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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 Svétlik, and Giorgio Alberti
Guest Editors
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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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References

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.
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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
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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 x 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 11 x? 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:



Forests 2024, 15, 15

Tijk = W+ (k) + &, M

where (cx) is the random effect of clone in the i-th year. The models were fitted using the
maximum likelihood approach. Broad-sense heritability (H?) 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:

Tk = H+ti Tyt Y+ (Ck(i)) + (Ck(z‘) 1yj> + (Ck(z‘) e fi) + €ijks )

where t; is the fixed effect of trial, y; is the fixed effect of year, t;:y; is their interaction,
(ck() is the random effect of clone nested in trial, ck(;:y; is the random effect of interaction
between clone and year, and ck(;:y;:t; 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.

10
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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)
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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 (H?; 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

11
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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., MAT (2.49), SPEI Mar. (—2.41)

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

pos., TUK, Low. temp. records in winter and spring, cool spring,

1980 KLN moist summer Prec. prev. Jul. (2.19), SPEI Aug. (2.46)
1981 pos., KLN ColFl records in spring, heat records in summer, warm and Prec. Mar. (2.17), prec. Jun. (2.25)

moist summer
1990  pos., BKT, TUK  Warmth records in winter, warm winter, spring Te.mp. Feb. (2.14), temp. Mar. (2.10), temp.

winter (2.68)
L Temp. prev. Oct. (—2.31), temp. May (2.34),

1993 pos., BKT, TUK = Low temp. records in winter and summer, cold year SPEI Mar. (2.04)
1995 pos., BKT Warmth records in spring and summer, contrasting Temp. prev. Jul. (2.32), prec. prev. Jul.

summer temp. (—2.11)
1998 neg., KLN Warmth records in winter, moist summer Temp. prev. Aug. (246), prec. Jun. (2.1),

prec. veg. seas. (2.07)
L . Temp. prev. Jun. (2.29), temp. Apr. (2.37),
2000 neg., KLN Warmth records in winter, spring, and summer SPEL Jun. (2.06)
2006 neg. Cold records in winter, heat records in July -
L . Temp. prev. Dec. (2.26), temp Mar. (2.43),
2007 neg., BKT, TUK Temp. contrasts in winter and spring prec. Jan. (2.33)
2014 ne Warmth record in spring, contrasting temp. May, heat SPEL prev. Sep. (2.06), SPEI Jan. (2.30),
& records in summer, warm and dry summer SPEL veg. seas (—2.55)

2017 neg., BKT Warmth records in vs./mter and spring, low temp. records Prec. Sep. (2.26)

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

warm summer

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 SPET 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

13



Forests 2024, 15, 15

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).

Resistance Recovery Resilience Rel.resilience
Negative years: 2000, 2006, 2007, 2014, 2018; N = 3180
0.9 1.7 12 0.5
0.8 1.6 11 04 4
@ ] ® @
% 07 I ° 15 - 10 i 034 =% ©
o
g 4 I E I I ¢ 3
= 08 1.4 0.9 0.2
05 — 1.3 0.8 0.1
04 -~ 1.2 - 07 - 0.0 -
N — — N E— N B — B —
west east west east west east west east
Provenance region
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
X2 p-value x2 p-value X2 p-value X2 p-value
Local provenance 4.7 <0.05 0.1 0.82 2.8 0.09 0.1 0.74
Stem diameter at breast 387 <0.05 56.4 <0.05 01 081 322 <0.05
height
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, R?
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 H? and CCV) were low to intermediate
(Figure 2). The CCV was generally lower than H?, 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. H>—broad sense heritability, CCV—clonal coefficient of variation.

Relative . s Relative
Changes Resistance  Recovery  Resilience 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
H? 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 H? 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.1., 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, Rio Negro Province, it com-
prises a total area of 3.6 km? (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~! (in Valdivian rainforest, Figure S1) to
~500 mm year~! (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° x 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 (SPEI3j,,; 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).

-72.0 -71.5 -71.0

-40.5
© i
0 1000 2000 km) w
—_—— =
-41.0 I
(©)
[ Argentina

=== International limit
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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 (BAls), which
account for decreasing ring widths with increasing tree size [39]. For the BAI calculations,
we used the formula

BAI =7 (% — r*_1), (1)

where r¢ and r;_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 dpIR 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, SPEI3y,,,, 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:

DBH;
- 2 N P
CI; j=1 DBH; x dist,‘]‘, @

where DBH; and DBHj are the DBH measurements for the i focal and j neighbouring trees,
respectively, and dist;; is the distance between them [44]. The mingling index describes the
species variety (vj) 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:

1 n

Mi = E X =1 Uij, (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 SPEI3y,
(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 BAIL

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, R, Rs) as a function of the fixed factors, i.e., vitality, magnitude of the drought event
(SPEI3j,), 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 R?.

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, Re, 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-
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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).
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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).
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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 (SPEI3,y;
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.

. . . Std. Error/
Predictor Variables Estimate/Edf 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
SPEI3j,n 1.494 9.286 0.007
Year 3.910 70.40 <0.001
Year x Vitality (dead) 1.000 0.305 0.581
SPEI3yj,, x Vitality (dead) 1.000 0.140 0.708
Year x SPEI3j,, 10.985 13.759 <0.001
Year x SPEI3j,, x Vitality (dead) 1.028 0.178 0.072
Observations 4533
Adjusted R? 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 SPEI3},,, competition,
and species mingling on BAI (log BAI + 1) of vital and dead N. dombeyi trees over the period 1990-2015.
SPEI3y,, 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 14
Fixed effects
Intercept —3.39 4.03 0.360
Vitality (vital) 0.71 0.37 0.060
Year 0.002 0.002 0.181
SPEI3yan 0.03 0.01 <0.001
CI —0.03 0.05 0.466
M 1.16 0.40 0.005
Vitality (vital) x CI 0.03 0.08 0.719
Vitality (vital) x M —1.35 0.60 0.027
Random Effects
o2 * 0.14
N 591D
Observations 1457

. 2 ey
yzargmal R#/Conditional 0.176,/0.644

* 0;2 represents the mean random effect variance of the model. R-squared values are based on Nakagawa
etal. [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, SPEl},, 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 SPEI3j,, (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.

. Log (Resistance) Log (Recovery) Log (Resilience)

Variables Est. (St;gl. Est. (St(i;. v Est. (Stg.
Error) P Error) b Error) b

Fixed effects
Intercept ~0.33 (0.38) 0.39 0.39 (0.45) 0.39 0.21 (0.29) 0.47
SPEI3j, 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 x Vitality (dead) —0.03 (0.01) 0.006 0.03 (0.01) 0.05 0.004 (0.01) 0.68
CI x Vitality (dead) —0.05 (0.05) 0.37 0.01 (0.07) 091 0.04 (0.05) 0.38
M x Vitality (dead) 0.24 (0.39) 0.55 —0.13 (0.50) 0.79 —0.10 (0.35) 0.76
SPEI3j,, x Vitality (dead) 0.07 (0.19) 0.72 —0.10 (0.18) 0.58 0.02 (0.17) 0.88
Random Effects
02 0.16 0.15 0.12
N 61 61 61
Observations 122 120 121
Marginal R?/Conditional 0.150/0.154 0.108/0.333 0.044/0.044

RrR2

* 02 represents the mean random effect variance of the model. R-squared values are based on Nakagawa
etal. [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 (%BI) 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.

(a) ital

Leg9

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 = Rg, 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 = %BlI, 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 (BAL 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 201415 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

36



Forests 2024, 15, 1355

BAI25

25

30

20

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
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Figure A1l. 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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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 (1 = 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).

USDA USDA Mother

Prov. Lat. Long.  Elev. (m) Zone Zone Trees per Pl];)ltchl)(er State County Place Name
1990 2023 Prov.
MN 4500 —9310 25634 4a Sa 10 1 Minnesota ~ Ramsey University of
Minnesota campus
WI 4300 —8930  269.44 4b 5a 10 1 Wisconsin ~ Dane Nevin State Fish
Hatchery
OH 4028 —8410  272.00 5a 6a 6 1 Ohio Auglaize Wapakoneta
Fairgrounds
Greene Shakamak State Park,
IN 39.06 —86.59 176.78 5a 6a—6b 6 2 Indiana / Vallonia Tree Seedling
Jackson N
ursery
1L 37.40 —89.13 183.25 6a 7a 3 3 Ilinois Jackson Private residences in
Makanda
MS 3437 8836 12040 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 x e s (@)
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 I 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), ¢ = the growth rate, and x = the year.

y=ax e b’ (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.

1
Y T+e7 ©

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 & = 0.05 according to a Holm-Bonferroni corrected
post-hoc test.
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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 (1 = 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 o = 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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Bud score

Bud score

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.
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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 (1 = 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 o = 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.

. 11yr. 40 yr. Growing Degree Season Length
State Latitude Survival Survival Season Start Days (°C) Season End (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
1L 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).
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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 (1 = 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 « = 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’ t