI, and ACMI) that were significant in the regression.

Table 3 displays the estimated values of parameters for Equations (2) and (3). The
asymptote was expressed as a linear function of ACMI and GMCMI for white spruce and
white pine, respectively. Similarly, the rate parameter was a linear function of MTGS, TPGS,
and JCMI for white spruce, and of MTGS and TPGS and a quadratic function of JCMI for
white pine. The asymptote for the white spruce is negatively correlated with ACMI. On the
other hand, it is positively correlated with GMCMI for white pine.

Table 3. Parameter estimates and fit statistics (σ2 = mean squared error and AIC = Akaike’s informa-
tion criterion) for diameter growth models incorporating climate variables (Equations (2) and (3))
fitted to diameter growth data collected from white spruce and white pine trees in plantations from
across Ontario. NA = not applicable.

Parameters
White Spruce White Pine

Estimates SE Estimates SE

β0 49.7726 0.93160 52.9072 0.7130
β1 1.5247 0.06365 1.3601 0.06869
β2 −0.1585 0.02286 0.3975 0.06065
β3 −0.03690 0.004823 −0.01308 0.00482
β4 0.000381 0.000054 −0.00015 0.00004
β5 0.005878 0.001331 0.00687 0.00133
β6 NA NA −0.00071 0.00025
σ2 0.03596 0.000531 0.05161 0.00074

AIC −4464 NA −1203 NA

The rate parameter was negatively associated with MTGS for both species. However,
the association of the rate parameter with TPGS was positive for white spruce and negative
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for white pine. JCMI was positively correlated with the rate parameter for both species.
Its quadratic term (JCMI2) was only significant for white pine and its association with the
rate parameter was negative. The magnitude of the coefficient for the linear term of JCMI
for white pine was almost 10 times larger than the one for its quadratic term. This result
implies that the positive effect of JCMI on the rate parameter diminishes as the value of
JCMI increases.

Residual plots were made by predicting inside bark diameters of all trees using
Equations (2) and (3) for white spruce and white pine, respectively, at all breast height ages
(Figure 3). These plots indicated that heteroscedasticity was not a concern in fitting the
models. However, diameters larger than 35 cm seemed slightly underestimated for both
species. Residual plots were also made against tree breast height age for both species. All
residuals were clustered around the zero line and there was no bias at any point across the
breast height age for both species.

(a) 

 
(b) 

 

Figure 3. Residuals (observed—predicted) of inside bark diameter at breast height (DBH) estimated
using Equation (2) for plantation-grown white spruce (a) and Equation (3) for white pine (b) in
Ontario plotted against predicted inside bark diameters.

Equations (2) and (3) were further analyzed by computing bias across breast height
age and diameter classes for both species. Predicted diameters were subtracted from
their observed counterparts to calculate residuals. Bias was obtained for each age and
diameter class by averaging residuals in those classes. Standard deviation of the bias was
also obtained for each age and diameter class. These biases and standard deviations are
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provided in Tables 4 and 5 for white spruce and white pine, respectively. The maximum
bias was 0.1316 cm for diameters larger than 45 cm for white pine, with a standard deviation
of 0.2302 cm. Most of the biases were less than 0.09 cm for both species.

Table 4. Bias (observed—predicted) and its standard deviation (Std Dev), minimum, and maximum
of the residuals for diameter at breast height (DBH) class and age class that resulted from fitting
Equation (2) for white spruce trees in Ontario, Canada. (N = number of sample trees).

DBH (cm) N Bias Std Dev Min Max

<15 626 0.1070 0.1282 −0.4102 0.3816
15–20 1661 −0.0880 0.1521 −0.5379 0.6449
20–25 2390 −0.0473 0.1626 −0.7024 0.7316
25–30 2374 0.0056 0.1835 −0.8580 1.0140
30–35 1137 −0.0473 0.1941 −0.5168 0.9998
40–45 721 0.1141 0.2197 −0.5915 1.1369
>45 280 0.1235 0.1875 −0.5004 0.8356

Age (Years)
<10 1791 0.0713 0.2197 −0.8580 1.1369

10–20 1990 0.0131 0.2016 −0.5495 0.8356
20–30 1987 −0.0849 0.1601 −0.4884 0.6388
30–40 1883 −0.0549 0.1570 −0.3814 0.6272
40–50 1123 −0.0083 0.1537 −0.2738 0.7589
50–60 388 0.0332 0.1546 −0.2242 0.7089
>60 27 0.0257 0.0883 −0.1506 0.2247

Table 5. Bias (observed—predicted) and its standard deviation (Std Dev), minimum, and maximum
of the residuals for diameter at breast height (DBH) class and age class that resulted from fitting
Equation (3) for white pine trees in Ontario, Canada. (N = number of sample trees).

DBH (cm) N Bias Std Dev Min Max

<15 474 −0.1274 0.1826 −0.6106 0.7236
15–20 1049 −0.0660 0.1982 −0.5861 1.0820
20–25 1918 −0.0558 0.2097 −0.8363 1.2187
25–30 1878 0.0368 0.2285 −0.7897 1.0537
30–35 1822 −0.0141 0.2151 −0.7197 1.0113
40–45 1266 0.0559 0.2213 −0.8960 1.4841
>45 1254 0.1316 0.2302 −0.5750 1.1761

Age (years)
<10 1800 0.1128 0.2892 −0.8960 1.4841

10–20 1999 −0.0711 0.2131 −0.7197 0.8433
20–30 1900 −0.0953 0.1755 −0.4930 0.8103
30–40 1630 0.0548 0.1708 −0.4117 0.9912
40–50 1240 0.0394 0.1823 −0.2799 0.6525
50–60 532 −0.1264 0.2180 −0.2043 1.1761
60–70 291 0.0894 0.1684 −0.1952 0.6819
70–80 229 0.0814 0.1578 −0.1612 0.5978
>80 40 0.1126 0.1686 −0.1161 0.4775

Climate effects on future diameter growth were evaluated by estimating inside bark
diameters at breast height using Equations (2) and (3) for white spruce and white pine,
respectively. Estimates were made for three sites in Ontario under three emissions scenarios
(RCPs 2.6, 4.5, and 8.6 watts m−2 trajectories). Average diameters of sample trees from
those sites measured at BHA 1 year were used as initial values for these estimations. These
diameters were plotted against BHA for each climate change scenario for each site for each
species (Figures 4 and 5).
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Figure 4. Diameter growth profiles for plantation-grown white spruce trees generated using the
models without climate variables (Equation (1)) (no climate) and with climate variables (Equation (2))
under representative concentration pathway (RCP) 2.6 and 8.5 for eastern, western, and southern
parts of Ontario, Canada.
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Figure 5. Diameter growth profiles for plantation-grown white pine trees generated using the models
without climate variables (Equation (1)) (no climate) and with climate variables (Equation (3)) under
representative concentration pathway (RCP) 2.6 and 8.5 for eastern, western, and southern parts of
Ontario, Canada.
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Projected diameter growths under RCP 2.6 were very similar to those under RCP 4.5 for
both tree species. Therefore, RCP 4.5 growth profiles were not included in Figures 4 and 5.
Annual and seasonal values of all climatic variables were used in Equations (2) and (3) to
estimate future diameter growth for white spruce and white pine, respectively. Diameter
growth was projected from 2021 through 2100 (80-year growth period) for all climate
change scenarios for both species. Diameters were also estimated using Equation (1)
without climate variables.

The climate effects were negative and varied with species and location. The maximum
difference in projected diameters at age 80 for white spruce was in the west. Projected
diameters under RCPs 2.6 and 8.5 were thinner by 4.64 (15.99%) and 3.72 (12.80%) cm,
respectively, compared to those under no climate change scenario. In the east, diameter
differences under RCP 2.6 and 8.5 scenarios were minimal. However, the difference in
diameters with and without climate change was significant. Under climate change scenarios,
diameters at age 80 were thinner than those under no climate change by 2.30 cm (8.00%).
In the south, diameters at age 80 under RCP 2.6 and 8.5 were thinner than those under no
climate scenario by 2.02 (6.79%) and 3.07 (10.33%) cm, respectively.

Climate effects on diameter growth were more consistent for white pine than for white
spruce. These effects were more pronounced under RCP 8.5 than under RCP 2.6 for all
three locations for this tree species. The maximum difference in projected diameters was
in the south and the minimum difference was in the east. At age 80, projected diameters
under RCPs 2.6 and 8.5 in the south were narrower than those under no climate change
scenario by 4.54 (13.99%) and 7.60 (23.43%) cm, respectively. In the east, these diameters
under RCPs 2.6 and 8.5 were thinner than those under the no climate change scenario by
1.17 (3.79%) and 3.36 (10.85%) cm, respectively. In the west, however, projected diameters
under RCPs 2.6 and 8.5 were narrower than those under the no climate change scenario
by 2.76 (9.28%) and 4.96 (16.71%) cm, respectively. Summary statistics of projected climate
variables under three climate change scenarios for the 80-year (2021–2100) growth period
used in this study are presented in Table 6.

Table 6. Summary statistics of projected climate variables significant in explaining the variation of
diameter growth of white pine and white spruce plantations of sample sites used in this study for the
80-year (2021–2100) growth period. TPGS = growing season total precipitation; MTGS = growing
season mean temperature; CMI = climatic moisture index; Std Dev = standard deviation.

Attribute N Mean Std Dev Minimum Maximum

RCP 2.6
TPGS (mm) 6400 570.85 147.86 225.90 1257.30
MTGS (◦C) 6400 14.97 1.10 11.89 18.84

CMI for June (cm) 6400 −3.27 4.25 −12.69 15.59
Sum of growing months (April to August) CMIs (cm) 6400 0.60 7.68 −23.49 28.94

Annual CMI (sum of 12 months CMIs) (cm) 6400 33.01 18.33 −24.68 111.98

RCP 4.5
TPGS (mm) 6400 569.71 128.33 234.00 1038.10
MTGS (◦C) 6400 15.36 1.11 11.90 19.26

CMI for June (cm) 6400 −4.72 4.45 −14.97 13.36
Sum of growing months (April to August) CMIs (cm) 6400 −1.93 7.09 −22.32 31.17

Annual CMI (sum of 12 months CMIs) (cm) 6400 28.84 17.48 −31.15 103.06

RCP 8.5
TPGS (mm) 6400 587.72 135.52 242.70 1225.80
MTGS (◦C) 6400 16.64 1.74 12.21 22.66

CMI for June (cm) 6400 −6.13 5.00 −20.35 13.91
Sum of growing months (April to August) CMIs (cm) 6400 −3.23 9.84 −38.15 30.26

Annual CMI (sum of 12 months CMIs) (cm) 6400 22.46 19.88 −52.11 92.22
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4. Discussion

Climate has both positive and negative effects on tree growth. The nature (posi-
tive/negative) and magnitude of the effects and the climate variables affecting growth
depend on tree species and location. Even for a given species, the nature and magnitude of
the effects can vary from one location to another [28]. Goldblum and Rigg [29] found that
temperature and precipitation had positive effects on the growth of white spruce and sugar
maple (Acer saccharum Marsh.), but temperature had no significant effects on diameter
growth of balsam fir grown in the boreal forest near the coast of Lake Superior in Ontario,
Canada. Similarly, Pokharel and Froese [13] reported that including average annual tem-
perature in modeling basal area growth of natural stand-grown trembling aspen, balsam
fir, jack pine, and black spruce trees improved the fit statistics and predictive accuracy.

Subedi and Sharma [12] examined climate effects on diameter growth of jack pine
and black spruce trees grown in plantations in Ontario. Overall, they found effects of
climate were positive for jack pine but negative for black spruce. The climate variables
that explained the variation in diameter growth were total precipitation of growing season,
precipitation of wettest quarter, and the mean temperature of the growing season for both
species. Negative climate effects on black spruce were more evident than the positive
climate effects on jack pine trees. They used average values of climate variables over a
30-year growth period (1971–2000) to examine climate effects.

Sharma [3] used seasonal/annual values of climate variables to examine climate effects
on diameter growth of red pine in plantations. He reported that diameter growth was
affected by climate and varied by location. The overall effect was positive and pronounced
more in southern than in eastern Ontario. It was neutral in the far west. However, the
effects were negative and less pronounced in the central west. The climate variables that
significantly explained variation in the diameter growth of red pine trees in plantations were
the total growing season precipitation (TPGS) and the range of mean diurnal temperature
(MDTR). Diurnal temperature range is the difference between the maximum and minimum
temperatures on the same day.

In this study, the overall climate effects on diameter growth of white spruce and white
pine trees in plantations were negative. The magnitude of negative effects depended on
tree species and location. The effects were more pronounced for white pine than for white
spruce trees at all locations. For white spruce, the asymptote decreased as the sum of
monthly CMIs for the whole year (January to December) (ACMI) increased. For white pine,
the sum of monthly CMIs of growing months (April-August) (GMCMI) explained more
variation in the asymptote than ACMI and the asymptote increased as the value of GMCMI
increased.

The rate parameter increased as growing season total precipitation and JCMI increased
but decreased as mean temperature of growing season increased. On the other hand, the
rate parameter increased as JCMI increased to a certain limit (the coefficient of the quadratic
term of JCMI was negative) and decreased if the values of both total precipitation and mean
temperature of the growing season were elevated.

In other studies, Matisons et al. [8] and Adhikari et al. [11] found June weather core-
lated with radial growth of European beach and post oak (Quercus stellata Wangenh.) grown
in Europe and Oklahoma, United States, respectively. Similarly, Oboite and Comeau [14]
reported positive effects of CMI on diameter growth of lodgepole pine, jack pine, trembling
aspen, white spruce, and balsam poplar grown in western Canada. They also reported
that a longer frost-free period (FFP) had positive effects on the diameter growth of balsam
poplar and trembling aspen trees. However, the FFP had negative effects on the diameter
growth of lodgepole and jack pine trees. On the other hand, Bayat et al. [15] found that
the impact of climate change on diameter growth of several tree species in the Hyrcanian
Forest was not very pronounced. They reported that the diameter growth under climate
change decreased by 7% at the end of 2070 as compared to the beginning of the growth
period.
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Climate effects varied among species. Even for the same species, effects varied by
location even within a province (Ontario). The projected values of diameter growth under
different climate change scenarios showed that climate had positive effects on diameter
growth of jack pine [12] but negative effects on that of black spruce [12], white spruce, and
white pine (this study). Climate had both positive and negative effects on red pine. It was
positive in the east and west but negative in the south. Effects on black spruce were most
evident, followed by those on red pine, white pine, and white spruce. Among red pine,
white spruce, and white pine, white spruce growth was least affected. Effects on red pine
and white pine growth were similar, with red pine affected slightly less.

Competitive interactions can modify the growth responses to climate change [28].
Similarly, the response may vary from its northern to southern boundary [3]. It was not
possible to cover the native range and stand density in sampling white pine and white
spruce trees. Additionally, Sharma [30] reported that the climate effects on height growth
of black spruce in mixed stands depended on the tree species that it grew with. Therefore,
caution should be applied in utilizing the diameter growth models presented here to
determine the climate effects on growth of all white pine and white pine populations.

5. Conclusions

Climate-sensitive diameter growth models were developed for white pine and white
spruce plantations. The McDill–Amateis growth function was used as the base function
to model diameter growth of these tree species. To make the model climate sensitive, the
asymptote and rate parameter of the function were expressed in terms of climate variables.
The climate variable that explained the variation in the asymptote of white spruce trees
was the sum of monthly climatic moisture index (CMI) for the whole year. For white pine,
variation in the asymptote was explained by the sum of monthly CMI of the growing
months.

For the rate parameter, mean temperature and total precipitation of the growing season
and June CMI significantly explained the variation for both species. Climate effects were
evaluated at three geographic locations across Ontario (east, west, and south) for each
species under three climate change (emissions) scenarios. The overall effects of climate were
negative, with magnitude depending on tree species and growing location. The negative
effect of climate on diameter growth was more pronounced for white pine than for white
spruce.

Inside bark diameters at breast height of white spruce and white pine plantations can
be estimated using the models presented here. Projected seasonal/annual values of climate
variables under the most accurate emissions (climate change) scenario are needed for
accurate estimations. Forest management plans developed using climate-sensitive models
should provide forest managers with more accurate information about forest growth than
traditional models. If the values of climate variables are unavailable, the models fitted
without climate variables can be used to estimate the diameters of the tree species used in
the study.
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Abstract: Turkey oak (Quercus cerris L.) is a thermophilic oak species that is gaining importance in
the context of ongoing climate change because of its better resistance to climatic extremes and drier
conditions. Therefore, this article focuses on Turkey oak’s role and growth properties in the coppice
forests of Southern Europe (Italy, Bulgaria) compared to similar site conditions in Central Europe
(Slovakia, Czechia). The aims are to evaluate the basic dendrometry indicators, stand biodiversity,
growth dynamics, and the effect of climatic factors on tree-ring increment on specific site chronologies.
We found that the tree density in coppices of 50–60 years varied between 475 and 775 trees ha−1,
and the stand volume ranged from 141 to 407 m3 ha−1. The complex stand diversity of all plots
ranged from a monotonous to uniform structure. The size of tree-ring growth was closely related to
indicators of stand density. The lowest influence of climatic factors on tree-ring growth was found
in sites in Italy and the highest in Slovakia. The primary limiting factor for growth was the lack of
precipitation during the growing season, especially in June and July. In contrast, temperature had
a marginal effect on radial growth compared to precipitation. The radial growth in research plots
in Southern Europe goes through longer 6 to 8-year growth cycles, and in Central European sites, it
goes through shorter cycles of 2.4 to 4.8 years, which confirms better growth conditions in this region.
The studied coppice stands exhibit a stable reaction to climate change. Yet, regarding cyclical growth,
the Central European stands benefit from an advantageous climate and grow better than in Southern
Europe. As part of the changing environmental conditions, Turkey oak is becoming an important
tree species that can achieve high production potential even in drier habitats due to its regeneration
characteristic as coppice and may play a critical role in its northerly introduction in Europe.

Keywords: dendrochronology; cyclical dynamics; stand structure; biodiversity; timber production

1. Introduction

Forest ecosystems are experiencing ongoing climate change worldwide, and the
changes are evident, especially in European forests [1–4]. Standard forest management
practices appear unsuitable for providing sustainable and stable timber production and
ecosystem services such as carbon sequestration [5–7], improved water dynamics in forest
stands, drought mitigation [8,9], biodiversity conservation [10], and many other ecosystem
functions. Therefore, forest managers are looking for alternatives to standard management
practices, which have existed for decades or even centuries, aiming to provide essential
benefits, such as timber production, thereby generating income for forest owners in the
first place [11–13].

Coppice forests are an alternative to standard forest management practices. However,
it is an almost forgotten management method in some European regions [14]. Coppicing
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represents the oldest form of systematic and sustainable use of these forests [15,16]. It is
a very flexible system that requires low energy consumption and skilled labor and has
adapted to the needs of rural societies that provide logs for fuel, charcoal, agriculture, and
small businesses [17,18]. The owners or users of these forests build on local ecological
knowledge to help maintain and increase the resilience of this social-ecological forest
management system [19–21].

The management is based on the stump sprouting of some tree species after felling [22].
Coppice is established by clonal stems forming interconnected groups or predominantly
multi-stemmed clusters of individuals that have arisen by vegetative propagation [23,24].
The rotation period of the stand is usually short (about 15–30 years) and, therefore, signifi-
cant structural changes occur during coppicing [25]. Ancient coppices are a specific type of
habitat that reflects long-term human influence and contains high species biodiversity [26].
They preserve local tree ecotypes and, in some locations, are the only remnants of original
trees with a natural species composition, even though the stand structure has changed [27].
Coppices show enormous variability and adaptability in the tree and herb layers and in
their growth processes [28–30]. This management method preserves the biodiversity of
plants, including rare species of ground flora [31], and is, therefore, of considerable interest
to nature conservation [32–34].

Growth of coppice begins when a single-trunk tree is felled. Then, multiple shoots start
to sprout, forming a multi-stemmed tree. Repeated felling results in multi-stemmed trees.
Several of these multi-stemmed trees in one area create a coppice forest [35]. Compared to
seed regeneration, coppice’s initial growth is much faster [36] thanks to the well-developed
root system of harvested trees [37]. A sprout can grow up to 1 m per year, depending on
many factors, such as tree species, habitat conditions, the stump’s age, or the timing of the
logging operation [38].

The coppice stands are characterized by rapid changes in thermal, light, and hydrolog-
ical regimes [24]. The dynamics of regenerative forests thus offer a highly heterogeneous
environment within a relatively small area [39]. As a result of regular harvesting interven-
tions, all phases of forest succession occur periodically [35,40], enabling the coexistence of
species with different strategies—light-demanding and shade-tolerant [41]. In the initial
stages of the coppice cycle, open areas benefit light-demanding species. As the stand
density increases and the canopy closes, it limits the ground vegetation growth [35]. These
stands are dense, but as competition increases, gaps are formed in later stages due to the
death of some sprouts or logging operations [42,43]. In addition to ground vegetation,
coppice management influences lichens, fungi, beetles, saproxylic insects, [24,44], and
birds [45].

Currently, coppice forests are most widespread throughout the Mediterranean, cov-
ering 23 million ha [35,46,47]. For example, in Italy, coppice forests cover 3.663 million
hectares [35], and of these, both evergreen and deciduous forests of Quercus spp. encompass
an area of approximately 1.6 million ha [17]. In Slovakia, coppices now cover 110,000 ha,
compared to 1950 when they covered 196,000 ha, so there is evidence of a decreasing trend
of this management practice [48]. The same trend is evident in Czechia, where most of the
coppice forests were transformed into high forests [49] (a forest of generative origin with a
usual production period of at least 100 years) [50]. In Czechia, coppice forests covered only
109,900 ha in 2013, whereas in 1845, they covered 1,457,400 ha [49]. These transformations
from coppice forests are also evident in other European countries, especially since the
second half of the 20th century when this forest management declined significantly [41].

Coppice forests in the past were mainly preserved in the form of stumps, which
were either transferred to high forests or left untouched [35,39,51]. The primary goal of
converting coppices to a high forest is to restore the original physiognomic, structural,
and spatial diversity of close-to-nature stands [52,53]. Coppices can be converted to high
forest in basically two ways: passively by aging (without intervention) or actively by
thinning [54]. On the other hand, the current trend is the opposite and is more inclined to
coppice forest conservation and restoration in many areas [24]. Among the countries that
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still actively use coppice forest management are, for example, Romania, Bulgaria, Austria,
France, Italy, and Spain [55]. In the last two decades, there has been renewed interest in
coppice regarding their ecological functions and the provision of numerous ecosystem
services [17,56]. In addition, regeneration in coppice is less damaged by game than artificial
planting due to the increasing numbers of ungulates in Europe [57,58]. Interest in coppice
forest management has also increased within the last decade due to the rising importance
of their resilience to climate change [56].

Traditionally, coppice forest stands consist of broadleaved tree species with a high
potential for coppice management [24]. Oaks are among the most suitable species utilized
for this purpose, such as native sessile oak (Quercus petraea) [33]. Ongoing climate change
creates suitable conditions for thermophilic oak species, including Turkey oak (Quercus
cerris L.), which originally expanded mainly to Southeastern Europe but currently spread
to Central Europe. Existing stands of Turkey oak, principally coppices in Europe, are
most likely the result of 5000 years of human activity on these stands [59,60]. Coppices
of Turkey oak stands in the hills of Italy cover 675,532 ha (18.4%) of the forest area [16].
Coppices in Italy have proven to be the most important cultivation system, widespread
primarily in private deciduous forests [61]. In Bulgaria, Turkey oak stands cover an area
of 258,400 ha (7.0%) [62], and Turkey oak is also common in Slovakia, where it covers
50,773 ha (2.6%) [63]. Moreover, thermophilic tree species, such as Turkey oak, can play a
significant role in the context of ongoing climate change because they can better withstand
climatically demanding and drier conditions [4,64]. The synergism of these two factors
can be helpful for its successful introduction into new areas outside its natural range of
distribution at present, when many native tree species, such as Norway spruce (Picea abies
[L.] Karst.), are experiencing a large-scale decline in Europe [65].

Turkey oak growth and its reaction to ongoing climate change in Central and Southern
Europe have not yet been described in detail. Closer studies of this type are necessary for
understanding the adaptability of this tree species to climate change and the possibility
of introduction outside its native areas. However, for the first step in determining growth
processes, it is crucial to thoroughly analyze the stand structure (diversity, horizontal, and
vertical structure) and production parameters (tree density, stocking, stand volume, etc.),
which significantly affect the response of trees to climate change and cyclical events [4,66].
Therefore, the main objectives of this paper are (i) to evaluate the production potential,
structure, and biodiversity of Turkey oak coppices in research sites in Italy, Bulgaria,
Slovakia, and Czechia, (ii) determine growth conditions, cyclical dynamics, and the effect
of climate factors (temperature and precipitation) on tree-ring growth in site chronologies
in Southern and Central Europe, (iii) analyze the relationship between stand structure,
production parameters, and tree-ring growth, and finally (iv) evaluate the growth dynamics
during ongoing climate change.

2. Methodology

2.1. Study Area

Areas of interest in Southern and Central Europe (Italy, Bulgaria, Slovakia, and
Czechia) include monospecific coppices of Turkey oak. In Italy and Bulgaria, these are
foothills to mountainous locations, and in Slovakia and Czechia, they are lowlands. In
individual countries, coppices aged 50–60 years were selected in areas where this silvi-
cultural method has a thousand-year tradition. Coppicing is a silvicultural system based
on systematically repeating the vegetative regeneration of sprouts, whereas high forest
is regenerated generatively and the production period is at least 100 years [50]. Forest
management on PRPs is based on individual thinning with respect to health status and
target diameter at breast height (DBH). All studied stands belong to the association Quercion
pubescenti-petraeae. The location of the permanent research plots (PRPs) is shown in Figure 1,
and a basic overview of PRPs in Table 1. Long-term annual air temperature ranges from
8.8 to 13.7 ◦C, and the average sum of precipitation is 497–1022 mm in the study areas
(Table 2). According to the worldwide Köppen classification, PRPs in Czechia and Slovakia
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belong to the climate categorization Cfb—temperate oceanic climate with cool summers,
mild winters, and a relatively narrow annual temperature range; PRPs in Bulgaria belong
to Dfb—warm summer, humid continental climate, with substantial seasonal temperature
differences; PRPs in Italy belong to Csa—hot summer, Mediterranean climate, with dry
summers and mild, wet winters.

 

 

Figure 1. Localization of permanent research plots in coppices of Turkey oak in areas of interest in
Europe (up); the precipitation (down left) and air temperature (down right) during the calendar year
from I (January) to XII (December) in Italy (IT_1), Bulgaria (BG_2), Slovakia (SK_3), and Czechia
(CZ_4).
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Table 1. Overview of basic site and stand characteristics of Turkey oak coppices in areas of interest
in Europe.

Plot
Name

Country Coordinates Altitude Exposition Slope
Geological

Bedrock
Soil Age DBH Height

Stand
Volume

(m) (◦) (cm) (m) (m3 ha−1)

IT_1 Italy 40◦32′53.025′ ′ N
15◦43′38.775′ ′ E 1000 W 4.3 limestone, marl rendzina 60 31 22 407

BG_2 Bulgaria 42◦31′13.619′ ′ N
22◦33′4.277′ ′ E 1060 SW 5.7 sandstone cambisol 50 19 16 141

SK_3 Slovakia 48◦4′14.677′ ′ N
18◦21′58.449′ ′ E 220 SE 2.9 loess clay cambisol 60 29 21 275

CZ_4 Czechia 48◦44′31.877′ ′ N
16◦47′35.951′ ′ E 200 S 0.0 marl cambisol 60 28 22 342

Notes: W—west, SW—southwest, SE—southeast, S—south, DBH—diameter breast height.

Table 2. Overview of basic meteorological characteristics of research areas.

Plot
Meteo.

Station Name

GPS of
Meteo.
Station

Station
Altitude (m

a.s.l.)

Distance to
Plot (km)

Annual
Temperature

(◦C)

Seasonal
Temperature

(◦C)

Annual
Precipitation

(mm)

Seasonal
Precipitation

(mm)

IT_1 Abriola 40◦31′8′ ′ N
15◦47′38′′ E 1225 6.5 13.7 26.3 1022 258

BG_2 Divlya 42◦28′43′ ′ N
22◦41′34′ ′ E 720 12.5 8.8 16.3 552 268

SK_3 Hurbanovo 47◦52′00′′ N
18◦12′00′′ E 115 25.8 10.4 18.5 532 273

CZ_4 Lednice 48◦47′35′ ′ N
16◦47′58′ ′ E 177 5.7 9.8 17.6 497 291

2.2. Data Collection

From 2021 to 2022, four PRPs with a size of 25 × 25 m (0.0625 ha) were inventoried.
The structure of the tree layer was measured using FieldMap technology (IFER-Monitoring
and Mapping Solutions Ltd., Jílové u Prahy, Czech Republic). Each stem was regarded as
an individual tree, for both single stems and polycormons (stem with more shoots). The
diameter at breast height, position of all individuals with a DBH ≥ 4 cm, total height, height
of the green crown base, and crown projection area (at least in four mutually perpendicular
directions) were measured. The height of the live crown base was measured at the point
where branches formed a continuous whorl of a crown. The crown radii in four directions
were measured at a right angle to each other through the centroid of the crown by FieldMap
hardware [67]. Boundary trees with more than half of their DBH lying inside a PRP
were included. The diameter at breast height was measured with a Mantax Blue caliper
(Haglöf, Långsele, Sweden) with an accuracy of 1 mm, while DBH was averaged from two
measurements. Individual tree height and the height of the live crown base were recorded
with a Vertex laser hypsometer (Haglöf, Långsele, Sweden) with an accuracy of 0.1 m.

For the analysis of the radial growth of Turkey oak, core samples were obtained
from the trees with a Pressler auger (Haglöf, Långsele, Sweden) at a height of 1.3 m in
the direction up/down the slope. Dendrochronological samples were taken from the
visibly healthy trees with no signs of damage in the trunk or crown. The sampled trees
were dominant and co-dominant according to the Kraft classification [68]. The selection
was examined randomly (RNG function, Excel) according to the distribution in the stand,
which describes growth response (compared to sub-dominant and suppressed trees on
each research plot [69]. The number of samples had to be sufficient for the EPS indicator
described in Data Processing. A total of 104 samples were taken for dendrochronological
analysis. The individual numbers of samples per area are described in the table of the
site dendrochronology description of the research plots in the Results. Ring widths were
measured to the nearest 0.01 mm with an Olympus binocular on a LINTAB measuring table
and recorded with the TsapWin program [70].
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2.3. Data Processing
2.3.1. Stand Structure and Analysis

The basic structure, diversity, and production characteristics of the tree layer were
evaluated by the SIBYLA 5.1 software [71]. The input data were measured by individual
dendrometric characteristics of trees (tree species, height, DBH, crown width, live crown
base, and age), including coordinates. The PointPro 2.1 program (CZU, Prague, Czechia)
was used to calculate the characteristics describing the horizontal structure [72] of tree
individuals on the PRPs. The aggregation index was derived from all distances between
the two nearest neighbors, the number of trees in the plot, plot area, and the perimeter of
the plot [72]. The significance test of deviations from the values expected for a random
arrangement of points was performed using Monte Carlo simulations. In the results,
statistically significant values (exceeding the confidence interval) are marked with an
asterisk. Next, structural diversity was evaluated based on the vertical Arten-profile
index [73], diameter and height differentiation [74], crown differentiation, and total stand
diversity (Table 3) [75]. The Arten-profile index was calculated using the basal area of tree
species in individual stand layers [76]. Diameter and height differentiations are related to
the ratio between the larger and the smaller diameter/height of all nearest neighboring
trees [74]. The stand diversity index was calculated with regard to complex biodiversity [75].
Total diversity is composed of the following components of diversity: tree species diversity,
diversity of vertical structure, diversity of tree spatial distribution, and diversity of crown
differentiation. The input variables are the number of tree species, maximum and minimum
tree species proportion, maximum and minimum tree height, maximum and minimum tree
spacing, minimum height to crown base, and minimum and maximum crown diameter [77].

Table 3. The indices describing stand structure and their common interpretation.

Criterion Quantifiers Label Reference Evaluation

Horizontal structure Aggregation pattern R (C&Ei) [72] mean value R = 1; aggregation R < 1;
regularity R > 1

Vertical structure Arten-profile index A (Pri) [73] range 0–1; balanced vertical structure
A < 0.3; selection forest A > 0.9

Vertical diversity S (J&Di) [75] low S < 0.3, medium S = 0.3–0.5, high
S = 0.5–0.7, very high S > 0.7

Structure
differentiation

Diameter dif. TMd (Fi)
[74] range 0–1; low TM < 0.3; very high

differentiation TM > 0.7Height dif. TMh (Fi)

Crown dif. K (J&Di) [75] low K < 1.0, medium K = 1.0–1.5, high
K = 1.5–2.0, very high K > 2

Complex diversity Stand diversity B (J&Di) [75]

monotonous structure B < 4; uniform
structure B = 4–5.9; non-uniform

structure B = 6–7.9; diverse structure B
= 8–8.9; very diverse structure B > 9

Notes: Monotonous structure = stands composed solely of a single tree species; vertically undifferentiated tree
canopy; low variation in tree crown diameters; systematic spatial arrangement of trees. Uniform structure = stands
composed of one to two tree species; vertical structure of the tree canopy formed by a single layer, occasional
identification of a second layer; random horizontal structure of trees. Non-uniform structure = stands composed
of up to four tree species with varied mixed proportions; vertical structure consisting of two to three tree layers;
average crown size reaching 50%; random to weak clustering tree spatial pattern. Diverse structure = stands
composed of an average of five canopy-forming tree species, with two to three having similar mixture proportions;
irregularly moderately multilayered vertical structure, rarely differentiated; spatial arrangement of trees classified
as heterogeneous with a tendency to cluster. Very diverse structure = forests characterized primarily by high
biological diversity; vertically structured profiles forming multiple tree layers, containing up to seven canopy-
forming tree species, of which at least three to four have relatively equal representation; highly varied crown
widths; spatial arrangement of trees perceived as clustered [75].

The stand volume was calculated according to [78]. The relative stand density index
(SDI) [79], the canopy closure (CC) [80], and the crown projection area (CPA) were observed
for each PRP. The relative SDI was calculated as the ratio of the actual value of the stand
density index to its maximum value. The stand density index represents the theoretical
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number of trees per hectare if the mean quadratic diameter of the stand component is equal
to 25 cm [79].

2.3.2. Dendrochronological Processing and Analysis

Dendrochronological data were analyzed in software R (version 4.3.1) [81] using the
packages “dplr” [82,83] and “pointRes” [84]. Detrending of each measured sample was
carried out by negative exponential detrending with a spline of 2/3 of the age of each
tree using “dplr′ ′ instructions [85]. The detrended tree-ring growth data are averaged as
ring-width index (RWI) that further describes site chronology for the research plot. An
analysis of the pointer years through relative growth change was performed [86]. The
pointer years reflect the number of standard deviations from the local mean of the average
ring-width series in the previous four years. The pointer years identify event years where
the pointer year > 0.75 standard deviation of the previous four years. The threshold of the
percentage of trees in a negative or positive event year was used [87]. The pointer years
and percentage mean annual growth deviation are distinguished by the most common
event in the year class [84].

An expressed population signal (EPS) was carried out for the detrended data series.
The EPS represents the reliability of a chronology as a fraction of the joint variance of
the theoretical infinite tree population. The EPS was employed to represent the limit for
using the dendrochronological data series concerning the climatic data. The significant EPS
threshold for using the dendrochronological data is EPS > 0.85 [85]. The signal-to-noise
ratio (SNR) indicates chronological signal strength. The SNR is a statistical metric that
evaluates the strength of the targeted signal within a dataset of the series compared to the
background noise level. A higher SNR value indicates a more robust climatic signal relative
to noise. Inter-series correlations (R-bar) were calculated for the dendrochronological data
series. The R-bar quantifies the similarity of tree-ring patterns among various samples.
It represents the average pairwise correlation coefficient between individual trees within
a chronology. A higher R-bar value signifies increased coherence among the tree-ring
patterns [88]. First-order autocorrelation (Ar1) was also carried out. The Ar1 describes the
degree of cross-correlation between a data point and the preceding one in a time series
of tree-ring series. The EPS, SNR, R-bar, and Ar1 were calculated by the instructions to
“dplr′ ′ [85] based on common dendrochronological theories [88,89].

2.3.3. Tree Rings and Climatic Analysis

The average tree-ring series of Turkey oak from research plots IT_1, BG_2, SK_3, and
CZ_4 was correlated with climate data, namely precipitation and temperatures; 1968–2022
from weather stations in Italy (Potenza—720 m a.s.l.), Bulgaria (Divlya—600 m a.s.l.),
Slovakia (Hurbanovo—115 m a.s.l.), and Czechia (Lednice—177 m a.s.l.) according to
individual months and years. The DendroClim 2002 software [90] was used to model the
radial growth depending on the climatic characteristics.

Spectral analyses of the data were performed using Statistica 13 software. The calcula-
tion was accomplished using the “Single Fourier (Spectral) Analysis′ ′ function, utilizing
the “Periodogram′ ′ plot by “Period′ ′ output. The sine and cosine functions are mutually
independent, also known as orthogonal. Therefore, we can aggregate the squared coeffi-
cients for each frequency to create the periodogram. The values in the periodogram can be
understood in relation to the variance, representing the sums of the squares and of the data
at the corresponding frequency or period [91]. While our datasets are in yearly intervals, the
“period′ ′ in spectral analysis describes the length of the yearly interval cycles. The intensity
of the cycles of our datasets indicates “periodogram values”, which are expressed as the
density of cycles per observation. This allows the identification of dominant frequencies or
periods (cycles) in the data.

Seasonal temperature was determined by calculating the arithmetic mean of the
monthly values within these seasonal months. For the calculation of seasonal precipitation,
the sum of monthly precipitation totals during the respective seasonal periods was used.
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The intentional selection of this seasonal window was intended to reduce variability at the
start and end of the growing season. Thus, the seasonal data assessed within this timeframe
accurately represent the shared vegetation period across all research plots.

A principal component analysis (PCA) was performed in the CANOCO 5 program [92]
to evaluate the relationships between the stand structure, production parameters, radial
growth, and research plots. This tool was used to reduce the dimensionality of a dataset
while preserving the most important patterns, information, or relationships between the
variables [93]. Prior to analysis, the data were standardized, centralized, and logarithmized.
The results of PCA were presented in the forms of species and environmental variables
ordination diagram. The input data to the PCA included the following parameters: stand
volume, stem volume, basal area, diameter, slenderness coefficient, height, tree density,
total diversity, diameter structure, vertical structure, and horizontal structure indices. The
total number of variations was 48 (samples × species).

3. Results

3.1. Stand Characteristics, Production, and Diversity

Dendrochronological characteristics of the research plots in Table 4 reveal that all data
exhibit significant EPS values for climate comparison with the ring-width index (RWI)
of Turkey oak, indicating an EPS higher than 0.85 across the entire examined sample
period. The sample count (No. trees) per plot varied from 24 to 29, with IT_1 = 24,
BG_2 = 25, SK_3 = 26, and CZ_4 = 29 sample units. The mean ring width (RW) ranges
from 2.09 to 3.13 across individual plots, with BG_2 having the lowest RW at 2.09 mm
and SK_3 the highest at 3.13 mm. The Ar1 indicator suggests that research plots in BG_2
and IT_1 (Ar1 = 0.79; 0.60) exhibit higher to moderate levels of autocorrelation, indicating
a substantial correlation between values in one year and those in the previous year. In
contrast, plots in CZ_4 and SK_3 have (Ar1 = 0.41; 0.57), indicating a moderate to slightly
lower degree of autocorrelation.

Table 4. Dendrochronological characteristics of Turkey oak stands on permanent research plots.

PRP No. Trees
Mean RW

(mm)
SD RW
(mm)

Mean Min–Max
(mm)

Age
Min–Max

Ar1 R-Bar EPS SNR

IT_1 24 2.69 1.03 1.66–4.65 36–66 0.60 0.34 0.90 8.71
BG_2 25 2.09 1.11 1.46–2.97 35–55 0.79 0.43 0.93 12.87
SK_3 26 3.13 1.45 0.95–5.31 33–69 0.57 0.46 0.90 8.89
CZ_4 29 2.23 1.06 1.60–3.09 40–63 0.41 0.55 0.97 29.60

Notes: No. trees—number of used core samples, mean RW—mean ring width, SD RW—standard deviation
of ring width, mean min–max—mean ring-width range from the smallest to biggest tree, Age min–max—age
range of the youngest and oldest sample tree, Ar1—first order autocorrelation, R-bar—inter-series correlation,
EPS—expressed population signal, SNR—signal-to-noise ratio.

The number of live Turkey oak trees from 2021 to 2022 ranged between 475 and
775 trees per ha with an SDI of 0.52–0.82 (Table 5). The highest mean DBH (30.5 cm)
and tree volume (0.708 m3) was from inventoried stands in Italy, while the lowest values
were observed in Bulgaria (19.0 cm, 0.182 m3). In general, as tree density increases, tree
dendrometric parameters decrease. The basal area ranged from 22.0 (BG_2) to 41.6 m2 ha−1

(IT_1), and the stand volume was from 141 m3 ha−1 (BG_2) to 407 m3 ha−1 (IT_1). The
mean annual increment was from 2.82 m3 ha−1 in Bulgaria to 6.78 m3 ha−1 in Italy.

In terms of the horizontal structure, the spatial pattern of trees was prevailingly
random or clustered in Bulgaria (Table 6). The vertical structure was quite variable (A
0.266–0.530), i.e., balanced on IT_1 to moderately differentiated on other PRPs. The diame-
ter and differentiation index varied and reached low values, with the highest variability
in Italy. Concerning the overall stand diversity, IT_1, BG_2, and SK_3 showed a uniform
structure (B 4.507–5.075), whereas CZ_4 showed a monotonous structure (B 3.917). Simi-
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larly, the lowest crown differentiation was observed in the Czech PRP compared to high
crown diversity in Bulgarian stands.

Table 5. Overview of stand parameters of Turkey oak coppices.

PRP DBH h f v N G V hd MAI CC SDI

(cm) (m) (m3) (tree ha−1) (m2 ha−1) (m3 ha−1) (m3 ha−1 year−1) (%)

IT_1 30.5 22.33 0.434 0.708 575 41.6 407 0.732 6.78 88.6 0.82
BG_2 19.0 16.22 0.395 0.182 775 22.0 141 0.854 2.82 77.1 0.52
SK_3 28.8 20.92 0.425 0.579 475 30.9 275 0.726 4.58 80.8 0.62
CZ_4 28.2 21.80 0.402 0.547 625 39.1 342 0.773 5.70 87.4 0.79

Notes: DBH—mean quadratic diameter at breast height, h—mean height, f—form factor, v—average tree volume,
N—number of trees, G—basal area, V—stand volume, hd—slenderness ratio, MAI—mean annual increment,
CC—canopy closure, SDI—stand density index.

Table 6. Biodiversity of stands with Turkey oak on all PRPs.

PRP
R

(C&Ei)
A

(Pri)
S

(J&Di)
TMd

(Fi)
TMh

(Fi)
K

(J&Di)
B

(J&Di)

IT_1 0.896 0.266 ↘↘ 0.783 ↗ 0.314 ↘ 0.156 ↘↘ 1.219 → 4.507 ↘
BG_2 0.676 * 0.385 ↘ 0.594 → 0.252 ↘↘ 0.147 ↘↘ 1.761 ↗ 5.075 ↘
SK_3 0.931 0.530 → 0.758 ↗ 0.220 ↘↘ 0.188 ↘↘ 1.490 → 4.693 ↘
CZ_4 1.206 0.426 ↘ 0.304 ↘ 0.163 ↘↘ 0.082 ↘↘ 0.714 ↘ 2.105 ↘↘

Notes: R—aggregation index, A—Arten-profile index TMd—diameter differentiation index, TMh—height differ-
entiation index, S—vertical diversity index, K—crown differentiation index, B—stand variability index statistically
significant (p < 0.05) for horizontal structure (A—aggregation, R—regularity); arrows: ↘↘—low, ↘—low-
medium, →—medium, ↗—high. * statistically significant aggregation spatial pattern (α = 0.05) for horizontal
structure (R index).

The diameter structure shown in Figure 2 demonstrates greater diameter variability
with a broader distribution on the diameter spectrum in the case of Italy. The oak stands
resembled the Gaussian curve in shape (typical of the same-age stand), which was the least
flattened in the case of Bulgaria. Overall, oak was the most common in diameter classes,
ranging from 18–23 (Bulgaria) to 28–33 cm (Czechia).

   

Figure 2. Diameter structure of oak forest stands according to countries.
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3.2. Tree-Ring Growth

The ring-width increment of Turkey oak in the PRPs is different for each research
plot (Figure 3). In terms of size, none of the PRPs have an increment lower than 0.5 or
higher than 1.7 in RWI values. All research plots show irregular growth from one another.
Overall, the tree-ring chronologies of Turkey oak were not subject to significant long-term
fluctuations in the ring-width index over the study period. However, in the short term, the
Central European PRPs fluctuate more in growth, as seen in the more irregular growth in
CZ_4 and SK_3 from year to year. In contrast, the RWI of the PRPs in Southern Europe—IT
and BG—show higher growth stability over the study period.

Figure 3. Standardized ring-width index chronology of Turkey oak in the period 1968–2022: (a) IT_1
(Italy); (b) BG_2 (Bulgaria); (c) SK_3 (Slovakia); (d) CZ_4 (Czechia).

The research plots in SK_3 and CZ_4 demonstrate a more fluctuating growth pattern
in terms of annual oscillations of RWI from year to year. The annual RWI reveals that, in
the case of SK_3, the RWI ranged from 0.65 in 2012 to 1.38 in 2013. Similar variability was
observed in CZ_4, with notable fluctuations in the RWI, such as in 1978 (RWI = 0.80) to
1979 (RWI = 1.47). Significantly smaller RWI fluctuations were observed in plots in IT_1
and BG_2. This variation in plots from southern regions of Europe exhibits considerably
smaller annual differences. For instance, from 1983 to 1984, IT_1 experienced a higher RWI
increase, but only from 0.60 to 0.96. Similar small fluctuations are seen in BG_2, where
notable RWI increases occurred, for example, in 1987 to 1988, with the RWI rising from 0.86
to 1.13.

Mean growth deviations in RWI are described in Figure 4 for research plots in IT_1,
BG_2, SK_3, and CZ_4. Two climatically significant years were recorded for BG_2 in 1979
and 1980. In CZ_4, the negative climatic years were 1973 and 2017. From the viewpoint of
negative climatic years, there is no noticeable difference between the PRPs in Southern and
Central Europe.
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Figure 4. Percentage of mean growth deviation of Turkey oak for the period 1960–2022 with the
pointer years (highlighted in dark grey); (a) IT_1 (Italy); (b) BG_2 (Bulgaria); (c) SK_3 (Slovakia);
(d) CZ_4 (Czechia).

In terms of mean deviations and their oscillations, it is evident that plots in the southern
regions of Europe—IT_1 and BG_2—exhibit a smoother transition between negative decline
and growth deviations. In contrast, plots in Central Europe—SK_3 and CZ_4—show more
regular oscillations in the transition from negative to positive, with these values oscillating
mainly from year to year.

3.3. Turkey Oak’s RWI with Monthly Precipitation and Temperature

The correlation coefficients in Figure 5 show the course of RWI against the monthly
averages of temperatures and precipitation in the research plots. The radial growth of oak
in sites in Italy and Bulgaria was least affected by monthly temperature and precipitation
development (two significant months). Contrarily, in plots of Central Europe (SK_3 and
CZ_4), the climatic factors studied had a significant influence on increment development
(four significant months). Overall, the radial growth of Turkey oak correlates significantly
(p < 0.05) positively with the course of monthly precipitation and negatively with the course
of monthly temperatures. Unlike BG and IT, Central European PRPs are significantly more
correlated with precipitation when compared to temperature. In comparison, precipitation
and temperature for the Italian and Bulgarian PRPs are equally weighted. Generally,
temperatures from June to August indicate a negative effect on growth, and precipitation
correlates from March to June. These are the primary limiting factors for the radial growth
of Turkey oak. Overall, temperatures exert a predominately negative influence on the RWI
across all areas during the season, while precipitation has a significantly more positive
impact on the RWI.

The results also indicate that precipitation is more frequently correlated in Central
Europe on plots in SK_3 and CZ_4. In contrast, fewer correlations with lower values are
observed in plots from the southern parts of Europe in IT_1 and BG_2.
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Figure 5. Correlation coefficients of the site chronology of the Turkey oak ring-width index with the
average monthly air temperature (left) and sum of precipitation (right) from April to December of
the previous year (uppercase letters) and from January to September of the current year (lowercase
letters) in the relative year derived from the period 1968–2022: (a) IT_1 (Italy); (b) BG_2 (Bulgaria);
(c) SK_3 (Slovakia); (d) CZ_4 (Czechia). Significant months (p < 0.05) are highlighted in black.

3.4. Turkey Oak’s RWI Growth Cycles

Spectral analysis shows that the study plots in Italy (IT_1) and Bulgaria (BG_2) undergo
longer 6 to 8-year growth cycles in RWI cycles (Figure 6). Research plot IT_1 shows the
longest cycles with a frequency of 6.2 years. Research plot BG_2 illustrates the longest
growth cycles in RWI with a frequency of 7.7 years. Contrastingly, the research plots in
Central Europe (SK_3 and CZ_4) experience significantly shorter cycles ranging from 2.4 to
4.8 years. The RWI growth cycles of Turkey oak in the Central European sites are shorter
than in Southern Europe, so it can be determined that Central Europe has the most frequent
RWI cycles of 2 to 5 years. Southern European sites of Turkey oak have more pronounced
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6 to 8-year RWI cycles. Overall, on the more northerly plots in SK_3 and CZ_4, the growth
cycles of RWI are shorter and much more intense, as indicated by spectral analysis, which
reveals predominantly 2 to 5-year cycles. In contrast, in Southern Europe research plots, the
growth cycles of RWI are longer and much more intense over a longer time span, ranging
from 6 to 7 years.

Figure 6. Single spectral analysis of ring-width index (RWI) of Turkey oak from 1968 to 2022: (a) IT_1
(Italy); (b) BG_2 (Bulgaria); (c) SK_3 (Slovakia); (d) CZ_4 (Czechia).

3.5. Interaction between Stand Structure, Production Parameters, and Growth

The results of PCA are presented in an ordination diagram in Figure 7. The first
ordination axis explains 62.2% of data variability, and the first two axes together explain
83.6%. The x-axis illustrates the stand volume and basal area, and the y-axis represents
the vertical structure (A index) combined with the diameter structure (TMd index). The
total diversity was positively correlated with diameter differentiation, while these indices
were negatively correlated with horizontal structure (tendency to regular spatial pattern).
Production parameters, such as tree height, stand volume, basal area, DBH, and tree
volume, were positively correlated to each other. The radial growth of oak increased with a
decreasing number of trees in stands and the slenderness coefficient. The vertical structure
(A index) was the lowest explanatory variable in the ordination diagram.
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Figure 7. Ordination diagram showing the results of the PCA analysis of relationships between
stand characteristics (Stand volume, Stem volume, Basal area, Diameter, Slenderness coefficient,
Height, Tree density), diversity (Total diversity—B index, Diameter structure—TMd index, Vertical
structure—A index, Horizontal structure—R index), and radial growth. Grey symbols indicate
research plots.

4. Discussion

4.1. Production Potential and Stand Density

Regarding basic production parameters, the average number of trees in the study plots
ranged from 475 to 775 trees ha−1, the stand basal area ranged from 22 to 42 m2 ha−1, and
the volume of roundwood (timber to the top of 7 cm o.b.) ranged from 141 to 407 m3 ha−1.
With regard to the distribution of Turkey oak, most of the comparable data on similar stands
came from Italy. For example, stand characteristics of Turkey oak coppices at 55 years of
age in the Italian Mediterranean region corresponded to an average observed number of
578 to 1018 trees ha−1, with a stand basal area ranging from 29 to 35 m2 ha−1, and the stand
volume was similar, ranging from 260 to 308 m3 ha−1 [94]. Another study from Central
Italy reported that in stands of over-aged coppices dominated by Turkey oak at the age
of 55 years, the mean number of trees was higher again, ranging from 794 to 891 trees
ha−1, and the stand basal area reached values of 29 to 30 m2 ha−1, while the stand volume
reached lower values in a very narrow range of 230 to 231 m3 ha−1 [95]. Šrámek et al. [96]
cite that the number of trees in over-aged coppices in Türkiye aged 70–75 years was around
577 trees ha−1, and the stand basal area reached 38 m2 ha−1. However, other tree species
such as sessile oak (Quercus petraea), Italian oak (Quercus frainetto), European hornbeam
(Carpinus betulus), or sweet chestnut (Castanea sativa) were also significantly represented in
these Turkish oak stands. In this case, it is necessary to consider the species composition of
the tree layer, which significantly influences the production characteristics of the coppice
forest. A significantly higher number of trees (1870 trees ha−1) in oak coppice stands at
71 years of age was reported by [97]. Again, the significant number of trees is a result of
the diverse species composition of the coppice forest, with the presence of not only oaks
but also small-leaved lime (Tilia cordata) or European hornbeam (Carpinus betulus).

With regard to stand density, the number of oak trees was distinctly correlated with
tree-ring growth. The radial growth of oak increased with a decreasing number of trees
in stands and a closely related slenderness coefficient. Similarly, mean tree growth was
significantly higher under low density compared with maximum stand density in the case
of sessile oak (Quercus petraea [Matt.] Liebl.) [98]. A significant response of radial growth
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to different stand densities was also confirmed for other tree species [99]. The effects of
competition on tree radial growth were found to be much higher for shade-intolerant
species, such as oaks [100]. Moreover, the reduction in tree density increases subsequent
growth for remaining trees and decreases sensitivity to climate change, especially drought
stress [101–103]. The resilience of trees after reducing the stand density was confirmed, e.g.,
for Scots pine stands due to the lower competition of remaining trees to available water
sources with growing resistance during a drought event [104].

4.2. Stand Biodiversity and Structure

Stand diversity (and structure) significantly influences growth processes and tree
resilience to climate change [4,105]. Šimůnek et al. [66] describe the disparate response of
radial tree growth in homogeneous vs. heterogeneous stands to climatic factors. Therefore,
a detailed analysis of the structure and diversity of the studied stands is an essential starting
point for further dendrochronological analyses. In the case of the evaluated stands of Turkey
oak coppice forests aged 50 to 60 years, the overall stand diversity was very low, or rather,
the stands reached a monotonous to uniform structure (B index 3.92–5.08). A significantly
higher overall diversity (B index 9.73–10.46) of oak coppice forests in Czechia is described
by [97], chiefly due to the addition of other broadleaved species and leaving the stands to
develop spontaneously. In terms of the horizontal structure of the tree layer, the spatial
pattern of the studied stand was predominantly random, with a tendency to aggregate or
cluster in Bulgaria. Another study from Czechia describes a similarly aggregated structure
of oak coppice forests, especially in the initial distances between trees of up to 2 m [39]. Of
all the parameters studied, crown differentiation reached the highest values of structural
diversity [39].

4.3. Turkey Oak Coppices and Climate

Radial growth of Turkey oak research plots in this study were clearly more influenced
by climatic factors (monthly temperatures and precipitation) in Central European countries
than in Italy and Bulgaria. Overall, RWI growth significantly correlated positively to the
course of monthly precipitation (p < 0.05), especially from March to June, and negatively to
the course of monthly temperatures, especially from June to August. Amorini et al. [106]
show minimal increments in years with substantial drought on Turkey oak in Central Italy.
In addition to the positive effect of May and June precipitation on radial growth, this study
also shows a positive correlation for May and June minimum temperatures and the March
and April maximum temperatures of the current year. In contrast, no statistically significant
correlation was found between the previous year’s climate data and radial growth. Similar
results were also found in a study by [107] carried out in Turkey oak stands in Slovakia,
where it was confirmed that the most significant positive effect on the magnitude of growth
is due to the amount of precipitation during the growing season, especially in May and
June. Another study from Central Italy confirms the importance of the May and June
rainfall of the current year [95]. Conversely, the effect of temperature on the radial growth
of Turkey oak is not as significant as the effect of precipitation, as in the case of this study
or the study in Bulgaria [108].

In Central Europe, specifically in the plots SK_3 and CZ_4, a higher number of ob-
served positive correlations between RWI and precipitation were identified when compared
to the Southern regions represented by IT_1 and BG_2. In the research plots of Central
Europe, seven significant correlation coefficients were found, while only three significant
correlation coefficients were observed in Southern Europe. For instance, in Northern
Europe, the English oak (Quercus robur L.) exhibits strong positive associations with precip-
itation, particularly during the summer, where growth anomalies are linked to oak growth,
especially in combination with higher temperatures [109]. The lower positive correlations
with precipitation are linked to the lower available precipitation during the vegetation
season in Southern Europe, while this general statement is also well documented [110].
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4.4. Tree-Ring Growth Cycles across the Studied Plots

The Turkey oak has an advantage over other Central European oaks in that it is
known to be significantly more drought tolerant, but at the same time, its growth is not
as aggressive as, for example, sessile oak or English oak (Quercus robur L.) [64,111,112].
The results in the investigated plots in Southern Europe show that Turkey oak grows
steadily, and the largest fluctuations in growth are recorded specifically concerning monthly
temperatures and lack of precipitation during the summer months. This is accompanied by
the results of the spectral analyses, which show that the tree-ring chronologies of Turkey
oak in Italy and Bulgaria fluctuate between six and eight years. These cycles of around
seven years are most often associated with the 7-year temperature cycle, which is typical of
the European continent [113,114]. The tree-ring series of Turkey oak may be most closely
associated with the temperature cycle. Contrastingly, the study plots in Central Europe
(SK_3 and CZ_4) follow a 2 to 5-year cycle, which, again, corresponds to a significantly
shorter precipitation cycle in Europe [115–117]. Based on these findings, a greater influence
of precipitation on tree-ring increment is evident in Central Europe research plots, as
indicated by the stronger correlations. Thus, the drier climate of Southern Europe produces
a longer cycle of tree-ring increment compared to plots located in Central Europe. The
cycles studied may also be closely related to fructification. Masting of Turkey oak in
Southern European countries is around five to seven years but can be shorter based on
sufficient moisture [118,119]. This correlates with the results found in this study or with the
tree-ring series from Italy and Bulgaria (6 to 8-year cycle). On the contrary, as mentioned,
in Central Europe, due to abundant precipitation, the situation is different and seed years
repeat significantly more frequently in 2 to 5-year cycles. It is due to higher precipitation
during the growing season in Central Europe, where acorn fruiting occurs more frequently
in Turkey oak, which is close to the natural 2-year period [120]. Tree seed production is
associated with tree-ring growth and the influence of weather in both the previous and
current growing seasons [121–123]. The frequency of tree-ring growth can serve as an
indicator of the theoretical fertility of trees, where we observed 2 to 5-year cycles.

4.5. Potential for Coppice Forests

Due to climate change, rising temperatures, and more frequent long-term droughts,
the species composition and stand structure will change in the coming decades [124].
The Turkey oak may become a valuable alternative tree species with great potential for
adaptation to changing environmental conditions, especially in Central Europe [4]. This
tree species generally needs lower amounts of air and soil moisture for its growth [125].
The resilience of Turkey oak to climatic extremes is also confirmed by [112], comparing
the effect of the climate on the growth of Turkey oak and sessile oak in northern Hungary,
proving that Turkey oak can better recover from prolonged periods of drought. Similar
characteristics are described in this study, indicating the high resilience of this tree species,
which is documented by the low number of negative years in the RWI and the relatively
small influence of climatic factors. This is because after the second rotation of the coppice,
surface roots are being formed as the old ones are already dying [108]. Generally, high
temperatures in the growing season can induce increased water stress and a subsequent
reduction in radial growth due to increased water loss through evapotranspiration and soil
moisture evaporation. Stafasani & Toromani [126] reported that most of the coppice Turkey
oak mixture stands in Albania showed extreme drought in June of the current year as a
limiting factor for growth. The negative effect of June and July temperatures on the growth
of young oaks has previously been observed at several sites in continental Europe [127,128]
in northern Spain [129] and also in the Mediterranean [130,131]. Moreover, the positive
relationship of radial growth with June precipitation shows that water balance in this
month is critical for phenology [132,133].
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4.6. Study Limitations and Ideas

The number of samples collected for dendrochronological analysis was sufficient,
which was confirmed by EPS analysis. The gathered data exhibit satisfactory EPS ranging
from 0.90 to 0.96. It is crucial to note that the minimum EPS threshold for data utilization is
0.85, as stipulated by this indicator [88,134]. Furthermore, the collected data, supported
by EPS, demonstrate that an ample number of samples has been collected to describe the
chronology relating to climate, indicating a robust data series [135].

Before the end of this discussion, it is necessary to mention that this study was
constrained by the limited number of research plots in each of the evaluated countries.
Consequently, the study was not focused on a detailed description of regional climatic
conditions but rather on depicting conditions within the research plots. For this reason,
information from the nearest meteorological stations in the studied locations was also
utilized. The repetition of research plots is ensured by two robust chronologies from
Central Europe and two from Southern Europe. This study presents information on tree-
ring growth frequency in Central and Southern Europe.

On the other hand, similar future studies, in addition to the limitations mentioned
above (such as the small number of plots), should also focus on other important factors
influencing the structure, production, and response of trees to climate change, such as
genetics. The provenance of tree species significantly affects the production potential
of wood, carbon sequestration, and resistance to climatic extremes [136,137]. Significant
genetic diversity was also found in Turkey oak [138,139]. In the future, further research
should also focus on the influence of various silviculture regimes or the admixture effect of
other tree species in oak stands in the context of adaptation to climate change.

5. Conclusions

In conclusion, it could be argued that coppice forests represent a suitable alternative to
standard forest management practices. The suitability can be affected by tree species com-
position, especially during ongoing climate change. This was confirmed in the presented
study where the evaluated Turkey oak coppice forests in Italy, Bulgaria, Slovakia, and
Czechia showed, on the one hand, relatively high resistance to unfavorable climatic factors,
including climatic extremes, and on the other, adequate values of timber production.

The lowest influence of climatic factors on growth was found in Italy and Bulgaria
compared to the tree’s climate sensitivity in Central Europe—on the northern edge of its
natural distribution range. The spectral analysis also showed that the research areas in
Southern Europe go through longer 6 to 8-year growth cycles in radial growth compared to
Central Europe (shorter cycles of 2.4 to 4.8 years). It was found that the main limiting factor
for growth was the lack of precipitation during the growing season, whereas temperatures
played almost no role in the radial growth processes. Regarding the fact that in recent years
there has been significant warming in Europe, therefore Turkey oak can be identified as
a crucial tree species in terms of adaptation strategies to climate change. In general, this
study is the basis for understanding and predicting the growth responses of Turkey oak
coppice stands to the climate under conditions of ongoing global climate change in Europe.
For future long-term research, however, it is necessary to further focus on other factors,
such as genetic origin or different silviculture practices in the context of climate change.
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Managed Lowland Forests Left to Spontaneous Development in Central Europe. Austrian J. For. Sci. 2019, 136, 249–282.

35. Unrau, A.; Becker, G.; Spinelli, R.; Lazdina, D.; Magagnotti, N.; Nicolescu, V.N.; Buckley, P.; Bartlett, D.; Kofman, P.D. Coppice
Forests in Europe; Unrau, A., Becker, G., Spinelli, R., Lazdina, D., Magagnotti, N., Nicolescu, V.-N., Buckley, P., Barlett, D., Kofman,
P.D., Eds.; Albert Ludwig University Freiburg: Freiburg im Breisgau, Germany, 2018; ISBN 9783981734027.
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137. Fulín, M.; Dostál, J.; Čáp, J.; Novotný, P. Evaluation of Silver Fir Provenances at 51 Years of Age in Provenance Trials in the
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Abstract: Dendrogenomics is a new interdisciplinary approach that allows joint analysis of den-
drological and genomic data and opens up new ways to study the temporal dynamics of forest
treelines, delineate spatial and temporal population structures, decipher individual tree responses
to abiotic and biotic stresses, and evaluate the adaptive genetic potential of forest tree populations.
These data are needed for the prediction of climate change effects and mitigation of the negative
effects. We present here an association analysis of the variation of 27 individual tree traits, including
adaptive dendrophenotypes reflecting the individual responses of trees to drought stress, such as
the resistance (Rt), recovery (Rc), resilience (Rs), and relative resilience (RRs) indexes measured in
136 Siberian larch trees in 5 populations in the foothills of the Batenevsky Ridge (Kuznetsk Alatau,
Republic of Khakassia, Russia), with variation of 9742 SNPs genotyped using ddRADseq in the same
trees. The population structure of five closely located Siberian larch populations was relatively weak
(FST = 0.018). We found that the level of individual heterozygosity positively correlated with the Rc
and RR indices for the five studied drought periods and partly with the Rs indices for three drought
periods. It seems that higher individual heterozygosity improves the adaptive capabilities of the tree.
We also discovered a significant negative relationship between individual heterozygosity and the Rt
index in four out of five periods, which means that growth slows down during droughts more in
trees with higher individual heterozygosity and is likely associated with energy and internal resource
reallocation toward more efficient water and energy usage and optimization of larch growth during
drought years. We found 371 SNPs with potentially adaptive variations significantly associated
with the variation of adaptive dendrophenotypes based on all three different methods of association
analysis. Among them, 26 SNPs were located in genomic regions carrying functional genes: 21 in
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intergenic regions and 5 in gene-coding regions. Based on the obtained results, it can be assumed
that these populations of Siberian larch have relatively high standing adaptive genetic variation and
adaptive potential underlying the adaptations of larch to various climatic conditions.

Keywords: adaptation; climate change; ddRADseq; dendrophenotypes; drought; Larix sibirica Ledeb.;
Siberian larch; SNPs; tree growth

1. Introduction

Droughts have become more frequent and drastic due to climate change [1,2], espe-
cially in boreal forests [3,4]. Therefore, it is very important to find whether tree populations
possess sufficient standing genetic variation that may help trees to adapt to environmental
stresses such as droughts. One of the most efficient approaches to find such variation is to
search for genes whose variation is associated with the variation of adaptive dendrophe-
notypes using genome-wide genetic markers [5]. Our main hypothesis was that there
are genes whose variation is significantly associated with individual responses of trees to
the droughts, and therefore, our main objective was to study the association between the
phenotypic variation of important adaptive traits related to the drought response and the
genetic variation of individual trees and populations of Siberian larch (Larix sibirica Ledeb.)
in the south area mostly affected by climate change [6–11].

Siberian larch is a coniferous tree common in Russia, Kazakhstan, Mongolia, and China.
This is one of the key species of Siberian boreal forests, whose wood is superior in performance
to many other coniferous species and has high ecological and economic significance. The wide
range of Siberian larch includes both tundra zones in the north and forest and forest-steppe
zones of Altai and Sayan Mountains in southern East Siberia [12–14].

The constant moisture deficit typical of the forest-steppe zone of southern East
Siberia is gradually increasing with an increase in average annual temperatures due to
global climate change, which, along with periodic droughts, affects the structure and
dynamics of forest ecosystems. L. sibirica is a relatively drought-resistant species because
of its high level of phenotypic plasticity and genetic variation. However, under the
influence of rapidly increasing environmental stress, such as a decrease in the amount
of summer precipitation, intense and recurring droughts, fires, and pest infestations,
there is a concern that larch will not be able to effectively adapt to the new conditions
associated with global warming [10,15,16].

Dendrochronological data based on measurements of annual tree wood growth rings
contain a lot of information about the individual responses of trees to biotic and abiotic
environmental factors [7,8,17–23]. In turn, the ability to individually genotype a large
number of trees in populations for thousands of genes and genetic markers makes it possible
to link genetic variation with the variation of specific dendrophenotypes [5,24–28]. This
interdisciplinary approach, allowing the integration of dendrochronology, dendroecology,
and genomics, has been gaining popularity in recent years [5,29–31].

According to the results of dendroclimatic studies conducted in the region of southern
East Siberia, Siberian larch has successfully adapted to the modern conditions of the forest-
steppe zone [20]. To understand the genetic mechanisms of this adaptation, we searched
for DNA markers whose variation is associated with the variation of individual dendrophe-
notypes, reflecting the individual response of a tree to abiotic stress such as drought. For
this purpose, genome-wide genotyping of a large number of trees in five populations was
performed, and the structure of Siberian larch populations, genetic diversity, and genetic
basis of adaptation to growing conditions within the forest-steppe zone of the foothills of
the Batenevsky Ridge (Kuznetsk Alatau, southern East Siberia, Russia) were analyzed.
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2. Materials and Methods

2.1. Sampling and Dendrophenotypes

The samples were collected from 150 trees in five populations in the foothills of
the Batenevsky Ridge in the eastern part of the Kuznetsk Alatau, Republic of Khakassia
(southern East Siberia, Russia) (Figure 1). This mountain system is characterized by a
slight difference in elevation (500–1200 m above sea level), and most of its area is covered
with mixed forest consisting of Siberian larch, Scots pine (Pinus sylvestris L.), and silver
birch (Betula pendula Roth.). On the drier southern and southeastern slopes, open forest
is interspersed with steppe areas. The forests of the study area are part of the state forest;
forest districts are located on the ridge. The climate of the region is sharply continental,
with large seasonal and daily temperature differences, hot summers, and frosty winters
with little snow lasting from November to March. Despite the significant size of the study
area, the high and similar variation in larch growth allows us to consider the forest-steppe
ecotone of the Batenevsky Range as an integral geographical object, which is characterized
by a unity of fluctuations in environmental conditions and the responses of vegetation
to them [14]. Samples of larch wood and needles were collected at five population sites
located 30–50 km apart in the forest-steppe zone along the foothills of the Batenevsky Ridge
(Figure 1). The sites were selected on well-lit slopes oriented from southwest to southeast
(Table 1).

Table 1. The five population sampling sites of Siberian larch used in the study.

Population
(Abbreviation Used in

the Study)
Description Coordinates

Altitude above Sea
Level, m

Tuim (TUI) Individuals and groups of larch trees along the
steppe vegetation

54◦24′20′′ N
89◦57′27′′ E 550–600

Son (SON) Mixed larch and birch forest 54◦21′55′′ N
90◦22′04′′ E 530–600

Bograd (BOG) Mixed larch and birch forest 54◦15′58′′ N
90◦41′30′′ E 550–620

Bidja (BID) Mixed larch, pine, and birch forest, with individuals
and groups of larch trees in the steppe

54◦00′20′′ N
90◦58′52′′ E 640–670

Kamyziak (KAM) Mixed larch and birch forest 53◦55′52′′ N
90◦37′30′′ E 700–770

Wood core samples were extracted from 150 mature, undamaged, live larch trees at
chest level. The samples were collected and processed using standard dendrochronological
techniques [32]. Individual tree ring widths (TRWs) were measured using the LINTAB
device (Rinntech-Metriwerk GmbH & Co. KG, Heidelberg, Germany; https://rinntech.
info/products/lintab, accessed on 14 October 2023) using the TSAP-Win program [33]. The
TRWs were cross-dated, and the dating was checked using the COFECHA program [34].
The average TRW, generalized raw chronologies (avTRW) and their variance (varTRW)
were used as dendrophenotypes.

Five drought periods (1951, 1963–1965, 1974–1976, 1999, and 2015, respectively)
that occurred more than 6 years apart were selected from climatic extremes that signif-
icantly suppressed larch growth on a regional scale. To select drought periods, years
with low values (<mean − SD) for the standardized precipitation–evapotranspiration
index (SPEI) and/or precipitation averaged for the current April–July and/or previous
June–September, as well as high temperatures (>mean + SD) over the current May–
July and/or previous July-September, were identified in the study area (53.5–54.5◦ N,
89.5–91.5◦ E). Then, those periods with the simultaneous occurrence of several of these
climatic deviations that also were accompanied by the formation of narrow tree rings
(<mean − SD for averaged local tree-ring chronology) across all or most of the sampling
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sites were selected as drought periods. More detailed explanations of the selection of the
drought periods exactly in these sampling sites, as well as the reasoning for the used
seasonal timeframe of the climatic factors impacting significantly larch growth, can be
found in [35]. To analyze the effect of this stress on larch growth, we used the resistance
(Rt = Gd/Gprev), recovery (Rc = Gpost/Gd), and resilience (Rs = Gpost/Gprev) indices
proposed by Lloret et al. (2011) [36], where Gprev is the average growth during the
3 years before the drought, Gd is the average growth during the drought, and Gpost is
the average growth during the 3 years after the drought, as calculated from the tree-ring
series of each tree after their standardization (omission of age-related trends fitted by
cubic smoothing splines) using the ARSTAN program [37]. A more detailed description
can also be found in [35]. The relative resilience indices (RRs) were also used, calculated
as RRs = Rs − Rt. Additionally, the age of the tree at the time of collection (Age), the
average length of 15 needles (avLn), and the variance of these 15 needle length measure-
ments (varLn) were used as phenotypic traits. The radial growth trends (trendTRW) for
each tree and the mean chronology for each population were calculated as the slope of
the linear regression of the respective indexed time series after standardization (i.e., after
elimination of the long-term trends related to tree size, age, and forest stand dynamics)
for the 30-year period of the years 1990–2019. Phenotypic data that were not normally
distributed according to the Shapiro–Wilk test were normalized using the rank-based
inverse normal transformation (INT) algorithm. A total of 26 dendrophenotypic traits
were considered in this study (Table 2).

Table 2. Description of the dendrophenotypes.

Dendrophenotype Abbreviation

Age of the tree at the time of collection Age

Average needle length avLn

Variance of needle length varLn

Average tree ring width avTRW

Variation of tree ring width varTRW

Radial growth trends (1990–2019) trendTRW

Index
Drought years

1951 1963–1965 1974–1976 1999 2015

Resistance Rt1 Rt2 Rt3 Rt4 Rt5

Recovery Rc1 Rc2 Rc3 Rc4 Rc5

Resilience Rs1 Rs2 Rs3 Rs4 Rs5

Relative resilience RRs1 RRs2 RRs3 RRs4 RRs5

A pairwise Wilcoxon rank-sum test was performed to compare the dendrophenotypes
and individual heterozygosity data between populations using the pairwise.wilcox.test
command from the basic R package stats [38]. The Benjamini–Hochberg procedure was
used as a method of multiple testing correction.

2.2. DNA Extraction and ddRAD Sequencing

DNA was isolated from the needles of the collected larch samples using the CTAB
method [39]. The DNA concentration was assessed using a Qubit 2.0 fluorimeter (Thermo
Fisher Scientific, Waltham, MA, USA). The purity and quality of the isolated DNA were
also assessed using an Implen NanoPhotometer P330 (Implen, München, Germany). High-
quality DNA samples with an A260/230 of approximately 1.8 and a concentration of
20–150 ng/μL were selected for this study.
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Figure 1. Larch distribution area in Eurasia according to [14] (upper part, adapted with permission
from Figure 1 in [13]) and location of the five population sampling sites of Siberian larch used in
this study (lower part, adapted with permission from [35]): Bidja (BID), Bograd (BOGR), Kamyziak
(KAM), Son (SON), and Tuim (TUIM). See also Table 1 for details.

The preparation of the ddRAD-seq libraries was based on a modified version of the
protocol [40]. The DNA samples were treated with two restriction enzymes, EcoRI and
MseI [41]. Validation of the prepared ddRAD-seq library pools before sequencing was
performed on an Agilent 2200 TapeStation System (Agilent Technologies, Santa Clara, CA,
USA). Single-end sequencing of the ddRAD-seq libraries was performed in three lanes
using 100 cycles on a NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA).

2.3. SNP Calling

The obtained sequencing data underwent several stages of initial processing: filtering,
trimming according to quality indicators, and demultiplexing using the process_radtags
utility included in the Stacks software version 2.65 [42]. Reads from each sample were then
aligned to the Siberian larch reference genome [43] using Bowtie2 version 2.3 [44].

Variant calling was performed using the Gstacks utility from the Stacks software. The
resulting set of alignment-covered loci was subjected to several filtering steps using the
Populations utility to retain only loci that were present in at least 75% of all samples and in
75% of samples within each population. The maximum level of observed heterozygosity of
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the site should not exceed 0.85, and the frequency of the minor allele should not be less than
0.05. SNPs that were in linkage disequilibrium (LD) (r2 > 0.8) were removed. Imputation of
missing values was performed using the LD-kNNi method in TASSEL v.5.0 [45].

2.4. Genetic Structure of Populations

General indicators of genetic diversity, such as the mean observed (HO) and expected
(HE) heterozygosities, nucleotide diversity (π), mean individual fixation index (FIS), and
their associated standard errors (s.e.), were estimated using the Stacks v2.5 software.
The pairwise FST values among all the populations tested and their confidence intervals
(using 10,000 bootstrap samples) were estimated using the R package StAMPP [46]. To
determine the population structure, principal component analysis (PCA) was performed
based on allele frequency data using the R ade4 package [47]. Sparse non-negative
matrix factorization (sNMF) analysis was performed using LEA [48], and the estimation
of individual ancestries was performed using the Admixture algorithm implemented in
the AdmixPipe program [49]. Hierarchical analysis of molecular variance (AMOVA) was
performed using Arlequin v. 3.5.1.2 [50]. The Mantel test to identify correlations between
genetic and geographic distances was performed on two datasets: for 84 individual trees
of the KAM, BID, and SON populations, for which the exact coordinates of the trees were
recorded and the IBS genetic distance matrix was calculated; and for five populations
using the average coordinates and the matrix of Nei’s genetic distances using the R
package vegan v. 2.6-2 [51].

2.5. Associations between Dendrophenotypes and Individual Heterozygosity

For each sample tree, the individual level of heterozygosity was calculated as the
number of polymorphic sites in the heterozygous state divided by the total number of
polymorphic sites genotyped for a given sample. The correlations between individual
heterozygosity and dendrophenotypes were analyzed using Spearman’s rank correlation
and Pearson’s correlation coefficient using the R stats package [38].

2.6. Genotype–Phenotype Associations

The genotype–dendrophenotype associations were analyzed using the general lin-
ear model (GLM) and mixed linear model (MLM) in the TASSEL software version 5.0,
where each site is an independent variable and each dendrophenotype is a dependent
(response) variable. MLM analysis considers the confounding factors such as the pairwise
kinship matrix K (reflecting relatedness between individuals) and population structure
(the Q-matrix coefficients reflecting ancestry contributions into individuals), whereas GLM
analysis accounts only for the population structure. The K-matrix of relatedness was
calculated using the centered IBS method. The Q-matrix was obtained using the sNMF
algorithm for the most probable number of population clusters (K), which equaled two for
our samples. To search for associations whose weak signals were systematically observed
in several different periods of drought, common overlapping SNPs were found for the
SNP–dendrophenotype associations that passed the filtering threshold of p-value < 0.01.

The genotype–phenotype associations were also assessed using the Bayesian sparse
linear mixed model (BSLMM) implemented in the GEMMA software package v.0.97 [52].
BSLMM is a polygenic model that accounts for the contribution of single SNPs with large
effects, as well as the simultaneous contribution of multiple SNPs with smaller effects, on
phenotypic variation. To achieve this, BLSMM includes the main effects of individual SNPs
as predictors of the phenotype and the polygenic effect resulting from the combination of
multiple SNPs with small effects. To identify significant genotype–phenotype associations
for each trait, a posterior inclusion probability (PIP) threshold of >0.25 was used.

2.7. SNP Annotation

To analyze the genomic regions where SNPs associated with dendrophenotypes
were located, annotation of the Siberian larch reference genome assembly was used [53].

175



Forests 2023, 14, 2358

Annotation of selected markers was performed using the SNPdat program [54]. Ad-
ditionally, for SNPs associated with dendrophenotypes, the ±1000 bp long nucleotide
sequences flanking the SNPs were extracted from the genome assembly using SNP
coordinates, and a search for homologs of these extracted sequences was performed in
the NCBI BLAST “nt” database [55].

3. Results

3.1. Dendrophenotypes

In order to understand how the values of dendrophenotypic traits differ between
populations and among individuals, the pairwise Wilcoxon rank-sum test was performed
(Table S1) and box-plots for each trait were generated (Figure 2), respectively. They demon-
strated that some population samples were different from each other for some traits, and
there was significant phenotypic variation between individuals (Table S1).

Figure 2. Box-plot of 27 dendrophenotypic traits, including age of the tree (Age), average needle
length (avLn), variance of needle length (varLn), average tree ring width (avTRW), variation of
tree ring width (varTRW), radial growth trends (1990–2019) (trendTRW), individual heterozygosity
(IndHet) and indexes of the tree response to the drought in different years (1951, 1963–1965, 1974–1976,
1999 and 2015): resistance (Rt), recovery (Rc), resilience (Rs), and relative resilience (RRs1) in five
population samples BID, BOGR, KAM, SON, and TUIM (see Figure 1 and Table 1). Letters a, b and c
under boxes depict whether differences between population samples are statistically significant, at
least at p < 0.05, based on the pairwise Wilcoxon rank-sum test (see also Table S1).

The average age (Age) of the studied trees was 124 years, ranging from 34 (kam2
tree) to 319 (bid24 tree) (Table S1). The highest average age was in the KAM sample,
153.8 ± 13.9 years; the lowest average age was in the SON sample, 102.8 ± 5.6 years (Table
S1). Only between these two samples was there a significant difference in age based on the
Wilcoxon rank-sum test (p = 0.019; Table S1).

The average needle length (avLn) for all the trees was 22.8 ± 0.3 cm, varying widely
from 12.5 cm in the kam28 tree to 36.9 cm in the kam7 tree, and on average, from 20.1 ± 0.5
in the TUIM sample to 21.1 ± 0.5 in SON, 22.9 ± 0.5 in BID, 23.5 ± 0.5 in BOGR, and
26.5 ± 0.9 in KAM (Table S1). The samples differed significantly between each other
(p < 0.05; Table S1), except for the BID–BOGR and SON–TUIM pairs.

The average variance of the needle length (varLn) across all the trees was 14.4 ± 0.8 cm
(Table S1), varying insignificantly between samples from 10.5 ± 0.9 in BOGR to 12.2 ± 0.9
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in TUIM, 12.7 ± 1.0 in SON, 14.3 ± 1.6 in BID, and 21.5 ± 3.0 in KAM, except only for the
BOGR and KAM pair (p = 0.048; Table S1).

The average tree ring width (avTRW) for all the trees was 0.87 ± 0.08, varying widely
among individual trees from 0.21 ± 0.12 in the kam28 tree to 2.53 ± 1.93 in the kam3
tree, and on average, in the samples from 0.77 ± 0.06 in TUIM to 0.78 ± 0.06 in BOGR,
0.83 ± 0.11 in KAM, 0.85 ± 0.10 in BID, and 1.10 ± 0.07 in SON (Table S1). Among all the
sample pairs, only the SON sample was significantly different from all the other samples
(p < 0.05; Table S1).

The variance of the tree ring width (varTRW) was varying also widely among individ-
ual trees, from 0.01 in the kam28 tree to 4.74 in the son21 tree (Table S1). On average, the
largest varTRW was observed in the SON sample (0.97 ± 0.19), while in the other samples,
it varied from 0.33 ± 0.04 in BOGR, 0.36 ± 0.07 in BID, 0.43 ± 0.06 in TUIM, and 0.63 ± 0.16
in KAM population samples (Table S1). The only SON sample was significantly different
from the all the other samples (p < 0.05; Table S1).

The mean tree radial growth trend (trendTRW) values were negative in 99 out of
135 trees, varying also widely among individual trees, from −0.063 in the son4 tree to 0.040
in the bog9 tree (Table S1). On average, they were slightly negative in all the samples
except BOGR (0.001 ± 0.003), varying from −0.022 ± 0.003 in SON to −0.012 ± 0.002 in
TUIM, −0.008 ± 0.002 in KAM, and −0.004 ± 0.002 in BID (Table S1). The SON sample
was significantly different from all the other samples, and the TUIM sample was also
significantly different from the BOGR and BID samples (Table S1).

The growth practically completely ceased (Rt = 0) in 21 trees: bogr1, bogr3, bogr7,
bogr9, bogr12, bogr14, kam17, and kam18 during both drought periods 1999 and 2015;
tuim2 and tuim26 during the drought period of 1951; kam3, kam20, kam23, kam25, kam26,
tuim8, tuim13, tuim15, tuim16, tuim26 during the drought period of 1999; and tuim14
during the drought period of 2015. The resistance (Rt) index very widely varied among
individual trees, from Rt4 = 0.00173 in the bogr10 tree during the drought period of 1999 to
Rt1 = 2.75 in the son30 tree during the drought period of 1951 (Table S1). Among all the
drought periods studied, the highest average resistance index was observed for the drought
period of 1963–1965 (Rt2 = 0.91 ± 0.03). Among all the population samples, the highest
mean resistance index values were observed in the SON population sample for all the
drought periods (Rt1 = 1.26 ± 0.10, Rt3 = 0.95 ± 0.04, Rt4 = 0.94 ± 0.06, Rt5 = 0.70 ± 0.07),
except for the 1963–1965 period (Rt2 = 0.71 ± 0.03).

The recovery (Rc) index varied extremely widely among individual trees, from
Rc1 = 0.26 in the son18 tree during the drought period of 1951 to as large a value as
Rc4 = 290.04 in the bogr10 tree during the drought period of 1999 (Table S1). The highest
average value of the Rc index was observed for the 1999 drought (8.31 ± 3.09). For the
droughts of 1951 and 1974–1976, the highest Rc values were observed in the KAM popula-
tion (Rc1 = 4.48 ± 1.31 and Rc3 = 1.40 ± 0.08, respectively); for the droughts of 1963–1965
and 1999, the highest Rc values were observed in the BOGR population (Rc2 = 1.33 ± 0.06
and Rc4 = 24.74 ± 15.38, respectively); and for the 2015 drought, the highest average
value recovery index was observed in the TUIM population (Rc5 = 6.29 ± 1.34). The SON
population showed the lowest Rc values (significantly different from the other populations)
for all the drought periods.

The resilience (Rs) index varied very widely among individual, from Rs4 = 0.21 in the
son23 tree during the drought period of 1999 to Rs5 = 2.83 in the kam26 tree during the
drought period of 2015 (Table S1). The average value of the Rs index for 136 trees varied
from Rs4 = 0.68 ± 0.02 for the 1999 drought to Rs5 = 1.33 ± 0.04 for the 2015 drought.
Among the population samples, the highest average values of the Rs index were observed
for trees of the KAM population for the droughts of 1951 and 1963–1965 (Rs1 = 1.01 ± 0.04
and Rs2 = 1.30 ± 0.07, respectively, Table S1) and for trees of the SON, BID, and TUIM pop-
ulations for the droughts of 1974–1976, 1999, and 2015 (Rs3 = 0.89 ± 0.05, Rs4 = 0.85 ± 0.03,
and 1.69 ± 0.07, respectively, Table S1). For three of the five drought periods, 1963–1965,
1999, and 2015, the lowest values of the Rs index were observed in the SON population
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(Rs2 = 0.60 ± 0.04, Rs4 = 0.48 ± 0.03, Rs5 = 0.90 ± 0.07, Table S1), which was significantly
different from the other populations (Table S1).

The relative resilience (RRs) index varied also very widely among individual trees,
from RRs1 = −1.75 in the son30 tree during the drought period of 1951 to RRs5 = 2.15 in the
tuim1 tree during the drought period of 1951 (Table S1). The average value of the RRs index
for all the trees varied from RRs5 = 0.78 ± 0.04 for the 2015 drought to RRs2 = 0.09 ± 0.02
for the 1963–1965 drought. The highest values of RRs were observed for the 1951 drought for
trees of the KAM population (RRs1 = 0.59 ± 0.05), for the 1963–1965 drought for trees of the
BOGR population (RRs2 = 0.25 ± 0.04), and for the last three droughts for trees of the TUIM
population (RRs3 = 0.16 ± 0.03, RRs4 = 0.50 ± 0.04, and RRs5 = 1.20 ± 0.10, respectively,
Table S1). The lowest values of the RRs index were observed in the SON population for
all five drought periods (RRs1 = −0.50 ± 0.10, RRs2 = −0.11 ± 0.04, RRs3 = −0.06 ± 0.05,
RRs4 = −0.46 ± 0.04, RRs5 = 0.20 ± 0.08, respectively, Table S1).

In general, the obtained dendrophenotypic data demonstrate that individual trees had
very different individual responses to climatic stresses, such as drought, which well justifies
the main objective of this study to associate the variation of individual dendrophenotypes
that reflect individual tree responses to drought with the genetic variation of the large
number of genetic markers genotyped in the same trees.

3.2. SNP Calling

For 150 larch tree samples, 1.8 billion 100 bp long reads were obtained via ddRADseq
sequencing. Fourteen trees were excluded from further analysis because of insufficient se-
quencing quality. After the initial processing and quality filtering, approximately 1.4 billion
reads with lengths from 32 to 92 bp were selected for further analysis, with an average of
10,496,058 ± 391,691 reads per sample. On average, 97% of the reads for each sample were
successfully mapped to the Siberian larch reference genome. In total, 11,550 SNPs that met
the filtering criteria were selected. For pairs of SNPs with LD (r2 > 0.8), only one SNP was
selected for further analysis. The final dataset contained 9742 biallelic SNPs genotyped in
136 Siberian larch trees (Data S1).

3.3. Genetic Structure of Populations

For each sample, general parameters of genetic variation, such as the nucleotide
diversity (π), observed (HO) and expected (HE) heterozygosities, and fixation index (FIS),
were calculated and are presented in Table 3. The levels of heterozygosity based on all
9742 SNPs was almost the same as those based on the 371 SNPs significantly associated
with the variation of adaptive dendrophenotypes variation, although the latter ones were
slightly higher if they were calculated for all the trees together as a single population.

The degree of genetic differentiation was assessed using the FST parameter (Table 4).
The maximum FST value was between the SON and BOG samples (0.022), and the
minimum value between the TUI and BOG (0.007). The low pairwise FST values obtained
indicate that the samples were relatively poorly differentiated and belong to genetically
similar populations.

PCA was performed using allele frequency data to identify also the population struc-
ture. The analysis revealed that the studied samples do not form clearly defined unambigu-
ous clusters, although two tentative clusters can presumably be distinguished: BID, BOG,
and TUI form one cluster, and the SON and KAM samples form another (Figure 3).

In addition, for a better understanding of the population structure and further associa-
tion analysis, a search for the most probable number of clusters or subpopulations K for
K from 1 to 20 was conducted, with 20 replicates for each number K, and estimates of the
contribution of each cluster to individual admixtures of trees (Q-values) were obtained.
The ΔK method for selecting the most probable number K showed that the most probable
numbers are K = 2 or K = 3. The contributions (“admixture”) of each cluster to individual
trees (Q-values) according to the results of the Admixture program are shown in Figure 4.
The sNMF algorithm, which was also used to calculate the Q-value matrix, showed similar
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results. When the number of clusters is K = 2, the trees belonging to the SON and KAM
samples represent a separate cluster and are genetically different from the trees collected at
other sites.

Table 3. Values of mean nucleotide diversity (π), observed (HO) and expected (HE) heterozygosities,
individual fixation index (FIS), and their associated standard errors (s.e.) calculated for five population
samples of Siberian larch based on all 9742 SNPs and 371 SNPs significantly associated with the
variation of adaptive dendrophenotypes.

Population π ± s.e. HO ± s.e. HE ± s.e. FIS ± s.e.

9742 SNPs

TUI 0.00033 ± 0.00000 0.162 ± 0.001 0.162 ± 0.001 0.036 ± 0.017

SON 0.00030 ± 0.00000 0.118 ± 0.001 0.146 ± 0.001 0.163 ± 0.016

KAM 0.00033 ± 0.00000 0.147 ± 0.001 0.161 ± 0.001 0.099 ± 0.019

BOG 0.00034 ± 0.00000 0.173 ± 0.001 0.166 ± 0.001 0.012 ± 0.014 *

BID 0.00034 ± 0.00000 0.170 ± 0.001 0.170 ± 0.001 0.033 ± 0.015

All 0.00289 ± 0.00003 0.154 ± 0.001 0.166 ± 0.001 0.095 ± 0.049

371 SNPs

TUI 0.00189 ± 0.00012 0.171 ± 0.009 0.166 ± 0.007 0.029 ± 0.100 *

SON 0.00160 ± 0.00011 0.125 ± 0.008 0.141 ± 0.007 0.117 ± 0.020

KAM 0.00215 ± 0.00013 0.184 ± 0.009 0.189 ± 0.007 0.071 ± 0.101 *

BOG 0.00191 ± 0.00013 0.182 ± 0.010 0.168 ± 0.007 −0.010 ± 0.075 *

BID 0.00180 ± 0.00012 0.171 ± 0.009 0.159 ± 0.006 −0.005 ± 0.091 *

All 0.00192 ± 0.00011 0.166 ± 0.007 0.173 ± 0.005 0.073 ± 0.292 *

Note. All the values were significantly different from zero except the FIS values marked by *.

Table 4. Pairwise FST fixation indexes with 95%confidence intervals in brackets calculated between
5 population samples.

Population TUI SON KAM BOG

SON 0.016 (0.014–0.017)

KAM 0.014 (0.012–0.016) 0.008 (0.007–0.009)

BOG 0.007 (0.005–0.008) 0.022 (0.019–0.024) 0.018 (0.015–0.020)

BID 0.007 (0.005–0.008) 0.020 (0.018–0.022) 0.017 (0.015–0.018) 0.007 (0.006–0.008)

According to the Admixture analysis, all the genotypes were divided into two groups:
the first group included the TUI, BOG, and BID populations, and the second group was
SON–KAM.

AMOVA was conducted and Wright’s fixation indices (F-indices) were calculated
for each hierarchical level (Table 5). The highest level of genetic variation was within
populations (98.2%).

The correlation of the matrices of the pairwise geographic distances with the matrices
of the pairwise genetic differences was calculated using the Mantel test: for 84 trees
of the KAM, BID, and TUI samples and for 5 populations using average coordinates
and Nei’s genetic distance matrix. The resulting test p-values indicate that there is no
relationship between the geographic and genetic distances of populations (p = 0.171 and
p = 0.558, respectively).
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Figure 3. Principal component analysis (PCA) results for five Siberian larch population samples.

Figure 4. Admixture of each of the two (K = 2, above) and three (K= 3, below) clusters in individual
Siberian larch trees representing five populations (TUI, SON, KAM, BOG, and BID) highlighted by
two (for K = 2) or three (for K = 3) different colors, respectively.

Table 5. AMOVA results for five population samples of Siberian larch.

Source of Variation Sum of Squares Variance Components Percentage Variation
F-Statistics

over All Loci

Among groups 2079.3 7.7 1.0
FST = 0.018
FSC = 0.008
FCT = 0.010

Among populations within groups 3139.3 5.8 0.8

Within populations 195,233.5 731.7 98.2

Total 200,452.1 745.3 100.0
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3.4. Associations between Dendrophenotypes and Individual Heterozygosity

For each sample, the individual level of heterozygosity was calculated, with an aver-
age 0.144 for all the samples. The lowest average values of individual heterozygosity were
obtained for the SON population (0.112 ± 0.005) and the highest for the BOG population
(0.164 ± 0.005). The Pearson’s and Spearman’s correlation coefficients of individual het-
erozygosity and each dendrophenotype were calculated (Table 6). These coefficients were
calculated both for data not standardized by chronology and for indices calculated after
the standardization procedure. The results were very similar; therefore, Table 6 presents
coefficients only based on the unstandardized data.

Table 6. Pearson’s product-moment (r) and Spearman’s rank (rS) correlation coefficients between
dendrophenotypes and individual heterozygosity.

Dendrophenotype r p rS p

Age −0.006 0.9413 0.011 0.8979

avLn 0.047 0.5858 0.030 0.7325

varLnr −0.055 0.5262 −0.150 0.0808

avTRW −0.049 0.5718 −0.046 0.5911

varTRW −0.118 0.1701 −0.164 0.0560

trendTRW 0.372 * <0.0001 0.371 * <0.0001

Rc1 0.322 * 0.0004 0.366 * <0.0001

Rc2 0.345 * <0.0001 0.351 * <0.0001

Rc3 0.339 * <0.0001 0.437 * <0.0001

Rc4 0.307 * 0.0007 0.435 * <0.0001

Rc5 0.318 * 0.0003 0.331 * 0.0002

Rs1 0.064 0.4918 −0.028 0.7615

Rs2 0.228 * 0.0111 0.278 * 0.0019

Rs3 0.074 0.4098 0.062 0.4898

Rs4 0.180 * 0.0370 0.311 * 0.0002

Rs5 0.142 0.1097 0.200 0.0237

Rt1 −0.432 * <0.0001 −0.378 * <0.0001

Rt2 −0.076 0.4014 0.021 0.8144

Rt3 −0.286 * 0.0011 −0.258 * 0.0034

Rt4 −0.342 * <0.0001 −0.280 * 0.0010

Rt5 −0.203 * 0.0216 −0.215 * 0.0146

RRs1 0.471 * <0.0001 0.316 * 0.0005

RRs2 0.378 * <0.0001 0.353 * <0.0001

RRs3 0.405 * <0.0001 0.493 * <0.0001

RRs4 0.423 * <0.0001 0.401 * <0.0001

RRs5 0.216 * 0.0144 0.258 * 0.0033
* Significant values.

There was a significant positive relationship between the recovery index (Rc), rela-
tive resilience index (RRs), and individual heterozygosity for all five drought periods
(p-value < 0.05). The resistance index (Rt) showed a significant negative correlation with
individual heterozygosity for four droughts, excluding the drought period of 1963–1965
(Rt2). The resilience index (Rs) correlated according to both the Pearson’s and Spear-
man’s correlation coefficients with individual heterozygosity based on the 1963–1965

181



Forests 2023, 14, 2358

and 1999 droughts, but only based on Spearman’s rank correlation coefficient for the
2015 drought data.

Dot-plot graphs of individual heterozygosity (IndHet) and dendrophenotypes (Rt,
Rc, Rs, RRs, varTRW, and trendTRW), together with the Pearson’s (r) and Spearman’s
rank (rS) correlation coefficients, regression coefficients (R2) and trendlines based on linear,
quadratic, cubic and local polynomial regression fitting, are presented for significant cases
in Figure S1.

The mean radial growth and mean radial growth trend (trendTRW) are presented
in Table 7. The positive trend values mean that the growth rate was increasing over
the past 30 years during the period of 1990–2019, taking into account the size–age trend,
while negative values mean opposite—that it was decreasing. If the mean value of the
growth index is more than one, then the trees have grown on average faster over the
past 30 years than in their entire life; if less than one, then slower. The growth rate was
slightly decreasing in four out of five populations, despite the fact that the trees have
grown on average faster over the past 30 years than in their entire life in three out of five
populations. A significant positive correlation between the radial growth trend (trendTRW)
and individual heterozygosity was discovered. That is, the trees with higher heterozygosity
demonstrate less of a decrease in the growth rate.

Table 7. The mean radial growth and mean radial growth trend (trendTRW) over the past 30 years
during the period of 1990–2019 in five population sites of Siberian larch.

Population BID BGD KAM SON TUIM

trendTRW −0.002 0.002 −0.009 −0.017 −0.009

Mean radial growth 0.973 1.017 0.982 1.042 1.058

3.5. Genotype–Dendrophenotype Associations

According to the BSLMM, the proportion of variation in dendrophenotypes explained
by the available genotypes (PVE) averaged 0.77, varying from the minimum value of 0.39
for the Rt5 index to the maximum value of 0.98 for avTRW. At the same time, the proportion
of genetic variation explained by the variants with a relatively large effect (PGE) was 0.44 on
average and varied from 0.03 in Rc4 to 0.96 in avTRW. For 21 out of 26 dendrophenotypes,
the BSLMM method found associated SNPs with PIP values >25% (the estimated frequency
by which an SNP has a sparse effect in the MCMC). In total, 2523 SNPs with presumably
adaptive variation were selected using the BSLMM method, 453 of which were associated
with more than 1 dendrophenotype.

According to the MLM, 1440 SNPs in total were associated with at least 1 of
26 dendrophenotypes, among which 565 were associated with 2 to 8 dendrophenotypes
simultaneously.

According to the GLM, 2102 SNPs in total were associated with at least 1 of 26 den-
drophenotypes, among which 1179 were associated with more than 1 dendrophenotype
and 1 SNP (LS.4109781.252) was associated with 10 different dendrophenotypes.

A total of 4109 significant SNPs were detected using any of the 3 methods. Among
them, 965 SNPs were detected by both GLM and MLM, and 371 SNPs by all 3 methods
(Figure 5).

3.6. SNP Annotation

For the 371 SNPs found by all 3 association analysis methods, we analyzed the genomic
regions in which these SNPs were localized (Table S2). According to the genomic annotation
data of Siberian larch, only 26 SNPs were located in scaffolds with annotated genome
features, whereas the rest were located in unannotated scaffolds. The majority of the
successfully annotated adaptive markers were located in intergenic regions; only five
were located in the coding regions of genes, and three of them were nonsynonymous and
resulted in amino acid substitutions (Table 8).
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Figure 5. Venn diagram summarizing the results of the search for SNPs associated with at least one
of 26 dendrophenotypes using three methods: BSLMM, GLM and MLM.

Table 8. Annotation of 26 potentially adaptive SNPs.

SNP Dendrophenotype (GWAS
Method)

Location * Gene Function Reference

LS.3651056.309 Rt1 (GLM, MLM), avTRW
(BSLMM) Exon Cytochrome P450 89A2 Oxidoreductase activity [56,57]

LS.3905950.5973 avTRW, varTRW (GLM,
MLM), Rs4 (BSLMM) Exon

Xyloglucan endotransglucosy-
lase/hydrolase protein

B

Cell wall construction of
growing tissues [58]

LS.4033175.6261 Rs1 (GLM, MLM), RRs1
(BSLMM) Exon Cellulose synthase-like

protein E6 Cellulose biosynthetic process [59]

LS.4447596.15042 Age (GLM, MLM), Rc1
(BSLMM) Exon Uncharacterized protein

LOC116133164 - [53]

LS.4817075.929
varLn (GLM, MLM), Rc5

(GLM, BSLMM), RRs5
(GLM)

Exon Protein Brevis radix-like 4 Modulator of root growth [60]

LS.3903843.2180
Rc2, Rc3, RRs2, RRs3

(MLM, GLM) Rs2 (GLM),
Rs3 (BSLMM)

78 RING-H2 finger protein ATL3 Ubiquitin ligase [61,62]

LS.4185574.3908 varLn (GLM, MLM), Rs3
(BSLMM) 325 Alpha-mannosidase 2 Production of complex-type

glycans [63]

LS.7774.12431
RRs4, Rs2 (GLM, MLM),

RRs5 (GLM, BSLMM) Rc5,
Rt5 (GLM), Age (BSLMM)

3951 O-fucosyltransferase 19-like Component of the gibberellin
signaling pathway [64]

LS.10638.27578 avTRW (GLM, MLM,
BSLMM), Age, Rc4 (GLM) 5283

GPALPP motifs-containing
protein 1

(lipopolysaccharide-specific
response protein)

Lipopolysaccharide-specific
response [53]

LS.56935.13023 Rs4 (GLM, MLM, BSLMM) 5957 Probable aldo-keto reductase
4 Glyphosate degradation [65]

LS.21791.50056 RRs1, Rc5 (GLM, MLM),
Rs3 (BSLMM) 6066 Unknown - [53]

LS.61616.10689 Rc1, Rt1 (GLM, MLM), Rs5
(BSLMM) 6109 Hypothetical protein - [53]

LS.24961.61616 RRs5 (GLM, MLM), Rt4
(BSLMM) 6200 Unknown - [53]

LS.7196.6722 RRs5, Rs5 (GLM, MLM),
RRs2 (BSLMM) 8888 Hypothetical heat shock

protein - [53]

LS.105004.9682
avLn, Rt2 (GLM, MLM),

Rc3 (GLM, BSLMM), RRs1,
Rc1, Rt3 (GLM)

12,733 Phospholipase A1-Igamma3,
chloroplastic

Catalyzes the hydrolysis of
phosphatidylcholine [66]

LS.7184.3035 Rs1 (GLM, MLM), RRs2
(BSLMM) 12,939 Unknown - [53]

LS.7252.104584
Rc3 (GLM, MLM, BSLMM),

RRs1, Rc1, (MLM, GLM),
Rs1 (GLM)

15,386

PLAT/LH2
domain-containing

lipoxygenase family protein
isoform 2

Defense mechanisms against
pathogens [67,68]
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Table 8. Cont.

SNP Dendrophenotype (GWAS
Method)

Location * Gene Function Reference

LS.14907.46110 Rt2 (GLM, MLM, BSLMM),
Rs1 (GLM) 15,426

E3 ubiquitin ligase BIG
BROTHER-related-like

protein

It may limit the duration of
organ growth and ultimately

organ size by actively
degrading critical growth

stimulators

[69,70]

LS.15117.58377 RRs2, Rc2 (GLM, MLM),
Age (GLM), Rs4 (BSLMM) 34,970

Cysteine and histidine-rich
domain-containing protein

RAR1 (CHRD1)

Gene-mediated disease
resistance [71]

LS.30352.56788 Rs4 (GLM, MLM), Rs3
(BSLMM) 54,635 Unknown - [53]

LS.16524.116919 Rs1 (GLM, MLM), Rs5
(BSLMM) 58,871

Uncharacterized FCP1
homology domain-containing

protein C1271.03c
- [53]

LS.12450.3129
Rs2, avTRW, varTRW
(GLM, MLM), avLn

(BSLMM)
64,166 RING-H2 finger protein Ubiquitin ligase [61,62]

LS.1920.81278 Rc1 (GLM, MLM), Rt1
(GLM), Rt3 (BSLMM) 65,622 U-box domain-containing

protein 52-like
Functions as an E3 ubiquitin

ligase. [72]

LS.5783.87994 Rt1 (GLM, MLM), Rc1
(GLM), Rs3 (BSLMM) 69,130 ATP-dependent DNA

helicase RECG-like
Recombination and DNA

repair [73]

LS.2549.42867 Rc3 (GLM, MLM), RRs2
(BSLMM) 69,752 Hypothetical protein

GW17_00026793 - [53]

LS.16630.144091 varLn (GLM, MLM), avLn
(BSLMM) 83,423 Adenylosuccinate lyase Synthesis of purine

nucleotides [74]

* Location in gene or distance to the nearest gene (bp).

For all the intervals of the nucleotide sequences (±1000 bp from the SNP or the
maximum possible interval when the range of 2000 bp exceeded the scaffold size limits)
containing SNPs associated with dendrophenotypes, homologs were searched in the
NCBI BLAST database. Highly homologous sequences were found for 57 intervals
containing SNPs, and most matches were found with genomic sequences and mostly
unknown mRNAs and hypothetical proteins of white spruce (Picea glauca), Sitka spruce
(Picea sitchensis), and Loblolly pine (Pinus taeda). Only for eight intervals were homolo-
gous sequences containing annotated genes or other structural units of the plant genome
found in the NCBI GenBank database. For example, for the SNP locus LS.4643215.2651,
which is associated with the dendrophenotype avLn according to GLM and MLM, as
well as with the Rc3 index according to BSLMM, a homology was found with the mRNA
encoding multiprotein-bridging factor 1c (MBF1, XM_028068828) of cowpea (Vigna un-
guiculata). It is a transcription cofactor whose molecular function is to form a bridge
between transcription factors and the basal transcription machinery. They are involved
in developmental processes and stress responses [75].

SNP LS.3970711.165 associated with the dendrophenotypes Rc4 and RRs4 according
to GLM and MLM and with the RRs4 index according to BSLMM is located in a locus
homologous to the mRNA encoding copper methylamine oxidase-like (XM_022162594) of
oilseed sunflower (Helianthus annuus), which is involved in the mechanisms of protection
against pathogens [76].

SNP LS.890128.210, associated with Rs3 according to BSLMM and Rs2 according
to MLM and GLM is located in a locus homologous to the gene encoding the MYB6
transcription factor of Monterey pine (Pinus radiata, KY196189), which is involved in the
regulation of the biosynthesis of secondary metabolites [77].

SNP LS.3903843.2180, which is associated with five dendrophenotypes (Rc2, Rc3, Rs2,
RRs2 and RRs3) according to GLM, Rc2, Rc3, RRs2 and RRs3 according to MLM, and with
Rs3 according to BSLMM, is located in a locus homologous to the mRNA of RING-H2
finger protein ATL3-like of wild soybean (G. soja, XM_028350422). There are also larch
annotation data for this SNP (Table 8).
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SNP LS.4382060.16010, which is associated with dendrophenotypes RRs1, Rs1, Rs3,
Rs5, and Rt3 according to GLM, Rs3 according to MLM, and Rc1 according to BSLMM, is
located in a locus homologous to the mitochondrial gene encoding ribosomal protein S4 of
eastern white pine (Pinus strobus, MN9653 08), which is involved in the formation of plant
disease resistance [78].

SNP LS.29920.18803, which is associated with avLn, Rs1, and Rt4 according to GLM
and MLM, Rs2 and Rt2 according to GLM, and Rc1 according to BSLMM, is located in a
locus homologous to the gene encoding polygalacturonase of breadseed poppy (Papaver
somniferum, XM_026530000), which is responsible for the degradation of cell wall pectin and
is involved in the processes of organ aging and the response to biotic stress in plants [79].

Homologues related to retrotransposons were identified for two sequences. Thus, the
interval containing SNP LS.9095140.133, which is associated with the dendrophenotype
Rs4 according to GLM and MLM and with avLn according to BSLMM, was aligned to
the sequence encoding the RNA-directed DNA polymerase of cabbage (Brassica oleracea,
XM_013761928). The sequence containing SNP LS.4042787.3127, which is associated with
dendrophenotypes RRS1, RC1, RS2, RT1 and RT3 according to GLM, with RRS1, RC1
and RT1 according to MLM, and with RS5 according to BSLMM, was homologous to the
sequence of retrotransposons of maritime pine (Pinus pinaster, DQ394069) and Monterey
pine (AJ004945).

4. Discussion

The results of the presented genome-wide analysis of the structure and genetic vari-
ation of natural populations of Siberian larch in the foothills of the Batenevsky Range
are generally consistent with previous conclusions about the relatively weak population
structure of closely located Siberian larch populations: the value of FST = 0.018 observed in
this study is very close to the value of FST = 0.017 based on a larger dataset of 25,143 SNPs
obtained earlier for Siberian larch in the Altai-Sayan region [80].

The genetic differentiations between two groups identified on the basis of popula-
tion structure analysis (FCT), between populations within groups (FSC), and between all
the populations (FST) are consistent with the results previously obtained for larch and
based on a larger dataset of SNPs [80,81]. The largest proportion of the genetic variance,
98%, was within the studied samples, and only 1% of the variance was due to differences
between groups.

The results of the PCA showed that the samples were weakly genetically differentiated,
which was expected because of the relatively short distances between sampling sites (about
50 km). Some trees from some populations demonstrated higher genetic similarity to trees
from other populations according to the results of the cluster analysis (Figure 3). This is
not surprising and can be expected, since the distance between populations is only tens of
kilometers, there are no clear gaps between them such as treeless areas or forests that do not
include larch, and there are no pronounced geographical barriers. Thus, some gene flow and
genetic exchange can be expected between these populations, especially considering that
larch is a wind-pollinated and wind-propagated species with small and light winged seeds.
It is possible that the observed distribution reflects the predominance of southwestern
and western winds in the basin of this region in combination with landscape restrictions.
In particular, the SON and KAM populations are located approximately upwind of the
remaining populations. Minimal genetic differentiation was observed between the TUI
and BOG populations. There was no correlation between the geographic distance and the
relatedness of trees in the study area.

The lack of a significant correlation between individual heterozygosity and the avTRW
and varTRW dendrophenotypes is consistent with those previously obtained by Babushkina
et al. [24] for two populations of Siberian larch based on the eight most polymorphic
microsatellite loci (SSRs), although in the case of varTRW, it was negative according to
Spearman’s rank correlation coefficient (rS = −0.164) and almost significant (p = 0.056),
which may partly indicate that increased heterozygosity stabilizes individual development,
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reducing the variance of wood growth. There was also no correlation between individual
heterozygosity and age, average needle length, or variance in needle length.

According to recently obtained preliminary data for 124 Siberian pine (Pinus sibirica
Du Tour) trees growing in the same region 150–250 km to the south of study area,
there was no significant correlation between individual heterozygosity based on 13,914
biallelic SNPs and avTRW, although a significant negative correlation of the varTRW
with individual heterozygosity was also found (rS = −0.303) (data not published).

The presence of a significant positive correlation between individual heterozygosity
and the recovery (Rc) and relative resilience (RRs) indices for all the studied drought
periods and partly the resilience (Rs) indices for three drought periods suggests that
differences in the drought resistance of individual Siberian larch trees are associated
with the level of individual heterozygosity, the increase in which improves the adaptive
capabilities of the organism.

However, we also discovered a significant negative relationship between the level
of heterozygosity and the resistance index (Rt), which directly reflects the efficiency of
larch growth during the drought years in four out of five periods. Perhaps one of the
adaptive mechanisms of larch involves a sharp reduction in growth during periods of
drought as part of a survival strategy, which is more pronounced in trees with a higher
level of individual heterozygosity. Whether this is a consequence of increased homeostasis
or heterosis and overdominance is difficult to determine and requires additional research.

It is interesting to note that the confidence intervals for the correlation trends are narrower
in the upper-to-middle intervals (0.14–0.15) of the heterozygosity values, and he trendlines
based on the quadratic, cubic and local polynomial regression fitting better approximate the
correlation between individual heterozygosity and dendrophenotypes with higher regression
coefficients (Figure S1). It can be a signature of the “optimal” heterozygosity reflecting the
stable individual growth and response to the stress factors and providing the maximum
adaptation of an individual or a population to the environment in which the individual or
population was formed and in which it now exists (in sensu [82–84]).

The search for genotype–phenotype associations using three different methods re-
vealed 371 potentially adaptive SNPs. Only 26 SNPs were located in genomic regions
carrying functional genes: 21 in intergenic regions and 5 in gene-coding regions. The
genetic diversity summary parameters based on 371 potentially adaptive SNPs were only
slightly higher than those that were based on all 9742 SNPs (Table 3). It seems that a limited
number of SNPs are needed to appropriately assess genetic diversity.

It is important to note that the growth rate was slightly decreasing in four out of five
populations over the past 30 years during the period of 1990–2019. This is likely related to
the climate change, particularly reflecting the increased water deficit caused by warming.
These observations are corroborated by recent climate-driven decreasing trends in the grain
crop yields observed in the steppe territories of the study region [85]. However, creation
of large water reservoirs has so far mitigated most of the drying climatic trends in the
region [86] comparing to most of continental Asia, where severely declining tree growth
and forest die-off were observed recently in many places on southern and lower fringes of
forested areas [6,87].

5. Conclusions

Several regions of the genome and genes have been identified, the variation of
which is associated with the variation of important adaptive traits, dendrophenotypes.
We certainly realize the limits of the RADseq method and that the obtained genomic data
could be insufficient to uncover all the genes and genetic mechanism that are responsible
for adaptation to drought, although those that are found could be of interest for the
scientific community. We identified several SNPs in candidate genes whose variation
was associated with important adaptive dendrophenotypes. Based on these results,
it can be assumed that Siberian larch has relatively high adaptive genetic variation
and potential in the studied area. It seems well adapted to abiotic stresses such as
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droughts. However, the negative growth trend observed in four out of five populations
could be a sign of the beginning negative effect of climate change. The results of this
study will allow for a deeper understanding of the genetic mechanisms underlying the
adaptations of larch to various climatic conditions. This study allowed us to detect
important genes, and we obtained SNPs with significant adaptive variation that can be
potentially used as genetic markers in the marker-aided breeding for stress tolerance as
well as for creating a SNP genotyping chip for monitoring adaptive genetic variation in
other larch populations, although more SNP genotyping data, preferably based on the
whole-genome sequencing, are required for developing a comprehensive high-density
SNP genotyping assay to study larch. The presented approach, which includes both
dendrophenotypic and genetic data, can serve as a scientific basis for optimizing nature
management, developing methods for the rational use of the studied species, identifying
populations with good genetic potential and conducting environmental monitoring.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/f14122358/s1, Figure S1: Dot-plot graphs of individual heterozygosity
(IndHet) and dendrophenotypes (Rt, Rc, Rs, RRs, varTRW, and trendTRW) for significant cases
with the Pearson’s (r) and Spearman’s rank (rS) correlation coefficients, regression coefficients (R2)
and trendlines based on linear (L), quadratic (Q), cubic (C) and local polynomial (LP) regression
fitting. The gray area highlights the 95% confidence interval; Table S1: Individual and mean values of
27 traits in 136 trees and 5 populations and pairwise Wilcoxon rank-sum test p-values for 27 traits ad-
justed according to the Benjamini–Hochberg procedure; Table S2: Annotation summary of 371 SNPs;
Data S1: Genotypes of 9742 SNPs in the vcf format.
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Abstract: Although the hawthorn is not a forest-forming species, and it has no high economic
significance, it is a very valuable component of forests, mid-field woodlots or roadside avenues.
The literature, however, lacks information on the growth rate, growth phases, or growth–climate–
habitat relationship for trees of this genus. This work aimed to establish the rate of growth of
Craraegus monogyna and C. xmedia Bechst growing in various parts of Poland, in various habitats;
analyze the growth–climate relationship; and distinguish dendrochronological regions for these
species. Samples were taken using a Pressler borer from nine populations growing in different
parts of Poland, from a total of 192 trees (359 samples). The tree-ring width was measured down
to 0.01 mm. The average tree-ring width in the studied hawthorn populations ranged from 1.42 to
3.25 mm/year. Using well-established cross-dating methods, nine local chronologies were compiled
with tree ages between 45 and 72 years. Dendroclimatic analyses (pointer year analysis, correlation
and response function analysis) were performed for a 33-year period from 1988 to 2020, for which all
local chronologies displayed EPS > 0.85. The tree-ring width in the hawthorn populations depended
mostly on temperature and rainfall through the May–August period. High rainfall and the lack of
heat waves through these months cause an increase in cambial activity and the formation of wide tree
rings. Conversely, rainfall shortages through this period, in conjunction with high air temperatures,
caused growth depressions. Cluster analysis enabled the identification of two dendrochronological
regions among the hawthorn in Poland: a western and eastern region, and a single site (CI), whose
separation was most likely caused by contrasting habitat and genetic conditions. The obtained results
highlight the need for further study of these species in Poland and other countries.

Keywords: one-seeded hawthorn (Crataegus monogyna); intermediate hawthorn (Crataegus media
Bechst.); tree-ring width; dendroclimatology; Poland

1. Introduction

In recent decades, we have witnessed climate change, manifested mostly via air
temperature increase (warmer winters, earlier and longer warm seasons, elevated maxi-
mum temperatures), and increasingly extreme weather (e.g., heavy rains, droughts, heat
waves) [1]. Also, the human impact on the natural environment has been increasing: occu-
pation, transforming and destroying plant and animal habitats, emissions of substances
that are harmful to living organisms into soil, water and air, or introducing organisms
into geographic regions where they are not indigenous [2–5]. As a result, the ranges of
individual species occurrence are shifting, new threats are occurring in areas where they
were previously unknown, and phenomena leading to habitat degradation and species
extinction are intensifying [6–9]. Trees and forests are just as vulnerable to these changes as
other organisms. At the same time, they represent a very valuable element in counteracting
global warming as organisms capable of absorbing and storing carbon dioxide, as organ-
isms/habitats creating a microclimate that is favorable to other organisms, retaining water
in the habitat, or lowering the surface temperature [10–12]. The list of ecosystem services
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for trees and forest habitats is very long. For this reason, the protection of each species
and each forest habitat is so important. The hawthorn, although neither economically
significant nor forest forming, is remarkably valuable ecologically. It most commonly
inhabits forest edge zones and grows in clearings, mid-field woodlots, or along roads. The
hawthorn trees provide habitat for numerous animal species, and offer both nutrition and
shelter [13–17]. By increasing the biodiversity of their occurrence sites, they increase the
immunity of such habitats to the ongoing changes, and thus increase their quality and
value [18]. For these reasons, each new information on the hawthorn ecology is valuable
and may be used for counteracting climate change. Two hawthorn species occur in Poland:
the one-seeded hawthorn (Crataegus monogyna) and the Midland hawthorn (C. laevigata).
There is also a natural hybrid of these two, the intermediate hawthorn (C. xmedia Bechst.).
All these species occur in the study area. In the literature, the hawthorn is described as
having low requirements with respect to habitat (resistant to both strong frost and drought),
growing mostly in sun-lit places [19,20]. The hawthorn rapidly inhabits deforested sites
or abandoned agricultural land [21]. It is noted for its high biocenotic significance, as
hawthorn gatherings are a source of nutrition for numerous animals, provide shelter, and
protect water and soils [22,23]. On the other hand, however, they are also the habitat of
numerous pests that infest both hawthorn individuals and orchard-grown trees (especially
apple and pear trees). The hawthorn (both inflorescences and fruits) is also used in folk
medicine and herbalism as a remedy for diarrhea and insomnia, and for the treatment
of cardiovascular diseases and digestive tract conditions. It is the source of numerous
highly biologically active chemical compounds that display, for instance, anti-inflammatory,
antibacterial and anti-oxidative effects [24–26].

For these reasons, each new information on the hawthorn ecology is valuable and may
be used in the fight against climate change. There are few papers on the ecology of the
individual hawthorn species, and information regarding tree-ring width, growth rate and
growth–climate relationship is virtually absent (apart from Cedro and Cedro [27]).

This paper aims to (i) determine the rate of growth in the hawthorns growing in
various parts of Poland, in different habitats; (ii) analyze the growth–climate relationship
and (iii) attempt an identification of dendrochronological regionalization for this species.

2. Material and Methods

2.1. Study Area

The fieldwork focused on nine hawthorn populations in Poland. Two populations
(LB and ST) are located in northern Poland (Figure 1), within the young glacial relief zone
(the last stagnation phases of the ice sheet). Four populations (MA, CI, ZB and DB) are
located within the lowlands of central Poland (70–130 m a.s.l.), and three populations are
located within mountain areas (above 450 m a.s.l.): WA in the Sudetes, and WG and LE
in the Carpathians. The ST study plot is located at the lowest elevation (45 m a.s.l.), and
the LE plot is located at the highest elevation (540 m a.s.l.) (Table 1). Two populations are
natural hybrids of the one-seeded hawthorn and the Midland hawthorn, i.e., intermediate
hawthorn (C. xmedia, ST and LB). The remaining seven plots are populations of the one-
seeded hawthorn (C. monogyna).

The intermediate hawthorn plot (C. xmedia)—LB—is located about 7 km SE from
the city of Lębork, in northern Poland, within the Kaszuby Lake District, in a region
characterized by extremely variable surface elevation [28]. The studied trees, however, are
growing on an area with less variable elevation, on a gentle slope of a small stream (about
120 m a.s.l.), on a Quaternary, mostly sandy substratum. It is the margin of a former military
training site. At present, the training site is disused by the military, and it is undergoing a
natural succession. The studied trees are growing on clearings, along the forest edge, and
underneath the canopy of older trees. The largest group of trees was probably planted, as
an espalier arrangement is preserved.
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Figure 1. Location of the study plots: triangles—study plots, dots—weather stations, T—temperature,
P—precipitation, IN—insolation.

Table 1. List of the study plots along with basic information.

Lab.
Code

Name Species
Geographic
Coordinates

Altitude
a.s.l. (m)

No. of
Trees

No. of
Samples

No. of
Tree Rings

LB Lębork C.xmedia
N: 54.5265◦ N

120 21 41 1584E: 17.8470◦ E

ST Stobno C.xmedia
N: 53.4181◦ N

45 22 30 1990E: 14.4051◦ E

MA Malczewo C. monogyna N: 52.4350◦ N
123 22 40 1501E: 17.6433◦ E

CI Ciemierów C. monogyna N: 52.1047◦ N
78 20 38 2080E: 17.7267◦ E

ZB Zbiersk C. monogyna N: 51.9724◦ N
120 21 41 1508E: 18.1124◦ E

DB Dęblin C. monogyna N: 51.5490◦ N
115 22 42 1381E: 21.8282◦ E

WA Wałbrzych C. monogyna N: 50.7995◦ N
481 21 41 1327E: 16.2333◦ E

WG Węgierska
Górka

C. monogyna N: 49.6016◦ N
451 22 44 935E: 19.1010◦ E

LE
Leszna
Górna

C. monogyna N: 49.6975◦ N
540 21 42 1944E: 18.7318◦ E

Σ 192 359 14,250

The ST study plot is located in the NW part of Poland, on a morainic plateau composed
of Quaternary deposits of the last Ice Age [28], in a typically agricultural landscape. On
German topographic maps (e.g., from 1921), a road passes through the center of the study
plot. Following World War II, the road was plowed and at present it is annually sown. Only
the study plot was excluded from farming. The gathering of the intermediate hawthorns
is probably derived from one to several individuals sown by birds next to a dirt road. At

193



Forests 2023, 14, 2264

present it is a monospecific mid-field woodplot composed of the intermediate hawthorn
(C. xmedia) trees and shrubs, comprising several hundred individuals of variable age. The
woodlot is about 75 m long and 20–25 m wide. It is located on a SE-facing scarp that is up
to 4 m high (about 45 m a.s.l.). Cambisols have developed on the till bedrock. The woodlot
is surrounded on all sides by agricultural land [27].

The MA study plot, close to Malczewo, is inhabited by the one-seeded hawthorn (C.
monogyna). It is located in Greater Poland, on the Września Plain (123 m a.s.l.), in a typically
agricultural landscape. In between the fields, there is a small pine forest (about 80 years
old), with an admixture of ash. A gathering of the hawthorn, the black elderberry and the
bird cherry is growing at the edge of this forest, along a dirt road. The forest is growing
within a shallow depression, with no streams nearby. The hawthorn occurs mostly at the
NE edge of the forest.

The CI study plot is located close to Ciemierów on the South Great Polish Lowland (78
m a.s.l.). The one-seeded hawthorn trees are growing under the canopy of a mixed fresh
forest (e.g., with pine, oak and birch) on an abandoned agricultural land. The remains of an
old forester’s lodge are located nearby. The trees are growing mostly in an avenue layout
and were most likely planted by a forester. Gleyed pseudopodzolic soil is developed on
clayey sands at this plot.

Also, the ZB study plot, close to Zbiersk, is located on the South Great Polish Lowland
(120 m a.s.l.). The one-seeded hawthorns were planted here by foresters in the 1960s–1970s.
At present, the trees are growing at the border of a lumber mill and gardens, forming a
~100 m long espalier.

The one-seeded hawthorn trees (C. monogyna) from the DB study plot are growing
on a flood embankment along the Wisła River (left bank of the river, about 100–300 m to
the south of a railroad crossing close to Dęblin, 115 m a.s.l.). Geographically, this area is
considered part of the Middle Vistula Valley [28]. A very dense assemblage of the hawthorn
is growing at the summit and the slopes of the scarp.

The WA site, located within the city limits of Wałbrzych, is located in the Wałbrzych
Mountains, part of the Central Sudetes [28]. In the past, this area hosted numerous pollution-
emitting industrial plants, including mines and coking plants. The one-seeded hawthorn
trees (C. monogyna) are growing next to a disused railway leading to Biały Kamień. The
hawthorn individuals occur on gentle slopes and scarps (481 m a.s.l.). The bedrock is
composed of Carboniferous-aged sandstones. The trees are growing in clearings, in small
woodlot patches, or at forest edges. The population is dominated by young and very young
individuals (up to 20–30 years old), only a few specimens are older.

The WG study plot, close to Węgierska Górka (451 m a.s.l.), is located in the Żywiec
Basin, part of the Western Beskidy range within the Carpathians. A this site, a dynamically
developing population of the one-seeded hawthorn (numerous trees and shrubs, mostly
young, with few older specimens) is growing on gentle, south-facing, meadowy slopes.
Numerous bunkers, part of the Polish defensive system from the 1930s, are located im-
mediately adjacent to the hawthorn population, and during the sampling campaign for
this study (August 2021), intense express road construction was in progress in the vicinity,
involving a tunnel, a viaduct and the road. The bedrock is composed of marly shales of
Cretaceous age.

The one-seeded hawthorn from the vicinity of Leszna Górna (LE study plot) is growing
on gentle slopes and near the summits of the elevations forming part of the Silesian Beskid
Mountains (part of Western Beskidy, Carpathians, 508–540 m a.s.l.). The woodlots are
surrounded by pastures used for sheep farming, and the sheep tend to rest underneath the
hawthorn trees. Under the oldest hawthorn specimens, there is often no vegetation under
the canopy, the root zones are exposed, and there are well-trodden paths. All this indicates
that numerous generations of sheep took rest there. Upper Cretaceous shales make up the
bedrock at this site.
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During sampling in northern Poland (LB and ST study plots), we observed numerous
individuals of the hawthorn trees infested by the orchard ermine (Yponomeuta padella). This
insect causes partial damage to the assimilation apparatus [29,30].

2.2. Tree-Ring Data

Samples were taken in September 2020 (the paper by Cedro and Cedro [27] presents
residual RES chronology and tree-ring/climate analysis for the period of 1981–2020,
40 years, for the ST site), during the growing season 2021 (MA, CI, ZB, DB, WG and
LE), and in late September 2021 (LB and WA). Hawthorn individuals who were dominant
and presumably older were selected for sampling. Samples were collected using a Pressler
borer, at 1.0–1.3 m height above ground (two cores per individual). A total of 192 trees
were sampled (from 20 to 22 per plot), yielding 359 measuring radii (from 30 to 44 per
plot). In the laboratory, samples were glued onto boards, dried and sliced with a knife
in order to obtain a clear view of the tree rings. In the case of the hawthorn, due to the
very weak visibility of annual growth rings, the measurements were carried out using an
aqueous filter, and/or the sample surfaces were smeared with chalk. The tree-ring width
was measured under a stereomicroscope with an accuracy of 0.01 mm using LDB_Measure
software [31]. A total of 14,250 rings were measured. As a next step, local chronologies
were compiled using well-established cross-dating methods. Based on the high visual
similarity of dendrochronological curves and high values of statistical indicators (Student’s
t-test and correlation coefficient), dendrochronological sequences were selected for building
the chronologies. The least visually and statistically correlated sequences were discarded.
The quality of the chronologies was tested using COFECHA, part of the DPL software
package [32–35]. Student’s t-test and coherence coefficient (Gleichläufigkeitswert, GL) were
computed for pairs of chronologies using the TCS 1.0 program [36], in order to determine
the similarity between local chronologies. The EPS coefficient was also computed [37].
Age trend and autocorrelation were subsequently removed from the dendrochronological
sequences selected for the chronology using an indexing process (a two-phase detrending
technique, by fitting either a modified negative exponential curve or a regression line with a
negative or zero slope) [33,35]. Standardized (STD) chronologies were selected for dendro-
climatic analyses. The period of 1988–2020 (33 years) was adopted for common analyses of
chronological similarity and dendroclimatological analyses: pointer years and correlation
and response function analyses. Average monthly air temperatures, monthly rainfall totals
and monthly insolation values from June of the year preceding growth (pVI) to September
of the growing year (IX) were used to analyze correlations and response functions. The
analysis was carried out separately for temperature, precipitation and insolation, resulting
in r2 values (coefficient of determination of multiple regression) for each meteorological
parameter. The analysis of pointer years was carried out using the TCS program [36]. This
was achieved by calculating positive years (+) characterized by an increase in the width
of the rings in relation to the previous year and negative years (−) in which the rings
decreased in width compared to the previous year [38,39]. Pointer years were calculated
based on a minimum of 10 trees, using 90% as the minimum threshold for consistency of
the growth trend. As regional pointer years, we considered years in which at least 6 local
chronologies (out of 9) had a consistent pointer year in the entire study area.

2.3. Climate Data

Mean monthly air temperature data (T), monthly precipitation sums (P) and monthly
insolation data (IN) were retrieved from 16 weather stations of the Institute of Meteorology
and Water Management (IMGW). These originated from stations Lębork—12125 (T, P, IN);
Chojnice—12235 (IN); Szczecin—12205 (T, P, IN); Gniezno—252170110 (T, P); Poznań—
12330 (T, P, IN); Kalisz—12435 (T, P, IN); Dęblin—12490 (T, P); Puławy—12491 (T, P);
Lublin—12495 (IN); Jelenia Góra—12500 (T, P, IN); and Bielsko-Biała—12600 (T, P, IN)
(Figure 1), located as near as possible to the respective study plots (from 3.5 to 57 km).
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3. Results

3.1. Ring Width Chronologies

A local chronology was compiled for each study site (Table 2). The longest chronology
was obtained for LE (72 years from 1949 to 2020), and the shortest chronology was obtained
for MA (45 years from 1976 to 2020). The average age of the studied hawthorn trees equals
just 58 years; the studied populations are therefore young and dynamically developing
assemblages of this species. The number of samples included in individual local chronolo-
gies varies from 13 (for LE) to 24 (for ST), an average of 17 samples. The average tree ring
width is the lowest for the WA population (1.42 mm/year), and the highest for the WG
population (3.25 mm/year). The average tree-ring width for all the studied populations
equals 2.05 mm/year. The rate of tree growth is well represented by cumulative radial
growth: the WG population displays the highest growth rate throughout the entire study
period, and the WA population displays the lowest growth rate throughout the study
period (Figure 2). EPS values > 0.85 are noted from 1972 to 2020/2021. However, the period
with EPS > 0.85 is the shortest for the DB site (1988–2020, 33 years). For this reason, this
period was assumed as the time frame for the analyses of chronology convergence and
the dendroclimatic analyses: pointer year analysis and correlation and response function
analysis, which were performed for all study plots.

The chronology convergence was analyzed using the t coefficient and GL [40,41]. The
highest t value was obtained for the DB and MA chronologies (10.99), and t > 9.0 was
obtained for the following pairs of chronologies: CI and LB, WA and WG, and LE and
WA. The lowest t values were obtained for the CI and WA chronologies (2.16), and the
pairs of chronologies: LB and WG, ST and WG, and CI and WA are characterized by t
values < 3.0 (Table 3). The highest GL value was noted for the same pair of chronologies
as in the case of the t index: DB and MA (96%). GL > 80% values were obtained for the
following pairs of chronologies: CI and LB, MA and ST, MA and WA, and LE and ST. The
GL value is the lowest for the following pairs of chronologies: DB and LB, CI and DB, CI
and ST, and CI and MA (66%). Comparably low GL values (GL < 70%) were noted for LB
and WA, CI and WG, and CI and LE (Table 3).

Table 2. Basic statistics of measured and index (standard) hawthorn local chronologies. Abbrevia-
tions: TRW—tree-ring width; SD—standard deviation; 1AC—first-order autocorrelation; MS—mean
sensitivity; EPS—Expressed Population Signal.

Lab.
Code

No. of
Years

Time Span
No. of

Samples

Mean TRW
(Min−Max)

(mm)

Measured Chronology Standard Chronology EPS
>0.85SD 1AC MS SD 1AC MS

LB 63 1959−2021 15 1.79
(0.95−3.39) 0.902 0.571 0.363 0.226 −0.062 0.294 1986–2021

ST 56 1965−2020 24 2.41
(1.48−4.44) 1.587 0.509 0.453 0.320 0.224 0.355 1981–2020

MA 45 1976–2020 16 2.38
(1.37−3.84) 1.491 0.531 0.440 0.290 0.088 0.334 1987–2020

CI 70 1951−2020 15 1.58
(1.11−2.34) 0.967 0.494 0.439 0.306 0.142 0.338 1972–2020

ZB 47 1974−2020 19 1.83
(1.12−3.00) 1.426 0.580 0.509 0.332 0.070 0.411 1985–2020

DB 56 1965–2020 17 2.34
(1.02−4.51) 1.392 0.318 0.507 0.320 −0.017 0.391 1988–2020

WA 62 1960−2021 18 1.42
(0.68−4.30) 0.906 0.435 0.491 0.332 0.007 0.429 1985–2021

WG 50 1971−2020 16 3.25
(1.66−4.19) 1.581 0.556 0.381 0.320 0.368 0.288 1986–2020

LE 72 1949−2020 13 1.46
(0.76−2.39) 0.902 0.571 0.363 0.226 −0.062 0.294 1976–2020
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Figure 2. Cumulative radial growth of the hawthorn in Poland.

Table 3. Convergence of local chronologies of hawthorn as measured with t and GL (%) values.

t/GL LB ST MA CI ZB DB WA WG LE

LB - 4.49 3.35 9.44 3.30 4.22 3.05 2.93 3.19
ST 71 - 9.07 5.31 7.32 5.13 4.34 2.57 4.82

MA 71 86 - 4.45 3.06 10.99 5.28 3.63 7.57
CI 82 66 66 - 5.14 4.33 2.16 3.60 3.41
ZB 74 80 75 74 - 2.64 4.15 5.20 3.82
DB 66 76 96 66 72 - 3.17 3.34 4.34
WA 67 80 82 73 76 80 - 9.88 9.49
WG 72 74 75 69 74 69 78 - 7.50
LE 71 86 80 67 76 71 82 80 -

3.2. Correlation and Response Function Analysis

In the correlation and response function analysis, only negative values are noted as
statistically significant for air temperature (Figure 3). In the winter period (December of
the previous year, pXII, and January, I), there are single negative correlations. From May
to August, however, negative values were noted at all study sites. Higher temperature
does not favor the formation of wide rings. The average determination coefficient for all
populations equals 28% (from 14% for LB to 36% for LE), and this is the lowest value among
the analyzed relationships for the three weather elements.

Positive values of correlation coefficients prevail for precipitation. In the summer of
the year preceding growth, there are positive (especially in August) and negative correlation
values. From May to July, however, positive correlation values are observed for each site.
Positive values indicate that tree-ring width increases with precipitation. On average, the
r2 coefficient equals 45% (from 34 to 53%), and this is the highest value among the analyzed
weather elements.

Finding a clear relationship pattern in the analysis of the relationship between in-
solation and growth is challenging. Consistent correlations occur only for three months:
negative correlation values in February, positive values in April and negative values in June.
These, however, occur simultaneously only in 3 out of 9 chronologies. In the remaining
months, the values are either positive or negative, and the relationships are site specific.
On average, the r2 value equals 35%, ranging from 18 to 58%. The highest determination
coefficient (58%) was observed for the CI plot. At this site, there are only three positive
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values, for July and December of the preceding year (pVII, pXII), and for April of the
current year (IV) (Figure 3).

 

Lab. 
code pVI pVII pVIII pIX pX pXI pXII I II III IV V VI VII VIII IX r2 (%)

LB 14
ST 33
MA 24
CI 33
ZB 22
DB 28
WA 28
WG 30
LE 36

Lab. 
code pVI pVII pVIII pIX pX pXI pXII I II III IV V VI VII VIII IX r2 (%)

LB 40
ST 52
MA 53
CI 47
ZB 46
DB 46
WA 37
WG 34
LE 48

Lab. 
code pVI pVII pVIII pIX pX pXI pXII I II III IV V VI VII VIII IX r2 (%)

LB 22
ST 22
MA 39
CI 58
ZB 30
DB 47
WA 37
WG 46
LE 18

correlation 0.6–0.5 –0.1–(–0.2)
coefficient (r): 0.5–0.4 –0.2–(–0.3)

0.4–0.3 –0.3–(–0.4)
0.3–0.2 –0.4–(–0.5)

–0.5–(–0.6)

TEMPERATURE

PRECIPITATION

INSOLATION

Figure 3. Results of correlation analyses (r) for the hawthorn chronologies through the period 1988–
2020 (33 years) for temperature, precipitation and insolation. Only statistically significant values
(p ≤ 0.05) are shown; p, previous year; r2, multiple regression coefficient of determination.

3.3. Regional Pointer Years

The analysis indicated 10 years, during which in at least 6 local chronologies, over 90%
of trees had a lower growth compared to the preceding year (negative pointer years)—1992,
1994, 1998, 2001, 2003, 2008, 2010, 2012, 2015 and 2019—and 4 positive years, characterized
by a positive growth trend compared to the preceding year—1999, 2002, 2009 and 2013
(Figures 4 and 5). The analysis of weather conditions in the study area during the designated
pointer years enabled us to link the occurrence of negative years predominantly with
the occurrence of drought during the summer period. The shortage of rainfall in the
spring–summer period (from May to August) was the reason for decreased tree-ring width.
Most frequently, negative pointer years are also years with a low annual rainfall sum
(considerably lower than average). The average annual air temperature in negative pointer
years was most frequently close to average or above average, the temperature of winter
and early spring was variable, and summer temperatures were higher than average. The
insolation during negative pointer years has a lower significance, as for various years the
annual sum of insolation is higher or lower than average. It is frequent, however, for high
insolation values to occur in the spring and summer months. The year 1992 may serve as
an example of a negative regional pointer year for the hawthorn population in Poland. In
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this year, negative growth trends were noted in the following chronologies: LB, ST, MA,
CI, ZB, DB and LE (7 out of 9 chronologies). The average annual air temperature for this
year was higher than average at all the studied weather stations, the winter was warm,
and the summer months were very warm or even hot (e.g., August). The annual rainfall
sum was lower than average in all regions (a dry year), and severe rainfall shortages were
noted for the period from May or June to the end of summer, especially in August. The
annual insolation sum varies depending on the weather station (higher than average for
some stations, lower than average for others). Elevated insolation is noted for the summer
months, however.

 

Figure 4. Indexed local hawthorn chronologies from Poland and regional pointer years (blue bars
and + denote positive years; red bars and—denote negative years).

Air temperature and rainfall in the summer months are the most significant weather
elements in the positive pointer years. The average annual temperature during these years
is close to the multi-year average or slightly higher, the winter months are cold or warm,
and from May to August, the air temperature is often close to average or slightly higher, but
with no extreme values. Positive pointer years are years with higher than average annual
rainfall sum (humid years). In the summer months, precipitation totals are also higher
than average, although single months with rainfall shortages also occur. The insolation
during these years (both annual and monthly values) is variable. The year 2013 may serve
as an example of a positive regional pointer year in the hawthorn populations in Poland
as it occurs in 7 out of 9 chronologies (LB, CI, ZB, DB, WA, WG and LE). The year 2013
was slightly warmer than the multi-year average, the winter was long and cold (negative
average temperatures were noted as late as March), and the temperature in the summer
months was average or slightly higher than average. It was a humid year (annual rainfall
sums are considerably higher than average), but importantly, high rainfall sums are noted
also for the summer months, although slight rainfall shortages occurred for single months
at several stations. The annual number of hours of sunshine is higher than average or close
to average, and in the vegetation season, there are both months with very low and very
high insolation values, although high values are noted more frequently.

3.4. Dendrochronological Regions

Based on 9 indexed local hawthorn chronologies (for a common period spanning
33 years from 1988 to 2020), we made an attempt to distinguish dendrochronological
regions using cluster analysis. The clustering procedure was based on the unweighted
pair-group method using arithmetic averages (UPGMA), and the similarity function was
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computed using the Pearson correlation method. All computations were performed using
Statistica (version 13.3). Based on the analysis of the linkage distance relative to Pearson’s
1-r linkage steps, the breakpoint was determined at the height of about 3.5 linkage distance
values (Figure 6).

 

Years  
/Plots LB ST MA CI ZB DB WA WG LE
1988
1989
1990 + + + +
1991
1992
1993 + + + +
1994
1995 + + + + +
1996
1997 +
1998
1999 + + + + + +
2000
2001
2002 + + + + + +
2003
2004 + +
2005
2006
2007 + +
2008
2009 + + + + + +
2010
2011 + - + +
2012
2013 + + + + + + +
2014
2015
2016 + + +
2017 + +
2018
2019
2020 +

Figure 5. Summary of pointer years for the local chronologies of the hawthorn in Poland during
the period 1988–2020 (33 years). Blue—positive pointer years, orange—negative pointer years, bold
years—regional pointer years.

Using a 0.35 linkage distance on the indexed chronology clustering dendrogram, we
identified three clusters/regions: I—the western part of the study area; II—the CI study
plot; III—the eastern part of the study area (Figure 7). Region I includes the sites: LB, MA,
LE, WA, ST and ZB. These populations are located in the northern, central and southern
parts of the country, at various elevations (from 45 to 501 m a.s.l.). Their age varies (from
45–47 to 72 years). Also, their average annual growth varies (from 1.42 to 2.41 mm/year).
All the sites clustered together in cluster I are located in the western part of the country,

200



Forests 2023, 14, 2264

characterized by a milder climate than the eastern part of Poland. Cluster II comprises
only one site, CI. The separation of this site from region I is likely caused by habitat or
genetic conditions. Region III includes two sites: WG and DB. These tree populations are
growing at various elevations (115 and 451 m a.s.l.), are of similar age (50 and 56 years),
and are characterized by rather high growth rates (2.34 and 3.25 mm/year). They are also
the easternmost study sites.

 

Figure 6. Linkage distances (the one minus Pearson’s correlation distance) for the local hawthorn
chronologies from Poland, through the period 1988–2020.

 

Figure 7. Dendrogram of indexed hawthorn chronologies (average linkage cluster analysis, the
one-minus Pearson correlation coefficient distance, period covered: 1988–2020). Dendrochronological
regions denoted with Roman numerals (I, III) and area (II).
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4. Discussion

Trees from the genus Crataegus are rarely subject to dendrochronological studies. One
reason for this could be the difficulty in identifying and precisely dating tree rings. Diffi-
culties while working with this species have been reported by Mills [42] (difficult sample
collection)—“a very hard and difficult wood to core”; difficulties in detecting tree rings
have been reported by Decuyper et al. [43]; and Cedro and Cedro [27] have reported false
rings. Finally, 2–4 rows of cells, immediately adjacent to the tree ring boundary and often
pinching out, were commonly observed. Unfortunately, there is a lack of dendrochronolog-
ical studies (this applies to all hawthorn species), although a few studies include comments
on the age of trees, rings and growth rate [27,42–46]. Of the approximately 50 species of
hawthorn found in Europe and Asia and 100 species found in North America, the Grissino-
Mayer study [47] on the dendrochronological potential of shrubs and trees include only C.
azorolus L. (codenamed CRAZ), which is assigned a cross-index (CDI) equal to 0, which
means that “the species does not crossdate, or no information on crossdating for this species
has been published. No or little significance in dendrochronology.” Craraegus monogyna
and C. xmedia are also not included in Microscopic Wood Anatomy [48], which only states
that the subgenus Crataegus does not have heartwood and the anatomical structure of the
wood cannot serve as a basis for species identification. Hawthorn wood is diffuse porous,
so correctly determining the boundaries of the rings is often problematic. The wood is very
hard and yellow-light brown in color.

The form of the hawthorn (shrub or multi-trunk specimens), and its low age, may
discourage analyzing tree rings. The hawthorn populations studied in Poland are indeed
rather young: the highest number of measured tree rings equals 72 (in the LE population),
and most commonly it is less than 50 tree rings (Table 2). However, a specimen of the
one-seeded hawthorn (Crataegus monogyna) is considered to be the oldest tree in France. It
is growing in Aubepines, next to a church. It is thought to have been planted in the 3rd
century A.D. and at present it is about 1500 years old [49]. This hawthorn tree is in a very
poor condition and clearly dying.

In the studied hawthorn populations, the tree-ring width ranges from 1.42 mm/year
(in the WA population) to 3.25 mm/year (in the WG population), giving an average value
of 2.05 mm/year for Poland (Table 2). Such low annual growth in the WA population may
be caused by strong environmental pollution in the immediate surroundings. Until recently,
Wałbrzych was a large coal mining and processing hub, with three large coal mines (the
last one closed in the 1990s). A coking plant is still in operation. Considerable reductions
in tree-ring widths in areas strongly polluted by the coal-burning industry in the south of
Poland are noted also by Barniak and Jureczko [50], who reported numerous missing rings
and tree-ring width reductions up to 85% in the 1960s through the 1990s.

Tree-ring widths in Crataegus azarolus L. growing at elevations from 1717 to 2280 m
a.s.l. in Iran were reported to range from 1.96 to 2.36 mm/year. In this case, however,
the focus of the study was on wood properties. The study indicated that these depend
on elevation a.s.l., but also on rainfall sums and air temperature [44]. Three individuals
of Crataegus monogyna examined in Scotland displayed different growth rates: 1.35, 1.38
and 2.17 mm/year [42]. A total of 76 tree rings were measured in each specimen, but
due to the difficulties in measuring the rings under bark, and the absence of tree rings
adjacent to the core, the trees were dated to around 1909, 1915 and 1926, respectively. It
was concluded that the trees represent a remnant of a hedge planted in the first decade
of the 20th century, and the contrasting age of the trees resulted from early hedge cutting.
The impact of sheep grazing on the development of a hawthorn population was studied
in Wales [45]. Unfortunately, this publication does not report tree-ring widths for the
specimens examined. The age of the trees is estimated at 10 to 115 years, and mortality is
thought to increase substantially beyond 80 years. The growth rate per decade varies and,
according to the authors, it is impossible to estimate the age of the hawthorn trees from
their girth. Sheep grazing controls the rate of the hawthorn population renewal: the rate
of renewal and the number of trees and shrubs decreases with increasing sheep numbers.
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Specimens up to 12 m high, and up to 60 years old were reported from New Zealand (South
Island), where the hawthorn is considered a noxious and invasive plant [46]. At various
sites, the growth rate per year was determined as 1.4, 3.0, 3.3 and 4.8 mm. The highest
growth rate was observed where there was no or limited sheep grazing.

The dendroclimatic analyses: correlation and response function analysis and pointer
year analysis indicate the May–August period, and air temperature variability and precip-
itation totals as the main factors responsible for the tree-ring widths in the hawthorn in
Poland. Lower than average temperatures through this period and higher precipitation
sums cause high cambial activity and the formation of a wide tree ring. Drought, especially
in conjunction with heat waves, causes growth depressions. Unfortunately, the lack of
dendroclimatic studies on the hawthorn from other regions precludes a comparison of
the reaction and growth–climate relationship. The impact of flooding on colonization and
development of the hawthorn on flood plains in the Netherlands was studied by Decuyper
et al. [43] and Cornelissen et al. [51]. Colonizing by the hawthorn was influenced mostly
by the flooding periods. The positive impact was via seed transport and supplying water
to plants during dry periods. The negative impact was via flooding seedlings and young
plants during extended flooding. Extreme weather events (e.g., droughts or very high or
low rainfall) also impacted the hawthorn assemblages on the studied flood plains. Livestock
grazing caused the number of hawthorn individuals to decrease in the study plots.

The division into dendrochronological regions in Poland (two regions, I—western and
III—eastern, and CI as a single distinguished site) points to a significant role in the degree
of climate continentality. The lack of an unambiguous reason for the distinction of the CI
site (most likely habitat and genetic conditions) highlights the need for further, detailed
study taking into account the habitat and genetic features that differentiate the populations.

5. Conclusions

Nine local chronologies for the hawthorn from Poland were compiled, spanning from
45 to 72 years. The average tree-ring width is from 1.42 to 3.25 mm/year. The growth-
climate analyses point to the weather conditions of the May–August period as the most
important tree-ring shaping factors. Higher than average rainfall and low air temperatures
through these months cause the formation of wide tree rings. Conversely, rainfall shortages
and heat waves cause growth depressions in the hawthorn. Cluster analysis enabled the
identification of two regions, western and eastern, and identified the CI site as a separate
cluster. The reason for such clustering is most likely the changes in the degree of climate
continentality (the eastern and western regions), and habitat and genetic conditions in the
case of the CI site. The obtained results highlight the need for continued studies on this
species, compiling a larger number of chronologies from various regions, habitat conditions,
from trees as old as possible, and for further dendroclimatic analyses.
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