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Abstract

Research on occurrence and effects of natural and anthropogenic disturbances on forests
is largely widespread around the globe. The Mediterranean basin due to its geographic
but also socio-economic features, is one of the regions where climate changes are
expected to affect the most forests and ecosystems in general. With this research we have
integrated different methodologies to study the effects of climate induced disturbances on
different Mediterranean forests. In particular, we focused on the detection and the
intensity, of climatic stress on tree growth in some deciduous forests. We conducted
analyses at population and individual tree-level using mainly tree-ring series to assess the
species and individual sensitivity to spring frost (Central and Southern Apennines, Italy)
and to summer drought (and thinnings) (Sub-Pyrenees, Spain), detecting occurrence of
extreme events and post-disturbance radial growth recovery and resilience. Within a sub-
sample (Central Apennines) we also analysed time series of wood anatomical traits to
extract possible alteration signals on tree inner structure. Finally, we applied remote
sensing analysis for the spatio-temporal detection of late frost effects on forest cover. We
also checked how reliable are short tree-ring series for assessing climate-growth

relationship.

This report, after an overall introduction, is organized as a compilation of: one published
article (Chapter 2), one manuscript under review (Chapter 3), one in preparation (Chapter
4) and one ready for submission (Chapter 5). Each chapter stands alone, containing its
own introduction, materials and methods, results, discussion, conclusions (and eventually
supplementary materials). A short general conclusion chapter and a general reference list

are closing the report.

Chapter 2 is a dendrochronological study conducted on naturally regenerating European
black pines (Pinus nigra J.F.Arnold) aimed to identify the potential and limitations of
young trees in recording climate signals. The results confirm the presence of
individualistic growth trends in many studied trees, but also the ability of the population

to respond uniformly following particularly favourable or unfavourable growing seasons.

Chapter 3 is a study on European beech (Fagus sylvatica L.) sensitivity to spring frosts
in the Apennines forests, in collaboration with the University of Padova (UNIPD, Italy),
the University of Basilicata (UNIBAS, Italy) and the Pyrenean Institute of Ecology (IPE,



Zaragoza, Spain). Here we combined tree-ring and remote-sensing data to assess the
vulnerability and the recovery capacity of beech populations to late frosts. Late frost occur
in spring and defoliation rates are strictly related to the forest leaf phenology and stand
elevation. Mature beech trees revealed to be resilient and to recover rapidly their growth

trends, showing no legacy effects.

Chapter 4 presents the preliminary results of an ongoing study aimed to search the effects
of late frost events on fine wood anatomical traits in beech tree-rings. We conducted the
anatomical slide preparation in the laboratories of the Department of Land, Agriculture
and Forestry Systems (TESAF) at UNIPD. Frost events do not seem to affect the plasticity
of vessel traits, which could be more related to the tree size (especially tree height) and

to stand elevation.

Chapter 5 is a study in collaboration with IPE Zaragoza, Spain for assessing the radial
growth response to thinning and drought of Quercus subpyrenaica. Drought events limit
the radial growth of trees, and the effects are clear when the trees are in a release phase,
for example after thinning. Trees in thinned plots have higher basal area increment (BAI)
even in co-occurrence of drought events, and recovery periods do not differ between

thinned and unthinned plots.

Trees change their phenotypic traits in response of extreme climate condition, not only in
terms of vegetation greenest or leaf area but also in inner structure (e.g. tree rings and
xylem anatomical traits). For this reason, only a multiscale and multidisciplinary
approaches allow to identify all the impact of the ongoing climate variability. The
resulting information can guide sylvicultural strategies to better adapt forests to climate

change.



Chapter 1
General introduction and research aim

Climate change affects forest ecosystem differently, and in some cases in opposite ways.
For instance, boreal forests are likely to feature transitory beneficial effects, with an
increase of productivity due to raising CO; concentration and warming that directly
improve use efficiencies of plants (Bussotti et al. 2015, D’Orangeville et al. 2018). In
Mediterranean forests effects are predominantly negative, with projected increase in
frequency of climate-change induced disturbances, mostly fires, droughts, pests, and
windstorm (Maracchi et al. 2005; Tuel and Eltahir 2020; Carnicer et al., 2013, Vayreda
et al., 2016). In addition, tree spring phenology is largely influenced by climate warming
which could induce an earlier leaf unfolding and increase sensitivity to abrupt frost
damage (Cufar et al. 2008, Menzel et al. 2011). In Europe, the ongoing climate variability
also significantly increased the frequency of late (spring) frosts (Augspurger 2013;
Zohner et al. 2020), that can reduce tree growth and productivity of widely distributed

forest tree species.

For years, the forests played relevant socio-economic roles in Mediterranean countries,
but since the early 19th century forests were gradually but largely abandoned. In this
context, sustainable forest management is a key forestry issue, especially in the
Mediterranean countries where scenarios of warmer and drier climate conditions are
forecasted (Vila-Vigosa et al. 2020). Forest management strategies such as thinning or
understory treatments induce short-term benefits but may not result in long-term
adaptation to global change, that can be achieve promoting mixed forests or changes in

species or genetic composition (Vila-Cabrera et al. 2018).

In this dissertation, the forest disturbances caused by spring frost and drought conditions
will be specifically treated, studying their carry over effects and the interaction of

management practices.

In temperate forests, late frosts, occurring in spring, consist of extreme and abrupt
temperature drops within a period of mild climate conditions (Augspurger 2009). In
European hardwood species such as beech (Fagus sylvatica L.) below-zero temperatures
in early spring can damage recently unfolded leaves causing leaf shedding, and limit

radial growth (Dittmar et al. 2003, 2006, Gazol et al. 2019, Vitasse et al. 2019, Sangiiesa-



Barreda et al. 2021). Late frosts frequency and their effects on beech forests pose several
questions concerning post-disturbance recovery. In mature beech trees, old carbohydrates
can rapidly be mobilized to produce a second cohort of leaves after damage (D’ Andrea et
al. 2019). Beech leaf defoliation after late frosts is commonly reported both in central
Europe (e.g., Dittmar et al. 2006, Vitasse et al. 2019) and in Mediterranean mountains at
the southernmost species distribution limit (Gazol et al 2019), causing abrupt reduction
in tree stem growth. In 2016 and 2017 two extended late frost events occurred in the
Central and Southern Apennines (Italy) approximately affecting 5,000 km?, one third of
the beech forest surface area in Italy (Nol¢ et al. 2018, Bascietto et al. 2018, 2019). Effects
of late frost events vary on beech stands depending on site elevation and ongoing
phenology. Remote-sensing data show that trees at high-elevation with a later leaf

unfolding can be less affected than those at mid- and low-elevation (Nol¢ et. al 2018).

In southern Europe growth and productivity of the same forests (beech but also oak
forests) can also be severely constrained by summer drought (Piovesan et al. 2008, GeBler
et al. 2007, Gazol et al. 2019, Tognetti et al. 2019), a key factor determining the
southernmost or xeric edge of many broadleaf and conifer species (Jump et al. 2006, Bolte
et al. 2007, Serra-Maluquer et al. 2019). Tree growth rates are related to climate
conditions, and each species has specific temperature and precipitation ranges. Under
climate warming conditions there is an increasing probability that air temperatures and
evapotranspiration rates could exceed the relative optimum thresholds. In the past
decades, Europe has experienced a substantial increase of shorter warm-season droughts
together with an increase in potential evapotranspiration that have also caused
socioeconomic losses and environmental impacts (Markonis et al 2021, Vicente-Serrano
et al. 2021, Biintgen et al. 2021). Individual tree growth responses to drought events can
vary according to tree size and forest spatial and chronological structure (D'Amato et al.
2013; Schwarz & Bauhus 2019, Bottero et al. 2017; Andrews et al. 2020). Trees feature
different sensitivity to dry conditions in sites with different soil water holding capacity,
stand density and slope (Zalloni et al. 2019). Trees in dense forests are more water
stressed and show lower radial growth, suggesting greater vulnerability to drought
(Moreno-Gutiérrez et al. 2012). Selective thinning targeting larger trees could not only
reduce competition for residual trees but also increase their resistance to upcoming severe

drought events (Bose et al. 2021).



Detection of these climate induced disturbances can occur in different ways according to
the observation scale and the details we need to provide. In this research we used a

combination of tree-ring analysis and remote sensing.

The specific spectral signature of brown-colored foliage after disturbance events such as
late frost or summer droughts can be detected by satellite multispectral imagery and used
to assess the geographic extension and the severity of such disturbances at broad spatial
scales and in remote sites (Allevato et al. 2019, Decuyper et al. 2020, Olano et al. 2021).
Multispectral satellite images are widely used in vegetation studies. Satellite-based
sensors such as MODIS (Moderate Resolution Imaging Spectroradiometer) provide
images at moderate spatial resolution (250m) and a revisiting time of globe in 1 — 2 days
and they are particularly performing for the study of disturbances affecting large forest
areas. Other satellite products such as Sentinel and Landsat images, allow the study of
vegetation at regional or population scale. Commercial satellite imagery can go as far as
sub-meter resolutions and provide more detailed information up to individual responses.
From the multispectral satellite images, it is also possible to derive vegetation indices,
which are very useful for quantifying the intensity and duration of stress. NDVI
(Normalized Difference Vegetation Index) is the most widely used vegetation index and
is not only related to canopy structure and LAI, but also to canopy greenness and cover
(Xue and Su 2017). NDVI uses NIR and Red ranges of the spectrum and its values are
between -1 and 1 (Rouse et al. 1974). Positive NDVI values between 0.3 and 0.8 usually
refer to vegetation canopy with a high cover and greenness values. However, since NDVI
1s sensitive to soil brightness and atmosphere conditions, the use of EVI (Enhanced
Vegetation Index) can simultaneously correct these noises (Liu and Huete 1995, Huete et
al. 2002). EVI includes a gain factor, soil adjustment parameters, two correcting
coefficients for aerosol influences in the red band, and reflection in the blue band (Henrich

et al. 2009).

Growth limitation caused by late frost or drought events can also be investigated with
multiple methods of tree-ring analysis. Dendroecology is a scientific approach based on
dendrochronological methods to study ecological processes related to forest ecosystems
(Fritts & Swetnam 1989). One of the most important postulates in dendrochronology is
the principle of aggregate tree growth, where the total seasonal growth is the result of
many interacting factors (tree age, climate, endogenous and exogenous disturbance,

annual variability in nutrient availability and carbon allocation and random error).



Intensity and duration of the effects of a predominant limiting growth factor vary annually
until it is no longer limiting. The rate of plant processes will increase until another factor
becomes limiting (Fritts 1976). Tree age cause a low frequency variation in tree ring
series, also known as age related trend. To enhance the contribution of climate in ring
formation, low frequency variance could be removed. This detrending (Bontemps &
Esper, 2011) or standardization (Fritts, 1976; Briffa & Melvin, 2011) of the tree-ring
series transforms raw data into indexed time series including only the high frequency
variance. In most dendroecological studies ring-width indices are averaged for many trees
to reduce the “noise” of random errors and non-climatic variations in growth. However,
in ecologically based climate sensitivity studies the individual growth variability is
another important information to be considered (Carrer 2011), which becomes
fundamental for assessing the impacts of extreme events in forest trees. Tree-ring research
has recently expanded in the science of wood anatomy (Biintgen 2019). The integration
of wood anatomical parameters in time series analyses allow to use several proxies for
assessing study disturbances in tree species, increasing the resolution of climate-growth

analysis (Carrer et al., 2015).

The cumulative effects of disturbance events on trees and forests can be assessed through
their resilience changes. In ecological studies, resilience is defined as the capacity of a
natural ecosystems, communities, or individuals to recover after disturbance and regain
its pre-disturbance structure and function (Scheffer et al. 2001, Folke et al. 2004, Lloret
etal 2011). In this regard, tree-rings series represent one of the most effective proxies for
the study of post disturbance legacy effects on trees. Lloret et al (2011) proposed different
indices (resilience components) to quantify how tree growth in a forest system respond
to a disturbance event: i) Resistance, the ratio between the performance during and before
the disturbance, 11) Recovery, the ratio between performance after and during disturbance

and 1i1) Resilience, the ratio between the performance after and before disturbance.

The main aim of this research is to integrate different methodologies to study the effects
of climate induced disturbances on Mediterranean forests. Detection, intensity and legacy
effects of spring frost and summer drought on tree growth disturbances were studied
applying dendrochronology, quantitative wood anatomy and remote sensing derived data.
Analyses were at different temporal and spatial scales focusing both on population and

individual tree-level responses.



In detail, (i) we aimed to identify the potential and limitations of young trees in recording
climate signals in a dendrochronological study conducted on naturally regenerating
European black pines (Pinus nigra J.F.Arnold). Then, (ii) we assessed spring frosts
sensitivity of European beech (Fagus sylvatica L.) in Mediterranean mountain forests.
We used satellite imagery analysis to detect and quantify frost events occurred in the
Apennines, and after appropriate site selection we applied dendroecological analysis to
discriminate between affected and non-affected populations and assessing their resilience
at stand scale along an altitudinal gradient. In one of the sites, (iii)) we used the
dendroanatomy to search frost signals within the annual ring microstructure of selected
individuals. Finally (iv) we assessed the summer drought impact on tree growth in a
mixed Quercus subpyrenaica forest in the pre-Pyrenees (Spain) that was also subjected
to previous thinning. We focused on post thinning legacies in trees sensitivity to summer
dry periods. We used dendroecology to quantify the resistance, recovery, and resilience

of thinned and unthinned stands.

Our hypotheses are that: (i) despite individualistic growth trends linked to microsite
characteristics, young trees respond uniformly to unfavorable climatic conditions; (ii) the
spring frosts do not have uniform effects on the beech forests with intensities that depend
on the elevation and bud burst timing; (iii) the anatomical features of the xylem provide
additional indications for detecting climatic disturbances and (iv) thinning can increase

the resistance and resilience of forest stands to drought disturbances.
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Abstract

In the context of ecological research, growth-ring analysis often deals with short time
series (< 30 years). Their crossadting and averaging can be difficult but crucial to use
such data for ecological modelling, multivariate statistics and climate-growth analysis.
Several studies were conducted in the Central Apennines (Italy) on recent encroachment
of European black pine (Pinus nigra J.F. Arold) on treeless areas above the current
forestline. Growth of young trees is mainly controlled by endogenous or microclimatic
factors making usual dendrochronology methods less applicable and crossdating very
difficult or even impossible. The ecological information potential deriving from tree-ring
growth in short series is therefore severely limited by this methodological bias. The aim
of this study is to test suitable methods for optimizing the use of short ring series for
further analytical use. A dataset of 734 tree-ring series of young European black pine
(mean cambial age of 15 years) all growing at high altitude was used in this analysis. At
each site the growth-ring series were divided in two groups: the crossdated or selected
series (SEL), and non-crossdated or rejected ones (REJ). At each site the following
dendrochronological parameters were calculated for SEL and REJ series: mean tree-ring
width (TRW), mean sensitivity (MS), Gini coefficient (G), first order autocorrelation
(AC1), interseries correlation (Rbar) and Gleichlaufigkeit (glk). Two methods of pointer
years analysis were tested in order to detect years with synchronous growth: 1)
Normalization in a moving Window (NW) and ii) the RElative growth change method
(RE). The two methods were applied to the raw series varying the proposed standard
thresholds, in order to detect synchronous growth-years in SELs and REJs groups. A
sensitivity analysis was included to assess how the thresholds choice in the analysis could
affect the results obtained. 47% of all trees were classified as SEL. The term “common”
was used to indicate years with similar tree growth response. Differences in the detected
number of common (sensu pointer) years within SEL and REJ were found changing the
time windows in the RE and NW methods. The SEL series have more common years than
the REJ series, but the same occurs considering all the series together without SEL/REJ
discrimination. In general, a significant occurrence of common years could be a tool to
select series to be averaged for a site mean chronology. These are preliminary but
encouraging results contributing to a more efficient use of the ecological information

provided by short time series from young trees.
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crossdating; pointer years

1. Introduction

Growth-ring series are among the most accessible and reliable ecological proxies. They
occur worldwide in woody species, have an annual (also sub-annual) resolution, and are
very sensitive to many ecological and environmental processes (Fritts,1976;
Schweingruber, 1996; Speer,2010; Zhang, 2015). In dependence of cambial age at the
date of sampling and on the size and integrity of wood in archaeological finds, the length
of growth-ring series can vary from very few to thousands of years. In time series analysis,
the minimum number of observations, regardless of the field of application (ecology,
climatology, earth or life sciences, etc.) depends on different features such as the temporal
resolution of the data (daily, monthly, yearly, decadal), the number of variables involved
and the purpose of the analysis. The “magic” number of 30 observations, commonly
considered as minimum threshold, is not proven to be always applicable and some authors
suggest using at least 60 (or even 100) observations, that would be 60 years for annually
resolved data but 5 years for monthly data. Dendroclimatology requires long tree-ring
series for climate reconstruction but most of the climate records around the world are
about 60-70 years long (Zhang, 2015) and only a limited number extend over 100 years
(Auer et al., 2007; Camuffo et al., 2010). In dendroecological studies long-lived species
and individuals are usually preferred especially when the aim is to detect specific
disturbance return intervals or to assess their spatio-temporal regimes (Copenheaver and

Abrams, 2003).

Nonetheless, there are several studies demonstrating the variability of the climate-growth
relationships in trees of different cambial age or stadial stage (Sczeic and MacDonald,
1994; Carrer and Urbinati, 2004; He et al., 2005; Campelo et al., 2013; Sanchez-Salguero
et al., 2018; Hanna et al., 2019; Piermattei et al. 2020). For instance, trees at juvenile
stages have a reduced and shallower root system than adult trees and their development
i1s more likely influenced by microclimate and site-specific variables than by regional
climate patterns (Thomas et al., 2002; Chhin and Wang, 2008). If growing in the
understory layer inside forests, juvenile trees likely feature a more beneficial micro-

climate which makes them less susceptible to extreme climatic conditions respect to

11



isolated individuals in open areas (Aussenac, 2000; Kovacs et al., 2017; De Frenne et al.,
2019; Zellweger et al., 2019) but, at the same time, they experience stronger competition
by dominant tree layer and understory vegetation (Bigler and Bugman, 2003; De
Lombaerde et al., 2019).

However, most of these cited studies refer to consolidated forest environments where it
is possible to compare growth responses of trees at different life stages (seedling, sapling,
adult or senescent) or growing in different canopy layers. Nonetheless in more dynamic
contexts, such as the initial seral stages after ecological disturbances, there is a scarce or
no occurrence of multi-aged cohorts of trees (e.g. seral stages of ecological succession
such as formation of new forests in fallow lands, treeline upshift, pioneer vegetation in
geomorphic active fluvial vegetation, etc.) (Bitz et al., 2016; Piermattei et al., 2016; Vitali
et al., 2017). In these cases, growth-ring analysis can often be performed mainly with
tree-ring series shorter than 30 years. Given the above-mentioned specific growth
conditions, juvenile trees often feature ring-width characteristics that make series

crossdating and averaging very challenging, if not impossible.

Moreover, it is difficult to detect missing rings or match event years when chronologies
of neighbouring older stands are not available. On the other hand, short series
synchronization and averaging is mandatory for applying growth data to ecological
modelling, multivariate statistics and climate-growth analysis. The outlined problems
associated with crossdating juvenile trees result in a potential underrepresentation of
studies on recent vegetation dynamics, particularly in areas where longer reference

chronologies are missing, e.g. tree-line ecotones.

This question arose repeatedly throughout recent studies conducted in the Central
Apennines in Italy, where European black pine (Pinus nigra J.F. Arnold) has naturally
expanded on treeless areas above the closed forest limit (Fig. S1), with several cohorts of
seedlings, saplings and young trees unexpectedly reaching high elevations (Piermattei et

al., 2016; Vitali et al., 2017).

The main scope of this study was to test a suitable and objective method to discriminate
among the most and the least fitted short growth-ring series based on interseries
correlation, using the suitable ones for commonly applied chronology building. We
proposed a pointer years analysis to detect years of synchronous growth and to check if

rejected series retain ecological information.

12



2. Material and methods
2.1 Tree ring dataset

To demonstrate the performance of the proposed method, we used 734 tree-ring series of
European black pine collected at eight sites across the central Apennines (Italy) (Fig. 1,
Tab.1) (Piermattei et al., 2013; 2014; 2016; Vitali et al., 2017). All sampled individuals
were naturally encroached at eight mountain treeline ecotones, ranging from 1800 and
2100 m a.s.l.. They originated from Pinus nigra stands extensively planted during the
20th century at lower altitude (1500-1600 m a.s.l.). This species was selected for its
pioneering and rapid land covering capacity to reduce the severe slope erosion originated
by former deforestation and intensive pastoral use (Isajev et al., 2004; Vitali et al., 2017).
Tree-ring series span the period 1960-2015 with a common overlap period from 1994-
2008 and a mean cambial age of 15.3 years (SD = 6.8) (Fig. S2). For all individuals, in
addition to an increment core extracted at the stem base, basal diameter and total height

were measured, with resulting mean values of 12.7 cm and 2.13 m, respectively (Tab. 1).

13
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Figure 1 — Location of the eight black pine sites at high elevation in the central Apennines (Italy):
BOV (Mt. Bove); VET (Mt. Vettore); SFR (Mt. San Franco); POR (Mt. Portella); OCR (Mt.
Ocre); SIR (Mt. Sirente); MOR (Mt. Morrone) and GEN (Mt. Genzana). Forestline elevations are
reported in Table 1.
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Table 1 - Main features of the sampled trees in the eight study sites. For each site is reported the
amount of sampled trees (N. TREES), the average tree-ring width (TRW), the basal stem diameter
(Bd), the total height (H), the sampling year, the average cambial age, the main aspect, the average
slope, the forest line elevation, and the geographical coordinates (Lat./Long.). The standard
deviations are in brackets.

Avg.
Avg. Bd Avg. H Sampling AGE Main
(#£SD) [cm] (£SD) [cm] year (#SD)  aspect

N. Avg. TRW
SITE TREE (+SD)

Avg.  Forestline
elope elevation Lat./Long.

S [mm)] [years] [%] [ma.s.l]

BOV 71 3.4(1.25) 13 (8.2) 241 (176) 2015 12 (6) SW 49 1715 42°54°/13°11°
VET 149 1.89(1.03) 10 (7.3) 169 (142) 2008 14 (7) SE 35.8 1600 42°81°/13°26°
SFR 108 2.36(0.93) 12.6(7.3) 204 (132) 2011 14 (7) SW 32 1500 42°45°/13°38’
POR 20 231(097) 11.9@4.9) 192 (98) 2014 12(3) SW 53 1740 42°26°/13°31°
OCR 134 1.8 (1.00) 10.6 (5.2) 168 (100) 2012 15 (5) NE 54 1635 42°15°/13°27°
SIR 133 2.8 (1.16) 16.7 (8.3)  282(153) 2012 17(7) SwW 19 1650 42°15°/13°60°
MOR 84 2.41(0.93) 13.4(5) 217 (90) 2014 154 SwW 32 1542 42°06°/13°57°
GEN 35 2.51(1.22) 145(8.4) 271(260) 2014 18 (6) SwW 30 1705 41°56°/13°53°

All cores were mounted on wooden supports and thoroughly polished with progressively
finer sandpaper. Tree-ring width measurements, at 0.01 mm accuracy, were provided by
the semi-automatic LINTAB system WinTSAP (Rinntech). Crossdating was attempted
both visually and with COFECHA software, comparing each series with the relative mean
site chronology. Then, critical Pearson correlation coefficients (one tail) at 95%
confidence level, variable with series lengths (Tab. S1) were used as a threshold to
discriminate in each site between: 1) the synchronized (SEL - selected) and ii) the non-
synchronized (REJ - rejected) time series. We decided to use the critical values
corresponding to the 95% confidence level as thresholds because 99% confidence level
were too selective (Tab. S2). Correlation coefficients were calculated between mean site

chronologies and raw series without autoregressive model and logarithms transformation.
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2.2 Statistical and pointer year sensitivity analysis

For each series the following dendrochronological parameters were calculated: mean tree-
ring width (TRW), mean sensitivity (MS), Gini coefficient (G), first order autocorrelation
(AC1), interseries correlation (Rbar) and Gleichldufigkeit (glk). Cambial age, tree height
and basal stem diameter were compared between the SEL and REJ groups using a two-
sided Wilcoxon test. Statistical analyses were run using the R “stats” package (R Core
Team, 2018). Two different methods to detect pointer years were compared and assessed
using the R package PointRes (van der Maaten-Theunissen et al., 2015): the
Normalization in a moving Window (NW) (Cropper, 1979) and the RElative growth
change method (RE) (Schweingruber et al., 1990). The NW method delivers Cropper
values (zi) series by normalizing tree-ring series in moving windows, whereas RE method
is based on the calculation of the individual relative radial growth variation by comparison
of ring-width of a particular year with the average ring width of the preceding years. NW
and RE methods were applied to raw series changing the proposed standard thresholds in
order to detect synchronous growth-years in SELs and REJs groups. Different threshold
of Cropper values (zi) or growth changes, proportion of trees to be considered for pointer
years and window size were compared in a sensitivity analysis to provide a more objective
series selection (Tab. 2). In NW method we considered |zi | of 0.60, 0.75, 0.85 and 1 as
event years. We tested the NW method using a 5-years (NW5) and a 3-years moving
window (NW3). We decided to consider the 3-year moving window to carry out the
analysis over as many years as possible even in the shortest series. With RE method we
defined an event year when the growth variation (30%, 40%, 50% and 60% increase or
20%, 25%, 30% and 40% decrease respectively) occurred in a given year compared to
the previous one (RE1) or to the four preceding years (RE4). With all methods (NW3,
NWS5, RE1, RE4) we retained a “common” year when the event year occurs in 50%, 60%
or 75% of the series (series threshold). Some of the thresholds tested in the sensitivity
analysis are generally less conservative as commonly used for pointer years analysis.
Indeed, our goal was to detect in each study site those years when most of the series had
a similar growth (positive or negative). The rings corresponding to the years detected
were not always neither very narrow nor very wide, so we decided to use the term
“common years” (CY) instead of pointer years. The occurrence of CY was then visually

compared at different sites and between SEL and REJ groups.
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Table 2: Methods and thresholds used in sensitivity analysis. Zi is the Cropper value and the
sample depth is the minimum number of series required.

Window Growth change Series
Sample
Methods width |zi] threshold threshold (positive and threshold denth
ept
(yrs) negative) (%) P
NW 3/5 0.60/0.75 /0.85/1 - 50/60/75 10 series
RE 1/4 - 30-20/40-25/50-30/60-40  50/60/75 10 series

3. Results
3.1 Statistics of selected and rejected series

Globally, 47% of the tree-ring series have been classified as SEL, with site shares ranging
between 37-65%. The number of REJ series is relatively high and in 5 sites of 8 exceeds
that of SEL series. The average ring widths at two study sites were significantly higher
(o = 0.05) in the SEL group but not statistically different in the other sites (Tab. 2). At
three sites Gini coefficients were significantly higher (a = 0.05) for REJ, whereas MS
showed a similar response only in GEN site. Autocorrelation (AC) was significantly
higher in SEL series of three sites except for SFR site, where it was higher in REJ series.
At three sites diameters and heights were significantly different between SEL and REJ
series with higher values in SELs. However, at only one (GEN) of these three sites tree
age was also statistically higher in selected trees. SEL series shown a greater and

significantly different global glk in all sites.
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Table 3: SEL and REJ series statistics, TRW: tree-ring width, MS: mean sensitivity, AC1: first
order autocorrelation, Rbar:interseries correlation, Glk: global Gleichldufigkeit. The statistics are
in bold characters when significant different between SEL and REJ group in the same site

(0<0.05).

Site 0° Mean x;?tl:ial Mean Mean
Group  SERIES ;Frgn\i\; Gini MS ACl1 Rbar Glk age Elé;n)leter ?rc;l)ght
(years)
BOV
SEL 46 351 024 024 0.516 0.731  0.625 11.5 12.9 2.40
REJ 25 322 021 030 0.275 0.141 0.535 13.0 134 2.45
VET
SEL 61 198 026 032 0487 0.659 0.597 15.2 10.5 1.82
REJ 87 1.83 026 036 0347 0.100 0.514 14.7 9.8 1.63
SFR
SEL 45 264 024 033 0318 0.653 0.610 13.1 13.7 2.27
REJ 62 214 029 0.37 0416 0.143 0.562 15.7 11.1 1.88
POR
SEL 8 210 024 028 0562 0.691 0.555 14.0 12.3 2.04
REJ 12 245 022 031 0301 -0.064 0475 12.0 11.7 1.86
OCR
SEL 52 1.76 025 037 0338 0.664 0.688 16.0 10.6 1.71
REJ 82 1.83 025 036 0405 0.126 0.554 14.5 10.8 1.67
SIR
SEL 72 287 023 032 0426 0.593 0.652 17.6 16.9 2.87
REJ 61 271 026 033 0446 0.129 0.553 179 10.8 1.67
MOR
SEL 47 257 029 035 0464 0.654 0.591 16.0 14.8 2.41
REJ 37 223 029 040 0379 0.103 0.544 153 11.6 1.87
GEN
SEL 13 311 020 0.25 0478 0.545 0.626 23.2 21.9 4.60
REJ 22 216 028 035 0477 -0.048 0.520 15.3 10.2 1.60

3.2 Sensitivity analysis

With the sensitivity analysis, two methods (NW and RE) for detecting the common years
were compared using different time-windows and thresholds for a total of 48 possible
combinations (24 per method) (Figs. 2-3; Figs. S3-S4). With the NW method the highest
number of CY's is detected both with 5 and 3-year window and the lowest series threshold
(50%) and Cropper |zi| value (0,6) (Fig. 2). The number decreases with increasing series
thresholds (60% and 75%) and with Cropper values up to 1. All combinations except two
(Fig. 2, solid lines) bring the CY values to less than 10% at 0,75 |zi|. At this regard the
best performing method with all Cropper values is the one with Syrs window and 30% of

series, whereas the least performing one is that with 3yrs and 75% series. The RE method
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i1s more performing and provides globally a higher percentage of CYs compared to the
NWs. The decrease of all curves is less steep than in NW and minimum values never
reach the 0 as it occurred in previous case (Fig. 3). RE4 provides higher shares than RE1
especially with 50 and 60% series thresholds that allow to detect 36-52% of CYs.
RE1(50%) and RE4 (60%) share the same values at the various thresholds of growth
responses.

As expected, with the methods and parameters used (Table 4), more CYs were detected
within SEL than REJ series (Fig.4b,c). The CYs found in SEL have a very similar
occurrence to those obtained using all series together, especially in 1999 and 2011
(positive) and 1998 and 2004 (negative) occurring in at least 4 study sites. The year 2004
is a CY also in REJ series at four sites (Fig.4a,b). Several of the CYs counted in REJ
occurred also in SEL, like at SIR where, despite the lower intercorrelation values, 1998

and 2004 are negative years both in SEL and REJ series (Fig. 5).
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10.0%

Percentage of common years
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Ulles 06 0.75 0.85
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Syrs 60% series 20.2% 8.6% 52% 0.0%
z

Syrs 75% series 10.7% 1.3% 0.0% 0.0%

Figure 2: Percentage of Common Years (CY, positive or negative) in SEL series detected by the
NW method (Normalization in a moving window) using a three (3yrs — black lines) and five-years
(5yrs — gray lines) windows. On X axis different % thresholds of Cropper values are reported.
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Table 4: Number (#) of common years detected with NW3, NW5, RE1 and RE4 methods,
considering a series threshold of 50% and a minimum sample depth of 10 series. The symbols
“+” and “—” indicate positive and negative years respectively.

Method NW3 NW5 RE1 RE4
1 previous year, 4 previous years,
3 years 5 years growth change growth change
Parameters window |zi| > | window |zi| > threshold 30% threshold 40%
0.6 0.6 (positive) and (positive) and 25%
20% (negative) (negative)
Site  Groups + - + - + - + —
SEL 1 1 0 1 3 1 2 0
BOV REJ 1 1 1 0 0 0 0 0
SEL 4 1 2 0 7 2 4 3
VET REJ 2 2 1 0 1 1 0 0
SEL 1 3 1 3 4 1 2 2
SER REJ 2 2 1 1 6 2 1 1
SEL 1 1 1 1 2 0 2 0
POR

O REJ 1 0 1 0 0 0 0 0
SEL 5 3 3 3 5 5 4 4
OCR REJ 4 5 1 2 5 3 1 0
SEL 3 4 7 5 7 4 4 4
SIR REJ 1 3 3 3 2 3 1 1
SEL 1 2 0 2 3 1 3 4
MOR REJ 1 1 0 1 1 1 1 1
GEN SEL 3 4 1 3 2 3 0 2
REJ 1 1 0 2 1 2 0 0

SEL 19 19 15 18 33 17 21 19

Total

REJ 13 15 8 9 16 12 4 3
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Figure 5 - Individual tree-ring width (TRW) series (grey lines) and averaged series (red lines) at
the SIR site. Green vertical lines highlight two common years (1998 and 2004) detected in SEL

(top) and REJ (bottom) series.

4. Discussion

The risk to discard many specimens because of their poor intercorrelation is rather high
when working with growth-ring series from juvenile trees. Our results show that a
relevant number of young trees (63%) cannot be used for dendroclimatic analysis due to
their poor crossdating. In a study on riparian vegetation (Bétz et al., 2016) with young
trees and shrub of willow species the mean chronology after crossdating was built with
only 60% of the collected individual series. This could suggest that, when studying recent
ecological processes were young trees are involved, it is advisable to sample a higher
number of individuals compared to what it usually done when dealing with mature trees.
For example, in this study, the number of collected specimens varied at all sites between
35 and 149 except POR where only 20 young pines were sampled. This number is usually
considered suitable for adult trees in order to obtain a mean chronology to perform further

analysis, but not in our case, since only 8 series have been selected and finally crossdated
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in that site. Collecting stem discs rather than increment cores in adult trees increases the
number of available individual series and facilitates the missing rings and the pointer year
detection (Kirdyanov et al., 2018) but the benefits for short series should still be tested.
In addition, in Italy as in other European countries, it is infrequent to obtain sampling
permission for felling large number of trees even at their young life stages. In our study
using the NW methods, the number of CY's decreased with the time window lag (5 or 3
years), whereas with RE method it decreased with the number of preceding years (1 or 4
yrs) used for the analysis (Jetschke et al., 2019). With less conservative thresholds, as
used here, when series exhibited a growth depression or increase immediately before or
after a distinctive growth, both years were identified as CY. Some common years
identified in SEL series occur at several sites (e.g. 1993 and 2004 as negative years and
1999 as positive year). Considering the 8 study sites, crossdating of all tree-ring series
was mainly based on the same regional CY's (1999, 2004 and 2008), whereas in REJ series
their occurrence appeared more related to site specific events. Less common years were
detected in the REJ series, but most of them were present also in SEL series, in a limited
number of sites. This suggested that even in the series with a more individualistic growth,
like REJ, certain years are still climate sensitive and could provide relevant information.
This is also evident when looking at the common years for all the series, being very
similar to those of the SEL series. Since REJ series exhibited a growth response similar
to that of more climate-coupled trees, it should be recommended to not discard them but
simply to process them differently.

The dataset used seemed also influenced by the specific environmental conditions of the
treeline ecotones where young trees often feature complete or partial missing rings and
enhanced eccentricity due to slope inclination, snow accumulation and/or wind. This may
result in poor series crossdating and low correlation with the mean chronology,
particularly when only one core per tree is available. In our case, the limitation effect due
to microsite factors (e.g. type of micro-habitat, niche micro-topography, etc.) on young
encroaching treeline pines could have altered, positively or negatively, the detection of
common years. Young and isolated growing trees are mainly dependent on microsite
factors showing smaller growth increments, higher Gini coefficients and mean
sensitivities. The availability of suitable regeneration niches (Grubb, 1977) is a crucial
issue for tree encroachment and development, especially on open areas without the
facilitation effects provided by adult trees or deadwood. In our study sites the main land

cover types were classified as grass, debris and bedrock, excluding shrubs for providing
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their possible facilitation effect on seedlings and saplings. Based both on land cover and
on mid-resolution topography, microsites with debris and on steeper slopes hosted the
highest number of pines, but the larger size trees were mainly founded on grass cover and
gentler slope (Vitali et al., 2017; Vitali et al., 2019), suggesting that the more crossdatable

series could be collected on these land cover conditions.

5. Conclusions

Here we used short growth series from young P. nigra trees encroaching above the central
Apennines treelines to test methods for selecting suitable series for tree-ring analysis,
since intercorrelation is usually much lower in young than in adult trees. Climate-
coupling signals expressed by good series crossdating are more difficult to find here than
in trees of older forest stands. In fine-scale vegetation dynamics, the availability of micro-
topography (high resolution) information, through remote and proximal sensing data,
could enhance the knowledge of the facilitation effect provided by concave and/or wind-
sheltered lee slopes, that can promote the formation of thick and long-lasting snowpack
(Hagedorn et al., 2014; Kullman and Oberg, 2009). Furthermore, combining
remote/proximal sensing data and microsite meteorological field measurements (e.g.
temperature, humidity, etc.) could allow a better understanding of the processes involved,
providing useful information about their effects on tree growth dynamics and resulting
proportions of SEL/REJ trees. Further studies on different species should be tested in
order to improve the SEL/REJ discrimination, especially focusing on tree microsite

differentiation.
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Supplementary material

Associated with: Enrico Tonelli, Alessandro Vitali, Alma Piermattei, Carlo Urbinati:
Are young trees suitable for climate-growth analysis? A trial with Pinus nigra in the

central Apennines treelines.
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Figure S1: View of a slope with Pinus nigra encroachment at OCR (Mt. Ocre) site, Central Italy.
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Figure S2: Frequency distribution of cambial age classes of the entire dataset (734 trees). Mean
cambial age is 15.3 years, the median is 14 years and the standard deviation 6.8 years.
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Table S1: Critical values for Pearson’s correlation coefficient and length of series.

Correlation at 95%

Correlation at 99%

DF Length of Series Confidence Level Confidence Level
1 3 0.9877 0.9995
2 4 0.9000 0.9800
3 5 0.8054 0.9343
4 6 0.7293 0.8822
5 7 0.6694 0.8329
6 8 0.6215 0.7887
7 9 0.5822 0.7498
8 10 0.5494 0.7155
9 11 0.5214 0.6851
10 12 0.4973 0.6581
11 13 0.4762 0.6339
12 14 0.4575 0.6120
13 15 0.4409 0.5923
14 16 0.4259 0.5742
15 17 0.4124 0.5577
16 18 0.4000 0.5425
17 19 0.3887 0.5285
18 20 0.3783 0.5155
19 21 0.3687 0.5034
20 22 0.3598 0.4921
21 23 0.3515 0.4815
22 24 0.3438 0.4716
23 25 0.3365 0.4622
24 26 0.3297 0.4534
25 27 0.3233 0.4451
26 28 0.3172 0.4372
27 29 0.3115 0.4297
28 30 0.3061 0.4226
29 31 0.3009 0.4158
30 32 0.2960 0.4093
31 33 0.2913 0.4032
32 34 0.2869 0.3972
33 35 0.2826 0.3916
34 36 0.2785 0.3862
35 37 0.2746 0.3818
36 38 0.2709 0.3760
37 39 0.2673 0.3712
38 40 0.2638 0.3665
39 41 0.2605 0.3621
40 42 0.2573 0.3578
41 43 0.2542 0.3536
42 44 0.2512 0.3496
43 45 0.2483 0.3457
44 46 0.2455 0.3420
45 47 0.2429 0.3384
46 48 0.2403 0.3348
47 49 0.2377 0.3314
48 50 0.2353 0.3281
49 51 0.2329 0.3249
50 52 0.2306 0.3218

27



Table S2: Percentage comparison of SEL series using the 95% and the 99% critical values for
Pearson’s correlation coefficient. Column ‘“>0.4" indicates the percentage of series which has a

correlation coefficient greater than 0.4.
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......... 3yrs |zi|=1
Syrs |zi|=0.6
Syrs |zi|=0.75
Syrs |zi|=0.85
Syrs |zi|=1

Site 95% 99% >0.4
BOV 64.8 40.8 38.0
VET 41.2 22.3 38.5
SFR 42.1 16.8 65.4
POR 40.0 30.0 30.0
OCR 38.8 24.6 58.2
SIR 54.1 24.8 61.7
MOR 56.0 333 57.1
GEN 37.1 22.9 51.4
Average 46.8 26.9 50.0

-0.88
-0.54
-0.18
-0.08
-0.72
-0.71
-0.45
-0.22

Figure S3: Percentage of common years (positive or negative) for SEL series detected by method
NW (Normalization in a moving window) using a three (3yrs — black lines) and five-years (Syrs
— gray lines) windows. Lines represent different combinations of window width and |zi| value. In
abscissa axis, different threshold of series showing event year. In all cases, we consider a sample
depth of 10 series. In “m” column the trendline slope has reported.
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Figure S4: Percentage of common years (positive or negative) for SEL series detected by method

RE (Relative growth change) using a one (1yrs — black lines) and four-years (4yrs — gray lines)

windows. Lines represent different combinations of window width and relative growth change.

In abscissa axis, different threshold of series showing event year. In all cases, we consider a

sample depth of 10 series. In “m” column the trendline slope has reported.
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Abstract

Extreme weather events such as late spring frosts (LSFs) negatively affect productivity
and tree growth in temperate beech forests. However, detailed information on how these
forests recover after such events are still missing. We investigated how LSFs affected
forest cover and radial growth in European beech (Fagus sylvatica L.) populations located
at different elevations at four sites in the Italian Apennines, where LSFs have been
recorded. We combined tree-ring and remote-sensing data to analyse the sensitivity and
recovery capacity of beech populations to LSFs. We quantified climate-growth
relationships at population and individual levels to test if LSFs affected the growth
response to climate. Using daily temperature records, we reconstructed LSF events and
assessed legacy effects on growth. We also evaluated the role played by elevation and
stand structure as modulators of LSFs impacts. Finally, using satellite images we
computed Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index
(EVI) and LAI (Leaf Area Index) to evaluate the post-LSF canopy recovery. The growth
reduction in LSF-affected trees ranged from 36% to 84%. We detected a negative impact
of LSF on growth only during the LSF year, with growth recovery occurring within 1-2
years after the event. Water deficit during summer and cold spring temperatures are the
main factors limiting beech growth. LSF-affected stands featured low vegetation indices
until late June, 1.e. on average 75 days after the frost events. We found a higher frequency
of frost rings at mid than at low or high elevations, related to spring leaf unfolding. Our

findings indicate a high recovery capacity and no legacy effects of LSFs.

Key words: Apennines, Fagus sylvatica, dendrochronology, canopy defoliation,

resilience.
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Highlights
o We assessed the impact of late spring frost on beech at different elevations
e  We apply tree-rings and remote sensing analysis
e The impact of late spring frost on beech growth depends on site elevation
e Radial growth recovers after canopy damage without noticeable legacies

e Remote sensing data show post-frost canopy recovery after two months

1. Introduction

In temperate forests, a late spring frost (hereafter LSF) is an abrupt and severe
temperature drop during a period of mild weather (also known as false spring) which
negatively impact tree productivity and growth (Augspurger 2009, Chamberlain et al.
2020). In European hardwood species such as European beech (Fagus sylvatica L.)
below-zero temperatures during spring can damage the recently unfolded leaves and
cause a radial growth reduction (Dittmar et al. 2003, 2006, Gazol et al. 2019, Vitasse et
al. 2019, Sangliesa-Barreda et al. 2021). In Europe, the recent climate variability
significantly increased the frequency of extreme weather events such as LSFs
(Augspurger 2013, Bigler & Bugmann 2018, Zohner et al. 2020, Lamichhane 2021),
summer droughts (Spinoni et al. 2018, Gazol & Camarero 2022, Dukat et al. 2022), and
their combined effects pose several questions about forest productivity, tree growth and
post-disturbance recovery in widely distributed species such as beech (Gazol et al. 2019,
Vitasse et al. 2019, D’ Andrea et al. 2020).

In mature beech trees, old carbohydrates can rapidly be mobilized to produce a
second cohort of leaves after LSF induced defoliations (D’Andrea et al. 2019). However,
new leaves and twigs of affected trees may be smaller and less productive than in
undamaged individuals (Rubio-Cuadrado et al. 2021b). Moreover, LSFs occurring in two

consecutive years may hamper growth resilience (Rubio-Cuadrado et al. 2021a). Even if
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beech trees are very vulnerable in their juvenile phase, compensatory effects were
observed in beech seedlings that survived to a LSF and featured an increased in autumn
photosynthetic activity (Zohner et al. 2018).

LSFs induced defoliations largely depend on the timing of the event occurrence
and of the leaf unfolding. In beech, bud burst timing is mainly controlled by chilling and
forcing temperatures and influenced by the photoperiod (Heide 1993; Vitasse et al. 2014).
Due to this interaction beech, compared to other co-occurring species, features different
timing in leaf upfolding according to the site elevation: later at lower altitude and earlier
at higher altitude (Vitasse et al. 2009). Climate warming also affects tree phenology
especially at high elevation sites, turning beech forest canopies more prone to LSFs
(Cufar et al. 2008, Menzel et al. 2011).

Leaf shedding after LSF is commonly reported in the beech distribution core area,
in central Europe (e.g., Dittmar et al. 2006, Vitasse et al. 2019) and, in recent years, also
in Mediterranean mountains at the southernmost beech distribution limit (Gazol et al
2019). Recent studies, based on remote-sensing and tree-ring data, showed that LSF
defoliation events on southern European beech forests were frequent from 1990 onwards
(Olano et al. 2021, Sangiiesa-Barreda et al 2021). However, this information could be
biased by the availability or quality of satellite images. We need complementary
information on how LSF affected beech radial growth in the last decades and across
extended ecological gradients, i.e. in sites at different altitudes or with different soil water
availability. The Italian Apennines range provides a valuable setting for such research
because its NW-SE slope orientation, where beech forests receive different precipitation
amounts and along altitudinal gradients, spanning from the sub-montane belt up to the

upper treeline even at 1900 m a.s.l. (Vitali et al. 2018, Malandra et al. 2019).
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In 2016 and 2017 two large-scale LSF events occurred along the Central and
Southern Apennines affecting approximately 5,000 km? of forested area, around one third
of the beech forests extension in Italy (Nol¢ et al. 2018, Bascietto et al. 2018, 2019). LSFs
can differently affect beech canopies depending on site elevation and their phenology. A
remote-sensing study in Italy indicate that due to later leaf unfolding high-elevation beech
forests are less defoliated than mid- and low-elevation stands (Nol¢ et. al 2018). However,
high elevation stands could be more affected if a late frost occurs at the time of emerging
leaves, while at lower sites leaves would be mature enough and more frost resistant.

Lacking a clear relationship between beech forest elevation and occurrence of
LSF defoliations, we could not accept the hypotheses that: 1) the forests located at higher
elevations are more sensitive to LSF disturbance and i1) their increased frequency may in
the longer term jeopardize the presence of beech from high-altitude sites in Mediterranean
mountains. We therefore tested this hypothesis by combining short-term remote sensing
information with long-term, retrospective tree-ring analyses at four sites, two located on
the wetter central Apennines and two on the drier southern Apennines. The specific
multispectral signature of brown-coloured affected foliage after LSF can be detected by
satellite imagery and used to assess the geographic extension and the severity of such
disturbances at broad spatial scales and in remote sites (Allevato et al. 2019, Decuyper et
al. 2020, Olano et al. 2021). With tree-ring measurements and climatic data, we
reconstructed some past LSFs and assessed their impacts on beech radial growth. We
aimed (i) to detects the effects of LSF on tree growth along altitudinal gradients, and (ii)
to assess the European beech post-LSF recovery and resilience in terms of productivity

and canopy greenness with remote sensed imagery.
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2. Material and methods
2.1. Study sites

We studied four locations (Figure 1) located in central and southern Italy, all
within the European beech distribution range (Pott 2000). In this mountainous region,
beech is the most frequent species of the upper treeline ecotones ranging between 1600
and 1900 m a.s.l. (Vitali et al. 2018).

Study sites were selected combining documental evidence of LSF events (e.g.,
forest reports) with satellite imagery verification (Figure 1¢). Two sites are in the central
(Mt. Acuto -ACU and Mt. dei Fiori - MDF), and two in the southern Apennines (Mt.
Volturino - VOL and Mt. Pollino - POL), (Table 1, Figure 1a). At all sites, pure beech
forests extend continuously for at least 300-400 m along an elevation gradient from mid-
slope to the upper forestline.

Mean annual temperatures range from 8.4 °C (ACU) to 5.0 °C at the coldest
location (POL), whereas annual precipitation varies from 754 mm in VOL to 1330 mm
in ACU (Table S1). According to the Ecopedologic map of Italy all sites are located on
calcareous substrates and share the same basic and deep soils (Italian Ministry for the
Environment, Land and Sea, http://www.pcn.minambiente.it/viewer). Slope steepness

ranges between 20 to 40%, and it increases upwards.

2.2. Field data collection

Between 2019 and 2020, in each study site, at high, mid, and low altitude we
placed two concentric circular sampling plots (Figure 1c). Along the slopes sampling
plots have been located assuring an elevation difference of at least 100 m between one
another. At each location we sampled beech trees within a larger plot with variable radius

between 20 and 30 m to guarantee the presence of at least 20 evenly distributed dominant
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healthy trees, with >30 cm diameter at breast height (DBH) and without crown damage.

The inner plot radius was fixed at 10 m.

Figure 1. (A) Location of the four study sites in central and southern Apennines (Italy) within the
Fagus sylvatica distribution range (green area) (Caudullo et al. 2017). (B) A true-colour Sentinel
2A satellite image (May 26", 2016) showing the beech forest sectors affected by a spring frost at
MDF site. (C) Distribution of plot areas along the altitude gradient at MDF, (Google earth Pro V
7.3.4.8248; May 22", 2016).

Table 1. Geographic settings of the study sites and their forest structure variables.

i [ L v mewn Jfow Tedely Below OO
High 1375 ocC 7417 56.47 9.8 13.2
ACU 4348 12.68 Mid 1245 CcC 1146 44.70 22.3 16.5
Low 1080 HF 382 77.39 50.8 22.0
High 1584 oC 4170 51.68 12.6 14.9
MDF 42.79 13.59 Mid 1423 oC 4520 53.98 12.3 15.2
Low 1159 oC 3342 55.94 14.6 17.3
High 1600 CcC 1401 54.69 22.3 21.8
VOL 40.43 15.79 Mid 1405 CC 1655 49.75 19.6 253
Low 1300 CC 1910 31.72 14.5 20.0
High 1890 oC 4010 55.69 13.3 18.8
POL 39.93 16.16 Mid 1590 CcC 2769 60.30 16.6 20.5
Low 1450 HF 923 73.35 31.8 29.3
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In the inner plots we measured the DBH (minimum threshold 2.5 cm) of all
standing and living stems. In the larger plots we measured DBH and total height of the
dominant individuals with a laser clinometer and rangefinder (TruPulse 360B, Laser
Technology, Inc.). We extracted wood cores at breast height (1.3 m) orthogonally to the
slope from 20 dominant trees with a Pressler increment borer. Basal area ranged from 31
to 77 m? ha™! and tree height from 13 to 29 m (Table 1). Values variability is partly related
to different management systems: overaged coppices (e.g., ACU-high plot) have higher
tree density and lower tree size (DBH, height) than high forests (e.g., POL-low plot).

Coppices in conversion feature intermediate density values (e.g., VOL-mid plot).

2.3. Cores processing and tree-ring width series

We mounted all cores on wooden supports and polished them with progressively
finer sandpaper. We visually cross-dated each core and then measured ring widths using
a semi-automatic system (LINTAB-TSAP) at 0.01 mm accuracy. We used the
COFECHA software to check the visual cross-dating (Holmes 1983). Then we detrended
the tree-ring width series by fitting cubic spline functions to remove the age- and
disturbance-related trends and to emphasize the high-frequency growth variability (Cook
et al. 1990). We set the smoothing spline’s rigidity at 25 years and its wavelength cut-off
value at 50%. We detrended all measured series dividing observed by fitted values to
obtain dimensionless ring-width indices. We averaged individual tree-ring indexed series
using a bi-weight robust method to develop a mean chronology and obtained 12 mean
plot chronologies (Figure 2).

We compared the mean chronologies by calculating descriptive statistics both on
single raw series, such as the first-order autocorrelation (AC) and the Gini coefficient

(Gini), and on indexed series as inter-series correlation (Rbar) and Expressed Population
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Signals (EPS). The AC describes the influence of the previous growth on the current year
growth, and the Gini coefficient accounts for the percentage of variability in the widths
from one year to the next (Biondi and Qeadan 2008), similarly to the mean sensitivity
(MS) (Fritts 1976). Rbar and EPS assess respectively the mean correlation between the
series and the similarity degree of a given chronology with a correct reference chronology
(Briffa and Jones 1990; Wigley et al. 1984). We processed the raw series with the “dpIR”
package (Bunn 2008) of R software (R Development Core Team, 2020). To assess the
similarity among plots’ indexed chronologies we calculated their Pearson correlations,

and performed a Principal Component Analysis (PCA) on the covariance matrix.

2.4. Climate-growth relationships

We assessed the climate sensitivity of beech growth at population and individual
levels with Pearson correlation analyses. We used the mean monthly series of minimum
and maximum temperatures (Tmin and Tmax) and monthly precipitation (Prec) of the
daily E-OBS V 22.0e gridded datasets at 0.1° spatial resolution (Cornes et al 2018). For
each study site we selected the climate time series at the closest grid point. At population
scale, we considered the mean standard chronologies of each elevation plot and the
monthly climatic variables covering a window from May of the year prior to growth (—1)
to September of the growth year () for the reference period 1950-2019. At tree level, we
used individual tree-ring indexed series and a selection of monthly or seasonal climatic
variables that turned out significant from previous analyses. Since some tree-ring series
did not extend back to 1950, for the individual level analysis we investigated only the
1960-2019 interval. The significance of correlations and confidence intervals were
computed with a bootstrap approach with 1000 iterations (Politis and Romano 1994). We

run climate-growth analyses within the R package treeclim (Zang and Biondi 2015).
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2.5. Inferring frost events from climate records

To detect the potential LSF years, we used daily climate data from the E-OBS gridded
dataset, interpolating the temperatures records from the grid elevation to the plot location
considering a mean lapse rate of —6.5 °C km™'. We used the accumulated degree-days
(2T) as a proxy of leaf phenology and the spring daily temperature anomalies (A7) to
quantify the severity of the events. 27 is the cumulated daily mean temperature above a
5°C threshold from January 1% (Day Of the Year - DOY 1) to the date of the minimum
temperature recorded between DOY 111 and 131 (approximately from April 20" to May
10™). This method slightly differs from the one in the literature (Vitasse et al. 2019),
where accumulated degree-days are accounted to the date of the last late frost day (< -
2°C). Yet, to avoid influences related to temperature interpolation in gridded datasets,
which are prone to large errors, especially in daily records and across topographically
complex areas, we decided to consider the day with minimum temperatures rather than
the temperature threshold of — 2°C.

As a second indicator for the LSF detection, we computed spring temperature
anomalies (A7) or the difference between the mean minimum temperature from March 1%
to April 30" and the minimum temperature from April 20" to May 10" for each year.
High values of 27 and 4T mean higher sensitivity of beech to LSF events (Gazol et al.
2019, Vitasse et al. 2019). We defined years with the highest risk of severe LSF when
both X7 and AT exceeded the 3™ quartile computed for the reference period 1951-1990.

We then compared these two meteorological indices and validated them with
available daily data collected by local meteorological stations (Table S2). Again,
temperature records were interpolated from station elevation to the plot location

1

considering a mean lapse rate of —6.5 °C km™". Local stations provide the daily absolute
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minimum temperatures that we used to validate the calculated 47 values considering only

the frost events (temperature < 0°C).

2.6. Quantifying frost impacts on tree growth

In dendrochronology an event year is a dated tree-ring considerably wider or
narrower with respect to prior or subsequent rings, whereas a pointer year refers to several
trees that display synchronously an event year within the series (Schweingruber et al.
1990). If LSFs are sufficiently severe, they can affect the cambial activity of trees and
induce the formation of narrow rings detectable as negative event years and possibly as
pointer years. We computed pointer years of all indexed individual tree-ring width series
with the “Normalization in a moving Window” method (Cropper, 1979) using the R
package PointRes (van der Maaten-Theunissen et al. 2015). This method delivers Cropper
values (zi) series by normalizing tree-ring width series in moving windows. We
considered event years |zi| values of 0.75 in a 5-year moving window. We retained a
pointer year when the event year occurred in 75% of the plot series. Then, we selected
the negative pointer years (nPYs) matching with a LSF year, hereafter abbreviated as LSF
ring.

We estimated the recovery time after the selected years on indexed tree-ring width
series using the Superposed Epoch Analysis (SEA), with a time lag of 4 years and
bootstrapped resampling (Lough and Fritts 1987, Rao et al. 2019), using the “sea”
function of the “dpIR” package (Bunn 2008). Then, we averaged and plotted the
departures from the mean SEA value of each core for the 4 years prior to, and immediately
after each LSF nPY, to determine the occurrence of significant growth deviations. This
analysis allows detecting post-frost carryover or legacy effects on radial growth. For the

SEA over recent LSFs occurring in 2016 and 2017 we considered only one or two years
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after each event, since tree-ring series end in 2018 (MDF site) or 2019 (ACU, VOL and
POL sites).
As an additional analysis to assess the impact of LSF in nPY, we calculated

resistance (Rt), recovery (Rc) and Resilience (Rs) indices following Lloret et. al (2011):

Resistance (Rt) = Ring width index  / Ring width index [1]
Recovery (Rc) = Ring width index 2 / Ring width index ¢ [2]
Resilience (Rs) = Ring width index +, / Ring width index 2 [3]

We computed these indices using standard tree-ring width series and a 2-year lag to avoid
recovery underestimation due to consecutive LSFs, and to study the most 2016 and 2017

LSFs.

2.7. Tree variability to frost sensitivity

The effect of various drivers of individualistic tree growth on frost sensitivity was
analysed at tree level. We assumed that beech sensitivity to spring frost could be
explained by individual tree characteristics, such as cambial age and topographic
elevation that could play an important role. The total number of LSF rings obtained by
climate data analysis were considered as an indicator of frost sensitivity. We fitted
Generalized Linear Models (GLMs) for predicting at each site the number of LSF rings
formed by each tree as a function of the following variables: cambial age, mean tree-ring
width, basal area increment (BAI), mean sensitivity and Gini index computed for the
1950-2019 time interval, and the growth trend in the period 1990-2019. This trend was
based on the slope of BAI for that period. From the matrix we removed the heavily

correlated predictors showing a high (>4) Variance Inflation Factor to avoid
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multicollinearity. We rescaled all the predictors to account for differences on
measurement scale and we used a Poisson distribution family for the response count
variable (LSF rings). For each model, we also used the plot elevation as fixed factor to
search for different responses among plots.

We fitted two GLMs for modelling the presence/absence of LSF rings in each
series in 1957 and 2016, the years with more trees affected by frost, as a function of
cambial age, mean tree-ring width, mean sensitivity, and Gini index. We used plots nested
in sites to focus on the explained variance. We rescaled all the predictors to account for
differences on measurement scale and we used a binomial distribution family for the
response variable (presence/absence of LSF rings). We performed all statistical analyses
within the R environment (R Development Core Team, 2020), using the “glm” function
of “stats” package (version 4.0.3) and the “glmer” function of “lme4” package (Bates et
al., 2015). BAI was calculated using the “bai.out” function of the “dpIR” package (Bunn

2008).

2.8. Frost events detected through remote sensed imagery

We used multispectral satellite Copernicus Sentinel-2 imagery to estimate the
incidence of late frost and the recovery time of beech at the different plots. We used
images from the twin satellites Sentinel-2A and Sentinel-2B. These platforms carry a
Multi-Spectral Instrument (MSI) that samples thirteen spectral bands (Drusch et al. 2012).
The EO Browser service (https://www.sentinel-hub.com/explore/eobrowser/) allowed
satellite images selection with cloud-free areas over the study sites for the time interval
ranging from March 2016 to December 2018. We selected images only for ACU and VOL
sites due to (i) the least cloud contamination over their plots, and (ii) the occurrence of

two consecutive LSF events in 2016 and 2017. We collected 62 images of the same time
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interval and downloaded the corresponding products from the Copernicus Scientific Data
Hub (https://scihub. copernicus.eu/) as a Level-1C (Top-of-atmosphere reflectance —
orthoimage products) and Level-2A  (Bottom-of-atmosphere reflectance —
atmospherically corrected), when available (Table S3).

We processed twenty-six Sentinel-2 Level-1C images performing the atmospheric
corrections using the SNAP 8.0 and Sen2Cor V2.8 software provided by the European
Space Agency. We used the classification mask, built from the scene classification layer
produced by Level 2A-processing, or provided in the level 2 product acquired, to remove
pixels classified specifically as cloud shadows, water, intermediate and high-probability
of cloud cover, thin cirrus, and snow. All images were calibrated to convert Digital
Number into units of surface reflectance applying their respective scale factor. Then we
calculated three vegetation indices: (1) Normalized Difference Vegetation Index (NDVI),
(i1) Enhanced Vegetation Index (EVI), and (iii) Leaf Area Index (LAI). NDVI is the most
widely used vegetation index and it is not only related to canopy structure and LAI, but
also to canopy cover and greenness (Xue and Su 2017). NDVI ranges between -1 and 1
(Rouse et al. 1974) and is computed as follows:

NDVI = (NIR — Red) / NIR + Red [4]
where NIR and Red are reflection values in the near-infrared and red ranges of the
electromagnetic spectrum. Positive NDVI values between 0.3 and 0.8 usually refer to
vegetation canopy with a high cover and greenness values. Since NDVI is sensitive to
soil brightness and atmosphere conditions, EVI can simultaneously correct these noises
(Liu and Huete 1995, Huete et al. 2002). EVI is expressed as:
EVI=G * (NIR —Red) / (NIR + C1* Red — C2 * Blue + L) [5]

Where G is the gain factor, L the soil adjustment parameters, C1 and C2 are the

coefficients used to correct the acrosol influences in the red band, and Blue are reflection
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values from the blue band. For the Sentinel 2 products, we adopted the following
coefficients: L=1, C1 =6, C2 =7.5, and G = 2.5 (Henrich et al. 2009).

For each selected image, we computed NDVI and EVI in a 40-m radius buffer
zone from each plot centroids. A minimum of 30 pixels falling within the 40-m buffer
were used to extract NDVI and EVI mean values for each low, mid, and high elevation
plots at both ACU and VOL sites.

Finally, effective Leaf Area Index (LAl.s) was estimated from satellite
observations using the biophysical processor in SNAP 8.0. This function is proposed to
use neural networks for the estimation of biophysical variables (Weiss and Baret 2016).
We calculated the LAl at ACU and VOL sites on the date of maximum LSF severity

and on the date of the following full recovery time.

3. Results
3.1. Tree growth
Mean tree age varied from 61 years to 132 years, with the oldest tree (216 years)
sampled at the VOL-high plot (Table 2). The mean tree-ring width ranged from 1.39 to
2.10 mm. At ACU, trees at low elevation showed the highest mean growth rate, but the
rate decreased with increasing elevation (Table 2, Figure S1). The MDF, VOL and POL
plots have similar growth rates within each site with no evident effects due to elevation,
although the POL-low showed lower growth rates after 1990 (Figure S1). At MDF, we
found wider rings in the lowest plot, whereas in VOL and POL at the mid-elevation plots.
First order autocorrelation values (AC1) in tree-ring width series are similar and
ranging between 0.51 and 0.74 (Table 2). High Gini coefficients indicate sensitive series
with high year-to-year growth variability. The EPS and Rbar values are high at all sites

suggesting a large inter-annual growth variation and synchrony, i.e., a common growth
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signal shared among trees. Tree-rings chronologies developed at each site at different

elevations are well intercorrelated with high and significant (p < 0.01) values (Table S4).

The PCA discriminates two groups of plots mean chronologies corresponding to the

central and southern Apennines (Figure S2). Their yearly interquartile range (IQR)

reached the highest values in years of LSF occurrence, such as 2016 and 2017 (Figure 2).

In these two years, very cold spring temperatures reduced growth rates of several trees.

We observed other abrupt growth reductions in most trees related to LSFs in 1957,

1986—1987 and 2013 (Figure 2).

Table 2. Dendrochronological statistics of sampled trees. First-order autocorrelation (AC1) and
Gini (Gini) coefficients refer to the raw series, whereas inter-series correlation (Rbar) and
Expressed Population Signal (EPS) refer to indexed ring-width series. Values are means + SD.

Site plot  No. trees Series length (yrs.) Ring width (mm) AC1 Gini Rbar EPS
ACU-High 23 75+ 11 1.03+0.48 0.51 025 0.50 0.94
ACU-Mid 18 85+ 14 1.51+0.66 0.57 025 0.34 0.88
ACU-Low 17 104 + 14 2.18+0.93 0.61 024 037 090
MDF-High 18 75+ 19 1.56 +£0.66 0.50 0.23 043 0.90
MDF-Mid 20 71+8 1.42 £ 0.65 0.57 025 043 092
MDF-Low 20 61+6 1.80+0.82 0.63 025 044 093
VOL-High 26 120 + 46 1.66 = 0.80 0.62 028 0.35 0.88
VOL-Mid 27 75+28 2.10+1.08 0.62 028 0.34 0.86
VOL-Low 26 111+58 1.54+0.86 0.69 032 037 0.87
POL-High 25 108 + 48 1.59+0.81 0.67 029 035 0.88
POL-Mid 27 84 + 33 1.87+£0.81 0.55 025 0.40 0.90
POL-Low 22 133 +30 1.39+0.77 0.74 031 032 0.88
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Figure 2. Mean indexed, ring-width chronologies at high (red), mid (green) and low (blue)
elevation plots at the four study sites. The grey shadow is the interquartile range (IQR) of each
site series. Chronologies are truncated in 1950, for matching the common time interval used in
climate-growth analysis (1950-2019).
3.2. Climate-growth relationships

Beech growth series showed (i) a negative relationship with summer temperatures
in both current and previous years, and (ii) a positive relationship with prior summer and
winter and current summer precipitation. May is a key month for radial growth causing

distinctive responses compared to prior and following months. Positive effects

correspond to warm minimum May temperature, whereas negative correlations appeared
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in response to moister conditions (Figure 3). Some differences emerged between the
central and southern Apennines, but the role of elevation within each site was not
straightforward. Growth at MDF-high plot is positively correlated with maximum and
minimum May temperatures, whereas at ACU-low plot is positively correlated with May
minimum temperatures. At four plots (MDF-low and high, POL-low and high), beech
growth was negatively correlated with April minimum temperatures. We also detected
negative correlations with prior and current summer temperatures, particularly at low and
mid elevation. There is also evidence of a positive effect of precipitation on growth
indices, also in the summer prior to growth, especially in ACU site. At this more mesic
site, the positive effect of summer precipitation during the growing season decreased
upwards. Similarly, at the VOL site the positive influence of June precipitation decreased
upwards.

We then selected a few representative climatic variables to assess the climate-
growth relationships at individual tree level: (i) summer (June to August) maximum
temperatures and mean precipitation of current (t) and previous year (t-1), and (i1) mean
minimum May temperature of current year (Table 3). Most individual ring-width series
(37%) were positively correlated with current summer precipitation, and a few series (4%)
were positively correlated with May temperature. Most of the ACU series were positively
correlated with summer precipitation and maximum temperatures of previous year except
for the low plot where most series positively correlated with current summer
precipitation. In this site only few series (5-6%) at low and high plots are positively
correlated with May minimum temperature. At MDF results are similar, but more series
at mid- (16%) and high-elevation (14%) plots are positively correlated with minimum
May temperatures. Growth series from the VOL and POL sites correlated well with

current year precipitation.
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Figure 3. Bootstrapped correlation values calculated with indexed chronologies and monthly
minimum (Tmin), maximum (Tmax) temperatures and total precipitation (Prec) for the
1950-2019 period. Blue, green, and red bars refer to low, mid, and high elevation plots
respectively. Stars indicate significant correlation values (p < 0.05). Months in lowercase and
uppercase letters correspond to the previous and current years, respectively.

48



Table 3. Percentage of indexed ring-width series with a significant (p <0.05) correlation (positive
in bold, negative in italic) with monthly or seasonal climate variables. Abbreviations: Prec, total
precipitation; Tmax and Tmin, mean maximum and minimum temperatures, respectively; (t-1),
year before the tree-ring formation; NS, percentage of individual series without a significant
correlation with climate variables.

Climate variables
Summer Summer  JJA Tmax Summer May NS
Site Plot Prec (t-1) Prec (t-1) Tmax Tmin

High 84 11 68 0 5 16

ACU Mid 47 0 47 6 0 41
Low 6 35 0 12 6 53
High 21 21 43 7 14 36

MDF Mid 32 26 26 0 16 21

Low 27 67 13 20 0 7

High 0 50 6 13 0 38
VOL Mid 7 29 14 21 0 57
Low 28 33 0 39 0 33

High 33 67 25 8 0 0
POL Mid 17 72 0 11 0 22
Low 6 41 0 0 0 53
All 27 37 20 11 4 32

3.3. Detection of LSF years using temperature data

The analysis of climate records revealed eleven potential LSF years (1955, 1957,
1962, 1967, 1970, 1977, 1989, 1991, 2001, 2016 and 2017). In these years, accumulated
degree days (27) and spring temperature anomalies (47) exceeded the threshold values
of the third quartile computed for the 1951-1990 reference period (Figure S3, Table S5).
In four years (1957, 1991, 2016 and 2017) there is documented evidence of frost events,

and local climate records confirm the abrupt drop of temperatures (Table S6). In 1957,

49



1991 and 2017, high temperature anomalies were recorded at all sites, whereas in 2016
E-OBS data underestimated the frost risk for the southern VOL and POL sites. Above
average 2T and AT values following the LSF events in years 1957, 2016 and 2017 are
recorded in most sites and plots, whereas in 1991 high 2T and AT occurred only at ACU

site.

3.4. Impact of LSF on radial growth

Within the common time interval (1950-2019) we detected 56 nPY's distributed
in 21 different calendar years (Figure 4). In particular, 19 nPYs were associated to LSF
events detected in previous analyses. LSF rings occurred in 1957, 1970, 1991, 2001, 2016
and 2017. All trees from ACU and VOL sites showed the 1957 nPY, as well as the MDF-
high, POL-low and POL-mid plots. The LSF events in 1970 and 1991 lead to nPYs only
in POL-low and ACU-low plots, respectively. All MDF plots shared a LSF ring in 2001,
as well as VOL-mid and POL-mid plots. According to local weather station data, the
mean values of T and absolute minimum temperatures in years of LSF ring occurrence
were 302°C and -3.9 °C respectively (Figure S4).

The SEA of ring-width indexed series revealed a significant (p < 0.05) growth
reduction in 71% of the series during the LSF year (Figure 5). One year after each LSF
event growth was recovering since reduction occurred in only 4.9 % of the trees. In
affected trees average growth was 54 and 84 % lower than the two preceding years (Table
S7). At all plots, growth series showed high levels of recovery. Two years after (t+2) the
LSFs, tree rings were 2.49-4.81 times wider than in the year of the event. The resilience
index was around 1 or even higher in most cases, meaning that ring-width indices were
equal or higher in t+> compared to t. Only at ACU, the resilience index showed low

values, in high- and mid-elevation plots after the 2016 LSF.
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Figure 4. Negative pointer years (nPYs) detected at high (A ), mid (*) and low (-) elevation plots
of the four study sites in the period 1950-2019. In red the nPY's occurred in LSF years when AT
and 2T exceeded the third quartile threshold.
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Figure 5. SEA beech growth response to spring late frosts (LSFs) in 1950-2019 time interval.
The y axis shows the number of years before and after LSF negative pointer years (nPY).
Horizontal lines inside the “violins” indicate median ring-width indices (RWI), whereas red dots
a significant (p < 0.05) RWI reduction.

3.5. Variability factors in growth sensitivity to LSFs

Several trees featured some narrow rings related to spring frost (LSF rings). The
frequency of LSF rings ranged from zero to five in the period 1960-2019, with most trees
(41.8%) showing two LSF rings in their tree-ring series (Figure S5). The estimated

number of LSF rings tends to be higher at mid- than at low- and high-elevation plots
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(Figure S6), but between-plot differences were higher at MDF site despite no significant
(p = 0.11). We did not find any significant contribution of tree parameters such as age,
mean TRW, MS, Gini, and BAI trend as predictors of the LSF rings number using the
GLMs modelling approach (Table S8). We only found two significant predictors using
binomial models with random effects (GLMERSs) to predict presence/absence of frost in
1957 (Age) and 2016 (Gini). For the 1957 events, the sites explained 66% of variance,

while plot elevation only 6% (Table S6).

3.6 Late frost detection from remote sensing data

We computed vegetation indices (NDVI, EVI and LAI) at each elevation plot in
ACU and VOL sites to assess the canopy reflectance trend throughout the growing
seasons in 2016 and 2017 (years with LSF) as compared with 2018 a -LSF free year
(Figs. 6 and 7). At ACU, the 2016 frost occurred on April 26" (DOY 116) and affected
only the high-elevation plot. NDVI and EVI values were respectively 25% and 43%
lower than undisturbed plots at DOY 147. EVI and NDVI values recovered over two
months (DOY 180). At the same site, in 2017 the LSF occurred on April 22" (DOY
112) and affected only the mid-elevation plot, with NDVI and EVI values 65% and 51%
lower, respectively, then undisturbed plots at DOY 151. At ACU in 2017 beech
canopies fully recovered the LSF event after 79 days (DOY 191), when spectral
vegetation indices assume the same levels as the unaffected plots. The LSF occurred at
VOL in 2016 (DOY 116) affected the high-elevation plot, with NDVI and EVI values
respectively 34% and 54% lower than undamaged plots at DOY 144. On the contrary,
the 2017 LSF (DOY 111) affected only the low- and mid-elevation VOL plots, with

NDVI and EVI values respectively 17% and 23% lower than at unaffected high-
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elevation plot at DOY 134. At VOL LSF in affected plots EVI and NDVI reached

normal values after 88 days in 2016 and after 67 days in 2017.

ACU) 2016 2017 2018

80 130 180 230 280 80 130 180 230 280 80 130 180 230 280
DOY DOY DOY

-High -Mid -Low

Figure 6. The averaged NDVI and EVI trend curves throughout the growing seasons in 2016 and
2017 (LSF years) and 2018 (no-LSF year) at the three elevation plots at ACU and VOL sites.
DOY (day of the year) is reported in x axes.

Late spring frost effect on LAl 1s evident at both ACU and VOL in 2016 and
2017. We found differences comparing mean values of affected and unaftected plots and
between post-frost (DOY 140-160) and recovery periods (DOY 190-210). In affected
plots, the LALy values are nearly half of those recorded in unaffected plots (1.2 to 2.3 m?
m>vs. 2.8 — 5.0 m> m?) (Figure 7). As expected, in the latter plots LAl values of post-

frost and recovery periods were very similar, whereas in affected plots LAl increased
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until mid-July and reached 3.2 — 4.0 m?> m™ values. However, in disturbed plots estimated

LAl in the recovery period are in most cases slightly lower than in undisturbed plots.
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Figure 7. LAl values at ACU and VOL sites in the two LSF years (2016 and 2017). The
whiskers represent the minimum and maximum values within each plot. Mean LAl values were
compared between plots using a two-sided Wilcoxon test. Significant low LAl values in affected
plots are marked width a red triangle (p<0.01).

4. Discussion

The Apennines range, where beech shares more than 10% of the total forested
area, 1s a transition zone where cold and wet air masses coming from Northern and
Eastern Europe are merging with warmer masses from northern Africa. These conditions
can induce important regional or local phenological variability of beech and increase its
sensitivity to LSF events. Here we focused on detection and assessment of LSF effects

on beech stands in Central and Southern Apennines. We used diverse but complementary
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approaches to quantify, date, and spatially define the occurrence and the effects of major
LSFs on beech forest productivity and growth. The results confirmed our hypothesis of
the absence of a clear relationship between beech forest elevation and the incidence of
LSF-induced defoliation. More severe growth reduction was found at mid-elevation plots
(Figs. 4 and S6), although this can depend on LSF severity and time of occurrence. The
POL-high plot (in southern Apennines) revealed the most resistant beech stand to LSFs
without nPY's potentially associated to LSF impacts. In several cases, a defoliation-free
portion of beech forest occurred above a defoliated one (e.g. at POL in 2016 or ACU and
VOL in 2017). In these cases, the possibility of temperature inversions cannot be
excluded, but the defoliation observed only at the intermediate zone of the slope
suggested its relationship to the interannual thermal conditions and to the elevation
dependent differences of bud burst timing.

Radial growth in beech forests depends on elevation, decreasing at higher
elevation, given the shorter length of the growing season and the lower temperature
(Pretzsch et al. 2021, Etzold et al. 2022). Nonetheless, at lower elevation or at sites with
less summer precipitation, beech radial growth is more severely limited by water deficit
(Dittmar et al 2003, Rozas et al. 2015, Rubio-Cuadrado et al. 2018, Serra-Maluquer et al.
2019). At lower elevation in Mediterranean mountains, growth and productivity of beech
forests are also severely constrained by summer drought (GeBler et al. 2007, Piovesan et
al. 2008, Gazol et al. 2019, Tognetti et al. 2019), a factor designing the southernmost
xeric edge of beech distribution (Jump et al. 2006, Bolte et al. 2007, Serra-Maluquer et
al. 2019).

Tree-ring analysis along the altitudinal gradients was the first step to detect the
most exposed sites and the potential event years induced by LSF (Figure 2). In general,

warm, and dry summer conditions were the main limiting factors of beech growth, in
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agreement with other studies in the Apennines (Piovesan et al. 2003) and in the Iberian
Peninsula (Rozas et al. 2015, Serra-Maluquer et al. 2019, Camarero et al. 2021). This
reflects the beech tendence to avoid too dry and cold conditions.

At both central and southern sites beech growth was negatively affected by low
summer precipitation, particularly at the two southernmost sites (POL and VOL) and at
the MDF-low plot (Figure 3, Table 2). Significant relationships with April and May
temperatures in some of the plots suggested a possible influence of spring frosts. Cold
May temperatures could be an indicator of the LSF occurrence and warm temperature in
April could anticipate the leaf emission and expose beech to LSF damage (Piovesan et al.
2003, Gazol et al. 2019, Sangiiesa-Barreda et al. 2021).

At individual level, 32% of sampled trees were not significantly correlated with
the selected climate parameters. Since in the sampled plots beech stands were or are still
managed as coppice with standards, we assumed that the current dominant trees could be
formerly in the intermediate or suppressed canopy layers, where trees possibly feature a
lower climate sensitivity (Martin-Benito et al. 2008).

Using two climate indices, we detected warm springs followed by frost events in
eleven years. However, plots’ chronologies showed an abrupt growth decrease in only six
of those years. Ten out of twelve plots were hit by at least two extreme events in the
period 1950-2019 (Figure 4), with an average return time of 39 years, irregularly ranging
from 13 to 60 years. Consecutive frost events occurred at the same site but causing
damages at different elevations (e.g., ACU and VOL sites in 2016 and 2017 LSFs). No
plots showed negative pointer years related to frosts in consecutive years; however, in the
VOL-mid 67% of the series showed a negative event year in 2016 whilst 75% of series
did it in 2017. The estimation of the return time is highly influenced by the thresholds

used to define a pointer year in tree-ring chronologies. Sangiiesa-Barreda et al. (2021)
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calculated a reduced return time from 33 to 14 years before and after 1990 respectively.
In our case, most LSFs also occurred after 1990 (in 1991, 2001, 2016 and 2017),
excluding the 1957 event which affected all sites (Figure 4) and the 1970 event detected
only at POL-low. In our studied stands the most severe LSFs occurred in 1957, 2016 and
2017, causing a radial growth reduction ranging from 36% to 84%. Even if in VOL-mid
several trees were affected by consecutive frost events, their resilience values remained
high even after the 2017 event.

LSFs can also occur at the beginning of dry growing seasons, a particular
combination that occurred at the ACU site in 2017, with defoliation only at the mid
elevation belt. ACU-middle trees show low resistance and resilience under the 2017
stressful conditions, with averaged values of 0.16 and 0.56 respectively (Tab. S7). Very
dry summer periods can also reduce beech radial growth in the following years (Decuyper
et al 2020, Hacket-Pain et al. 2016).

However, excluding this particular effect at ACU site, we did not find significant
growth reductions in the years following the LSFs (Figure 5), suggesting a good recovery
of beech to this disturbance, in accordance with recent studies (D’Andrea et al. 2019,
Rubio-Cuadrado et al. 2021a, 2021b).

Not only LSF and drought events can cause negative pointer years in beech trees,
but also masting years and insects’ outbreaks (Hacket-Pain et al. 2015; Camarero et. al.
2018; Nussbaumer et al. 2021). The 2013 negative pointer year could be related to a mast
year reported across beech forests of central Italy (Mancini et al. 2016), however the
general lack of long-term, detailed data on seed production cannot confirm this
hypothesis. In the same year in southern Apennine beech forests reduced radial growth in
was attributed by unusually moister and colder conditions during the summer (Simtinek

etal. 2021).
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GLMs show that the frequency of LSF rings is related to elevation rather than to
individual tree parameters. Our mid-elevation beech plots (1245-1590 m asl) appeared
the most sensitive to LSF on in terms of growth. This altitude range fits very well with
the one (1250-1500 m asl) proposed for beech as the most exposed to LSFs in the southern
Apennines (Nol¢ et al. 2018).

Detection and assessment of the LSFs impact on forest canopy cover and
greenness can be efficiently conducted with remote sensing data and indices (Bascietto et
al. 2018, 2019, Nol¢ et al. 2018, Rubio-Cuadrado et al. 2021a, Olano et al. 2021). At this
regard we found EVI being a more sensitive index than NDVI to detect LSF effects on
beech canopies (Figs. 6 and 7). In the affected beech stands of our study in 2016 the
average NDVI and EVI were respectively 30% and 48% lower than unaffected forests,
whereas in 2017 32% and 47% lower. The forest canopy on average recovered after 75
days from the frost events. However, the estimated recovery period can be biased by the
time resolution of the used satellite data, and on cloud cover levels, challenging a correct
daily resolution at population scale. The 2016 frost at VOL site was confirmed by the
remoted sensed data, local meteorological records, and abrupt growth reductions, but not
by the E-OBS gridded data that appeared to overestimate the minimum temperatures over
the late frost period. The availability of suitable long-term in sifu meteorological data
would have helped the analysis. However, microclimatic conditions play an important
role in regulating the budburst timing in spring while temperature of buds and leaves can
be much lower than the temperature recorded by standard weather stations during clear
nights due to radiative cooling (Vitasse et al., 2021).

Software applications based on artificial intelligence can estimate the biophysical
components of vegetation such as LAI, but they could underestimate higher LAI values

such as those observed over dense forests (Brown et al. 2021, Filipponi 2021). In our
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beech forests, LAlLy values ranged between 2.8 and 5.0 m?> m™ in relation to the stand
structure. LSFs in ACU and VOL sites resulted in an estimated loss of LAl values of
2.4-3.0 m?> m” compared to undamaged neighbouring plots. In many cases, affected plots
showed lower LAl values until mid-July, probably due to the presence of smaller leaves
(Rubio-Cuadrado et al. 2021a, 2021b). These findings demonstrate an intra-annual legacy
effect which could be further investigated in terms of productivity or reduction in carbon
uptake of the most affected stands by performing quantitative wood anatomy studies.
Interestingly, such intra-annual legacy effects of reduced LAl did not turn into inter-
annual growth legacy effects. The use of both high-resolution satellite and aerial
multispectral images and LiDAR based sensors could provide more information to study
forest disturbances at finer spatial and temporal scales.

Our findings cannot confirm that LSF severity increased in the 1990s, given the
widespread and great impact of the 1957 LSF across the Apennines. Nonetheless, we
demonstrated the high resilience capacity of beech forests after LSFs. In addition, we
cannot discard that an increasing frequency of LSFs could alter such resilience capacity,
particularly in Mediterranean mountains prone to a forecasted warming but also to more
variable precipitation which could increase the frequency of adverse weather extremes

such as frost and drought events (Giorgi and Lionello 2008).

5. Conclusions

In European beech low growth rates caused by LSF-induced leaf shedding depend
on site spring phenology and extreme temperature drop; both factors are closely related
to elevation. However, beech trees affected by spring frost appeared to be resilient and
rapidly recovering their growth rates, showing no year-to-year legacy or carryover

effects. Satellite imagery was very useful to detect the most affected trees or stands and
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to assess the LSFs impact and recovery time at intra-annual levels. Nonetheless, late frosts
remain a threat in Apennine’s beech forests, especially if followed within the same
growing season by summer drought, another highly influential driver of climatic stress of
trees. These extreme events and their potential synergy within globally warmer and
climatically variable scenarios should be certainly considered in the future forest

management and planning of mountain beech forests.
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Supplementary material (Tree-ring and remote sensing analyses for assessing the
role of elevation on European beech sensitivity to late spring frost)

Table S1. Mean climate parameters calculated in the four study sites from E-OBS gridded.
Reported mean annual temperatures were interpolated at middle-plot elevation considering a
mean lapse rate of —6.5 °C km ™! (see table 1 for details of plot elevations).

Site Mean annual temperature (°C)  Total annual precipitation (mm)
ACU 8.4 1330
MDF 6.4 937
VOL 6.7 754
POL 5.0 985

Table S2. Spatial location of the climatic stations closest to the sites

Station Elevation Lat Long Nearest Distance from
(m a.s.l.) (°N) (°E) site nearest site (km)
Fonte Avellana 690 43.7411 12.7264 ACU 4.4
Umito 646 42.7374  13.4066 MDF 15.5
Marsicovetere 598 40.3389  15.8336 VOL 10.7
Rotonda 549 39.9493  16.0225 POL 12.1
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Table S3. List of the Sentinel-2A and -2B images used to detect the canopy damage in beech

forests during years 2016, 2017 and 2018. Dates as expressed as dd/mm/yyyy format.
2016 2017 2018

Date Satellite Site Date Satellite Site Date Satellite Site
21/03/2016  Sentinel-2A  VOL | 25/03/2017  Sentinel-2A  ACU | 13/04/2018  Sentinel-2A  VOL
27/03/2016  Sentinel-2A  ACU | 29/03/2017  Sentinel-2A  VOL | 16/04/2018  Sentinel-2A  ACU
20/04/2016  Sentinel-2A  VOL | 17/04/2017  Sentinel-2A  ACU | 21/04/2018  Sentinel-2B  ACU
23/05/2016  Sentinel-2A  VOL | 24/04/2017  Sentinel-2A  ACU | 23/04/2018  Sentinel-2A  VOL
26/05/2016  Sentinel-2A  ACU | 25/04/2017  Sentinel-2A  VOL | 20/05/2018  Sentinel-2A  VOL

16/06/2016  Sentinel-2A  ACU | 01/05/2017  Sentinel-2A  ACU | 31/05/2018  Sentinel-2B  ACU
28/06/2016  Sentinel-2A  ACU | 05/05/2017  Sentinel-2A  VOL | 10/06/2018  Sentinel-2B  ACU
29/06/2016  Sentinel-2A  VOL | 31/05/2017  Sentinel-2A  VOL | 12/06/2018  Sentinel-2A  VOL
09/07/2016  Sentinel-2A  VOL | 04/06/2017  Sentinel-2A  VOL | 23/06/2018  Sentinel-2B  ACU
18/07/2016  Sentinel-2A  ACU | 13/06/2017  Sentinel-2A  ACU | 04/07/2018  Sentinel-2B  VOL
22/07/2016  Sentinel-2A  VOL | 20/06/2017  Sentinel-2A  ACU | 13/07/2018  Sentinel-2B ~ ACU
01/08/2016  Sentinel-2A  VOL | 27/06/2017  Sentinel-2A  VOL | 13/08/2018  Sentinel-2B  VOL
14/08/2016  Sentinel-2A  ACU | 10/07/2017  Sentinel-2A  VOL | 22/08/2018  Sentinel-2B  ACU
23/09/2016  Sentinel-2A  ACU | 12/07/2017  Sentinel-2B  ACU | 12/09/2018  Sentinel-2B  VOL
30/09/2016  Sentinel-2A VOL | 29/07/2017  Sentinel-2A  VOL | 23/09/2018  Sentinel-2A ACU
17/10/2016 ~ Sentinel-2A  VOL | 02/08/2017  Sentinel-2A  VOL | 30/09/2018  Sentinel-2A  VOL
16/11/2016 ~ Sentinel-2A  VOL | 03/08/2017  Sentinel-2A  ACU | 13/10/2018  Sentinel-2A  ACU
26/08/2017  Sentinel-2A  VOL | 25/10/2018  Sentinel-2B  VOL
29/08/2017  Sentinel-2A  VOL | 11/11/2018  Sentinel-2B  VOL
15/09/2017  Sentinel-2A  ACU | 12/11/2018  Sentinel-2A  ACU
21/09/2017  Sentinel-2A  VOL
11/10/2017  Sentinel-2A  ACU
12/10/2017  Sentinel-2A  ACU
22/10/2017  Sentinel-2A  VOL

04/11/2017  Sentinel-2A  VOL
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Table S4. Correlation matrix between the standard chronologies of each sampled plot. Correlations were calculated for the common period 1950-2019.
Correlation values above critical Pearson coefficients (one tail) at 95% or 99% confidence level were highlight with half stars or full stars respectively. Sites are
ordered by latitude (north to south).

ACU MDF VOL POL
High Middle Low High Middle Low High Middle Low High Middle Low

S High 1 _
2 Mid 700741 v 1
Low 770531 |[770681 |37 1
W High  |iro600 [ir0406 |770268 [ir 1
g Mid 770585 [770342 [7v0176 [77r0833 |[ir 1
Low 770414 |7r0440 |7r0361 [7r0561 [ir0631 | 1
High 770425 [770.236 [7r0171 [77039 [ir0424 [7v0321 |iv 1
§ Mid 770602 |770.530 770305 [770428 |[i70475 [i70408 [770700 |77 1
Low 770482 [370.59 [770577 |[770.299 [770.205 [770.409 |[170.453 (170715 |[iv 1
High 770219 [fr0194 [770229 [7r0302 [r0295 [fr0232 [ir0373 {70219 |ir0245 |ir 1
§ Mid 770479 [7r0351 |[770.241 (770318 |[770.385 |[770.087 |770.646 [770.633 [7r0.451 |[770559 |77 1
Low 770208 |770.082 [770.023 |[370.109 [370.120 |37-0.102 [770481 |[770.446 |770291 [770609 [770.701 |37 1
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Table S5. Accumulated degree days (XT) and spring temperature anomalies (AT) calculated from
E-OBS gridded. Bold values are exceeding the 3™ quartile computed for the reference period

1951-1990 (Q3 1951-1990).

Year
Q3 1951-1990
Parameter (°C) 1957 1970 1991 2001 2016 2017
AT ACU 6.7 2.4 4.8 6.3 4.8 53 2.7
AT MDF 5.4 2.5 4.1 5.1 5.8 5.6 2.8
AT VOL 5.9 3.9 3.8 5.5 1.5 5.2 2.8
AT POL 4.7 34 4.6 3.8 1.2 6.1 2.6
2T ACU-Low 450 383 471 558 518 445 435
2T ACU-Mid 308 272 383 432 409 336 321
>T ACU-High 245 219 313 347 344 277 248
2T MDF-Low 395 278 338 484 583 503 345
>T MDF-Mid 227 182 205 335 419 357 215
>T MDF-High 130 130 123 218 363 282 163
2T VOL-Low 497 209 231 427 835 463 336
>T VOL-Mid 419 176 182 319 745 414 274
>T VOL-High 302 150 93 206 581 302 192
2T POL-Low 410 176 152 235 822 364 240
>T POL-Mid 309 144 120 163 716 274 171
2T POL-High 115 81 16 69 468 137 68
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Table S6. Absolute minimum temperature and accumulated degree-days recorded in some LF

events.
Interpolated Percentage of
Accumulated
absolute tree-ring series
Station Late frost date Site plot degree-days (XT,
minimum showing a narrow
°C)

temperatures (°C) ring

F. Avellana 7 May 1957 ACU-High -4.0 261 90.0
F. Avellana 7 May 1957 ACU-Mid -3.1 354 100.0
F. Avellana 7 May 1957 ACU-Low -2.0 492 94.1
F. Avellana 2 May 1970 ACU-High -2.4 173 0.0
F. Avellana 2 May 1970 ACU-Mid -1.5 223 16.7
F. Avellana 2 May 1970 ACU-Low -0.4 315 5.9
F. Avellana 19 April 1991 ACU-High -4.3 290 333
F. Avellana 19 April 1991 ACU-Mid -3.4 367 61.1
F. Avellana 19 April 1991 ACU-Low -2.3 476 76.5
F. Avellana 15 April 2001 ACU-High -3.4 280 47.4
F. Avellana 15 April 2001 ACU-Mid -2.5 369 38.9
F. Avellana 15 April 2001 ACU-Low -1.4 476 47.1
Rotonda 8 May 2001 POL-High -3.8 138 68.0
Rotonda 8 May 2001 POL-Mid -1.9 215 88.9
Rotonda 8 May 2001 POL-Low -1.0 297 40.9
Marsicovetere 8 May 2001 VOL-High -5.1 154 19.2
Marsicovetere 8 May 2001 VOL-Mid -3.8 227 333
Marsicovetere 8 May 2001 VOL-Low -3.2 272 73.1
F. Avellana 22 April 2016 ACU-High -3.0 260 81.0
F. Avellana 22 April 2016 ACU-Mid 2.1 326 11.8
F. Avellana 22 April 2016 ACU-Low -1.0 414 0.0
Umito 25 April 2016 MDF-High -5.4 255 58.0
Umito 25 April 2016 MDF-Mid -4.4 338 100.0
Umito 25 April 2016 MDF -Low -2.6 479 0.0
Rotonda 26 April 2016 POL-High 9.3 141 16.0
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Rotonda

Rotonda

Marsicovetere

Marsicovetere

Marsicovetere

F. Avellana

F. Avellana

F. Avellana

Rotonda

Rotonda

Rotonda

Marsicovetere

Marsicovetere

Marsicovetere

26 April 2016
26 April 2016
25 April 2016
25 April 2016
25 April 2016
19 April 2017
19 April 2017
19 April 2017
22 April 2017
22 April 2017
22 April 2017
20 April 2017
20 April 2017

20 April 2017

POL-Mid

POL-Low
VOL-High
VOL-Mid

VOL-Low
ACU-High
ACU-Mid
ACU-Low
POL-High
POL-Mid

POL-Low
VOL-High
VOL-Mid

VOL-Low

255

318

284

411

506

186

254

348

11

94

147

210

303

361

96.2

95.2

80.8

66.7

4.0

68.8

93.8

333

25.0

0.0

1.7

75.0

91.7
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Table S7. Percentage of series with negative event years (|zi| values > 0.75) and resilience indices after spring frosts occurred in 2016 and 2017 . Values are

shown in bold when series with a negative year percentage exceed the 75% threshold.

Series with a negative event year (%)

Resistance (Rt) / Recovery (Rc) / Resilience (Rs) indices

Year Site High elevation plots ~ Mid elevation plots ~ Low elevation plots | High elevation plots = Mid elevation plots =~ Low elevation plots
ACU 81.0 11.8 0.0 0.31/2.49/0.78 0.92/0.70/0.65 1.24/0.70/0.86
MDF 58.8 100.0 0.0 0.53/1.39/0.73 0.31/3.21/0.99 1.38/0.65/0.90

1 VOL 80.8 66.7 4.0 0.41/4.76 / 1.93 0.38/2.71/1.03 1.08/0.88/0.95
POL 16.0 96.2 95.2 1.05/1.08/1.14 0.27/4.81/1.29 0.46 /2.27/1.05
ACU 333 93.8 68.8 0.44/1.11/0.49 0.16/3.43/0.56 0.62/1.31/0.82
MDF - - - 0.68/—/- 0.61/-/- 0.59/—-/-

2017
VOL 7.69 75 91.7 0.78/1.33/1.04 0.27/3.45/0.94 0.41/2.68/1.11
POL 25.00 11.54 0.0 0.88/0.92/0.81 0.61/1.36/0.84 1.11/1.17/1.31

67



Table S8. Statistics based on four GLMs relative to each site and selected predictors. The “Estimate” values
of “Low elevation” and “Mid elevation” predictors are the estimates respects to the High elevation plot in each
of the four study sites. Abbreviations: TRW, mean tree-ring width; MS, mean sensitivity; Gini, Gini
coefficient; BAI trend, basal area increment for the period 1990-2019.

ACU MDF VOL POL
Variable
Estimate SE )4 Estimate SE )4 Estimate SE p Estimate SE p
(Intercept) 0.28 083 0.74 0.05 098 096 1.13 072 0.12 0.93 0.70  0.19
Age 0.25 044 058 0.66 0.63 030 0.20 049  0.68 0.48 0.54 037
TRW 0.59 055 028 -0.25 0.65 0.70 -0.34 0.50  0.50 -0.24 0.69  0.72
MS 0.06 0.64 093 0.54 0.61 0.37 -0.01 047 098 0.00 0.52 1.00
Gini 0.39 0.58 050 -0.02 0.63 098 0.12 0.53  0.82 -1.11 081  0.17
BAI trend 0.04 0.60 095 -0.01 093 099 -0.31 0.61 0.62 -0.07 0.62 091
Mid-elevation plot 0.50 0.31 0.10 0.58 036  0.11 0.14 029  0.84 0.05 0.31 0.88
High-elevation plot 0.38 043 037 0.13 042 075 -0.25 026 0.24 -0.14 031  0.66

Table S9. Statistics based on two GLMEs relative to both 1957 and 2016 events. Plots are nested in sites and
the variance explained by them is reported in the last row. Abbreviations: TRW, mean tree-ring width; MS,
mean sensitivity; Gini, Gini coefficient. Significant predictors are highlighted with bold characters (p<0.05).

1957 2016
Variable
Estimate SE p Estimate SE P
(Intercept) -0.73 096 045 -0.87 141 054
Age 6.33 1.79  0.00 1.97 1.50  0.19
TRW 0.46 1.07  0.67 1.41 147 034
MS 0.98 1.79  0.59 3.21 195  0.09
Gini 1.60 1.40 025 -3.66 1.85  0.05
Random effects Variance
Plot 0.06 0.00
Site 0.66 0.00
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Figure S1. Mean ring-width series of the four study sites located at high (red lines), mid (green lines) and low
(blue lines) elevation. Series are truncated in 1950, in accordance with the common time interval used for
climate-growth analyses (1950-2019).
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Abstract

Climate extremes such as spring frosts and droughts are the main meteorological disturbances
affecting the European beech. Xylem anatomical features localized within an annual growth ring,
allows to establish structure-function relationships and species sensitivity to environmental
variability. In this study we aim i) to compare chronologies of tree-ring widths and vessel features of
beech trees located along an elevation gradient and i1) to determine the variability of tree ring features
before and after late frost disturbance. The study site, located in central Apennines, was hit by a severe
spring frost in 2016. We investigated how vessel features vary in relation to indicators of spring frost
occurrence, i.e., mean minimum temperatures (Tmin), accumulated degree days (ST) and
temperatures anomalies (AT). Finally, we identify vessel features that formed immediately after frosts
events and how they differ from those formed in non-affected trees. We found differences in vessel
size along the altitudinal gradient, with high elevation stands showing smaller vessel diameter, vessel
area and higher rates of vessel density. Vessel features do not provide significant added values in the
evaluation of spring frost sensitivity. In fact, spring frosts cause the formation of very narrow tree
rings but with no-significant differences in vessel features. However, these preliminary results need
to be developed in other study sites to evaluate how climate extremes influence on beech wood
anatomy along geographic gradients (elevation, latitude) and different forest structure (age, height,

diameters, woodland management).
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1. Introduction

Dendroanatomy is a relatively recent developed technique in dendroecology, that apply a quantitative
wood anatomy (QWA) analysis of xylem-cell features along dated tree rings (von Arx et al. 2018,
Pandey 2021). The aim is to obtain quantitative information with annual resolution, such as tracheid’s
features in conifers species or vessel features in broadleaf trees, providing better proxies than simple
ring width. In broadleaf species, also wood fibres are as sensitive to environmental conditions as
vessels in tree rings and can be useful for studying the responses of vegetation to stresses (De Micco
et al. 2016, Prendin et al. 2020). The sample preparation is rather time consuming due to the various
steps from the increment core sampling to the final image section to be used in the analysis (von Arx
et al. 2016). However, the information extracted with QWA allows to better understand the influence
of biotic and abiotic factors on the ecology of tree species and their adaptability under a climate
change scenario. The analysis of the anatomical features and the construction of their time series
represents a useful proxy for reconstructing disturbances that occurred in the past, before the

availability of climatic data.

European beech (Fagus sylvatica) is one of the most widely distributed broadleaf species in Europe
and is a key species in various protected habitats of Natura 2000 network. Several dendroecological
studies describes European beech as a drought sensitive species, especially in its southern distribution
edge and in the lowlands (Piovesan et al. 2008, GeBler et al. 2007, Gazol et al. 2019, Tognetti et al.
2019). Studies in beech QWA show that variation in vessel diameter, vessel area and vessel density
are the main anatomical parameters for evaluating tree-drought relationship (Hajec et al. 2016, Arni¢
et al. 2021). However, vessel features in broadleaf species are also influenced by individual trees
parameters such as tree total height and crown size which could mask the variability explained by

climate factors when studying non-coetaneous stands (Rossel et al. 2017, Carrer et al., 2015).

Drought is not the only one climatic factor constraining European beech, which is also low tolerant
to late frost (Dittmar et al. 2006; Menzel et al. 2015). In Europe the occurrence of late frost evets and
associated defoliation is increasing in beech forests (Zohner et al. 2020; Sangliesa-Barreda et al.
2021), constraining their growth and productivity. Several studies described the effects of a recent
spring frost occurred in Italy in 2016, which mostly involved the Apennines Mountain range where
around one third of the Italian beech forests experinced defoliation (Nol¢ et al. 2018, Bascietto et al.
2018, 2019). Late frost influences the radial growth of beech in the years of occurrence, but in mature
trees did not affect the growth in the following season (Principe et al. 2017; D’ Andrea et al. 2019).
Little is known on the relationship between spring frosts defoliations and the anatomical features in
beech. Extreme frost events in European beech could be exceptionally marked by frost rings with
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traumatic and distorted ray parenchyma (Braeuning et al. 2016), but in other cases no obvious

peculiarities were observed (Principe et al. 2017).

In this study we aim to study how vessel features vary in relation to stand elevation in a pure beech
stand in central Apennine. As the study area has recently been affected by a late frost event, we
focussed on the role of this exceptional disturbance in determining the tree-ring features immediately

after the event and the post disturbances legacies.

2. Materials and methods
2.1 Study site

The study area is located on the northern side of Montagna dei Fiori (MDF) the eastern most ridge
(Fig.1) of the Monti della Laga orographic system. This massif'is just 30 km westward of the Adriatic
sea and its highest peak, Mount Girella, reaches the elevation of 1814 m a.s.l.. MDF is a N-S trending,
regional anticline and soils are found on argillaceous marl bedrock (Di Francesco et al. 2010). The
study area slopes are mainly covered by coppiced broadleaf forests (largely unmanaged), and to a
lesser extent by coniferous plantation, whereas grasslands are concentrated at higher elevations above
the current beech treeline located between 1570 and 1658 m a.s.l. (Biondi & Galdenzi 2012). Climate
is temperate oceanic (submediterranean) with a mean annual temperature of 13.7°C and total
precipitation of 790 mm. The study area was affected by a spring frost which occurred on April 25th,
2016, causing defoliation from 1300 m a.s.l. to the upper limit of the forest.

2.2 Sampling protocol

In the summer of 2019, three circular plots of 20 m radius were placed in pure beech forest stands
along an elevational gradient, respectively at low (1080 m a.s.l.), mid (1245 m a.s.l.) and high
elevation (1375 m a.s.l.). In each plot cores were extracted at breast height (1.30m) from five
dominant randomly selected trees, using a 10-mm increment borer. All cores were mounted on
wooden supports and thoroughly polished with progressively finer sandpaper. Tree-ring width
measurements at 0.01 mm was provided by a semi-automatic system (LINTAB). Each measured

series was visually crossdated and then checked with the COFECHA software (Holmes 1983).
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Figure 1 — In green, the area covered by beech forests in central Italy around the study site; while in red,
distribution of beech forest affected by the late frost occurred on April 25th, 2016. In the frame a Sentinel-2
view (June 15th, 2016) at the site Montagna dei Fiori (Central Apennines).

2.3 Anatomical slide preparation

The wood cores were first divided in samples (= 4 cm in length) with oblique cuts, so that each
contiguous portion shared one or more -rings with the following one. Wood samples were then boiled
in water for 30 minutes to soften the wood and avoid damage to cell structures during cutting.
Anatomical microsections of 12 um thickness were cut with a rotary microtome (Leica RM2245)
(Fig. 2a). Permanent slides were prepared staining with safranin and astrablue. Safranin is an indicator
of lignin concentrations colouring cell walls in red, whereas astrablue enhance the presence of
cellulose and reaction wood colouring cell walls in blue. The slide preparation procedure requires
sections dehydrating and permanent sections fixing between glass slide and a cover glass (resin used
EUKITT® and EUKITT® UV). Slide were sandwiched between PVC strips with a magnet placed
on the top of the slide on a metal plate to keep the microsection flat and avoid air bubbles formation
during drying. Then, microslides were cleaned with alcohol to remove dried excess resin and optimize
the quality of digital images (Fig. 2b). High-resolution digital images of anatomical sections were

captured using a slide scanner (D-Sight, A. Menarini Diagnostics srl) at 200x magnification.
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2.4 Quantitative wood anatomy

Scanned images were then analysed with the ROXAS v3.0.1 tool and the image-processing software
Image-Pro Plus v6.1 to extract vessel features (von Arx and Carrer, 2014). ROXAS is a specialized
image analysis tool designed to automatically recognize and measure conduit lumen area and
calculate reliable anatomical statistics (Fig. 2¢). Captured images were first dated using the tree-ring
measurements previously obtained. Finally, the following parameters were extracted within each
annual ring; i) vessel density (VD), ii) percentage of relative conductive area (RCTA), iii) mean vessel
size (MVA), iv) mean hydraulic diameter (Dh), v) mean of three widest vessels (Max3VA), vi)
relative position of three widest vessel (Pmax3VA) and vii) the xylem-specific potential hydraulic
conductivity (Ks). Ks was calculated as the ratio between the accumulated potential hydraulic
conductivity as approximated by Poiseuille's law and the total ring area (Scholzet al. 2013). The lower

threshold for vessel detection was set to 40 pm?.
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Figure 2: Various steps of samples processing. a) A rotary microtome used to prepare microsections. b)
Staining process and preparation of permanent slides. ¢) Automatic vessels detection using Roxas tool.
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2.5 Statistical analysis

Vessel parameters were first compared across the three plots to assess elevation-dependent trends. In
this analysis, the null hypothesis of equal means in vessel features were verified through the one-way

analysis of variance (ANOVA).

All the vessel’s series of each tree were standardised by fitting cubic spline functions to remove to
long-term variation in wood-anatomical features mostly related to tree height growth and to
emphasize the high-frequency variability that contain climate information (Cook et al. 1990, Carrer
et al. 2015). Smoothing spline’s rigidity was set at 25 years and its wavelength cut-off value at 50%.
All measured series were detrended dividing observed by fitted values to obtain dimensionless
indices. Then, for each elevation plot, standardized series were averaged computing the robust bi-

weight mean.

Standard series where therefore used to assess the climate sensitivity of beech vessel’s features
through the calculation of correlation coefficients (r-Pearson). This analysis focused on the
relationship between the vessel’s parameters and the late frost occurrence. The monthly minimum
temperatures (Tmin) in January-September period, the accumulated degree-days (£T) and the spring
daily temperature anomalies (AT) were used as climate series. The accumulated degree-days (XT)
were used as a proxy of leaf phenology and the spring daily temperature anomalies (AT) were selected
to quantify the severity of each event. £T was calculated as the cumulated daily mean temperature
above a 5°C threshold from January 1st (Day Of the Year - DOY 1) to the date of the minimum
temperature recorded between DOY 111 and 131 (approximately from April 20th to May 10th) while
spring temperature anomalies (AT) as the difference between the mean minimum temperature from
March 1st to April 30th (DOY 60 and 120) and the minimum temperature from April 20th to May
10th (DOY 110 and 130). As climate data, the daily E-OBS V 24.0e gridded datasets were used at
0.1° spatial resolution (Cornes et al 2018), selecting the climate time series at the closest grid point
for the period 1950-2018. For the computation of £T index, temperatures records were interpolated
from the grid elevation to the plot location considering a mean lapse rate of —6.5 °C km—1. Climate-
growth correlations values and bootstrap confidence intervals (1000 samples) were analysed using
the “dcc” function of the “treeclim” R package (Zang & Biondi, 2015). Finally, the impact of the
2016 frost on vessels features (indexed series) was estimated comparing the values in year 2016 with
those in pre- disturbance period 2014-2015 while recovery was estimated considering the post-
disturbance period 2017-2018. t-test was used to assess differences in indexed chronologies between

values in frost-defoliated and unaffected plots and to assess significative year-to-years variation.
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3.0 Results
3.1 Elevation related trends

Mean dendrometric values (Tab. 1) indicate a positive bottom-up trend for DBH and age and a
negative one for tree height due to the decreasing soil fertility at higher elevation. Being a stored
coppiced forest, trees are considerably older at hight elevation where management was withdrawn in

earlier times.

Tablel: Diameter at 1.30m (D), total tree heigh (H) and estimated age (Yrs) of the five beech trees sampled in
each plot (at low, middle and high elevation).

Low elevation Middle elevation High elevation
Tree D H Yrs| D H Yrs D H Yrs
No.l | 22 185 59 | 27 169 71 42 158 102
No.2 | 25 172 66 | 29 157 88 23 159 106
No3 | 32 172 62 | 25 17.0 69 45 159 %4
No4 | 33 196 61 21 172 78 30 13.6 82
No5 | 26 179 66 | 28 134 77 35 163 100
AVG | 27.6 181 62.8 260 16.0 76.6 |350 155 96.8

Sampled trees show mean TRW increments ranging from 2.04 mm at low elevation to 1.63/1.56 mm
at both middle and high elevation with statistically statistically significant differences. Moreover,
vessel parameters show statistical differences between plot elevation with p-values<0.001, except for
mean Dh and Pmax3VA that show p-values<0.05 (Fig. 3). Tree rings at high elevation on a hand
show higher VD and RCTA and consequently higher Ks values, on the other hand lower MV A, Dh
and Max3VA. Trees at high elevation show higher PMaxVA.
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Figure 3: Differences among the elevation plots in tree ring width (TRW), vessel density (VD), relative
conductive area (RCTA), mean vessel area (MVA), mean hydraulic diameter (Dh), mean of three widest
vessels (Max3VA), VI) relative position of three widest vessels (Pmax3VA) and the xylem-specific potential
hydraulic conductivity (Ks). p-values refers to the null hypothesis of equal means (ANOVA).
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3.1 Beech sensitivity to late frosts

TRW and vessel’s features are generally negative correlated with summer (June- September)
minimum temperatures and the spring frost indices AT and ST (Fig. 4). Frost indices are never
significantly correlated with VD, Dh, Max3VA and Ks. The highest significant correlation values
were found in low-elevation chronology between Max3VA and minimum temperatures (Tmin) in
September. The minimum temperatures of January and February in most cases do not limit the tree
ring’s anatomical characteristics, except for VD at low elevation and Dh at middle elevation. On the
contrary, Tmin in the spring and late spring period (March, April, May) have an important effect on
the studied parameters and traits, especially at middle and high elevation. TRW and Dh are negatively
correlated with March Tmin at high and middle elevation, while RTCA is positively correlated. At
high elevation, mild temperatures in April result in higher MV A and lower VD. May tmin positively
influence the TRW at high elevation, the RCTA at low elevation and the MV A at middle elevation.

Spring frost events in 2016 cause an abrupt decrease in mean ring width at middle and high elevation
(Fig.5-6). However, the parameters of the vessels were unaffected at the date of spring frost event
and their indexed values in the period 2014-2018 remain close to 1. Mean values of PMac3VA show
high rates in year-to -year variations in the period between 2014 and 2018, but the deviations are not
related to the frost event. Both TRW and vessel parameters do not show evident carry-over effects
after the late frost occurred in 2016. However, RCTA and Ks in 2017 are statistically lower at low
elevation with p-values of 0.015 and 0.024 respectively.
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Figure 5: Indexed values of tree ring width (TRW) and vessel’s parameters in the time period 2014-2018. Frost
event occurred in 2016 and hit the middle elevation trees (green lines) and the high elevation trees (red lines)
while the low-elevation trees (blue lines) were unaffected. Data are means + IQR (whiskers).
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Low elevation

High elevation

Figure 6: Two beech wood anatomical section stained with astrablue and safranine captured at 200x
magnification. On the left, a micro-section from the high elevation plot and on right one from low elevation
plot). In 2016 a late frost defoliation occurred at high and middle elevation limiting tree ring growth.

4. Discussion

At MDF, beech trees at high elevation feature the smallest tree rings and vessel size while vessel
density is significantly higher as indicated by the higher values of RCA and KS. In Slovenian beech
forests similar studies detected smaller vessel diameter at high elevation (Prislan et al. 2018) and
smaller MV A in late flushing beech populations (Arnic€ et al. 2021). Since leaf phenology of European
beech is related to stand elevation (Cufar et al. 2012; Vitasse et al. 2013), we can hypothesize that
also in our study area beech at high elevation has later flushing than at lower elevations. Although
the entire beech forest in our study site was previously coppiced, beech at the three altitudinal plots
have some structural and chronological differences. Beech trees at low elevation, although younger
and with smaller diameters, are 2-2.5 meters taller than trees at middle/high elevation. Therefore, the
differences found in the parameters of the extracted vessels are also partly due to the heterogeneity

of the sampled stands.

TRW in trees at low elevation is mainly controlled by summer temperatures whereas at high elevation
the main limiting factors are the spring temperatures (March and May), and the spring frost indices
(Fig.3). This relationship could explain the greater drought influence in reducing radial growth at the
low-elevation and a greater influence of late frosts at higher elevations. Both AT and ST show

negative correlation with TRW showing that annular growth is reduced when early foliation is
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immediately followed by frost events. Vessel parameters seems to be scarcely sensitive to minimum

temperatures as well as AT and ST.

The 2016 spring frost did not cause differences in vessel traits between defoliated (at high and mid
elevation) and unaffected trees (low elevation), whereas mean TRW is negatively affected as also
reported in other studies (Principe et al. 2017; Gazol et al. 2019). In 2017 RCTA was significantly
higher in the plots hit by the2016 frost, whereas TRW values recover at pre-disturbance levels at high
and mid plots. However, this deviations of RCTA values are likely to be caused by the dry conditions
recorded in 2017 rather than by the 2016 frost (Pollastrini et al. 2019; Rita et al. 2020). PMac3VA is
the only vessel parameter showing large variations of mean values in the 2014-2018 interval, with
wide variability even within the same plots (fig. 5). This condition could be attributed to the nature
of beech xylem featuring a diffuse porosity that can switch to a semi-ring porosity only in dry years.
PMac3VA values were relatively high at the mid plot in 2015, condition that could have contributed
to increase the intensity of the 2016 late frost at this elevation. Indeed, the xylem vulnerability to
embolism caused by frost events increases with the vessel size o, and small vessels in the last quarter
of the growth ring could improve the resistance to late frost during the onset of the following growing

season (Ameéglio et al. 2001; Cochard et al. 2001).

5. Conclusions

In the Apennines characteristics of vessel in European beech xylem can vary in populations located
in relatively close areas but at different elevations. While TRW are sensitive to cold indices, vessel
variables provide low added value in dendroecological works focusing on the sensitivity to spring
frost events. In this contribution, the characteristics of the vessels on European beech in Central
Apennines do not seem to provide exhaustive information for the reconstruction of frost events
occurred in the past. The analyses will be developed on other beech stands in the Mediterranean area.
In our site studied, the population includes relatively young trees, future analyses will also consider
longer-lived populations. Furthermore, the type of management could affect the strength and
plasticity of the anatomical features. It will therefore be interesting to compare high-forest stands with
coppice-managed stands. Potential and limitation in using vessel features to study climate extremes
such as late frost needs to be verified on other broadleaf tree species and over different climatic

regions.
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Abstract

During the past years, growth and productivity of different oak species have been constrained by
water shortage in seasonally dry regions such as the Mediterranean Basin. Thinning could improve
oak radial growth in these drought-prone regions through the reduction of tree competition for soil
water in summer. However, we still lack adequate, long-term assessments on how lasting are thinning
treatments and to what extent they contribute to oak growth recovery after drought. Here we aim: (i)
to study the radial growth sensitivity to drought of Quercus subpyrenaica in the Spanish Pre-
Pyrenees, and (i1) to verify if thinning represents a suitable option to enhance growth resistance to
drought and post-drought growth recovery. We analysed basal area increment (BAI) trends in the
period 1960-2020 of formerly coppiced oak stands thinned in 1984 and compared them with
unthinned plots and also with coexisting Scots pine (Pinus sylvestris) growing in thinned and
unthinned plots. We used the Standardized Precipitation Evapotranspiration Index (SPEI) to estimate
the severity of droughts and we also assessed climate-growth relationships. Oaks in thinned plots
showed higher BAI (369 mm?) than those in unthinned plots (221 mm?). Growth rates remained
higher in thinned than in unthinned plots also under intense drought stress. An intense summer
drought (SPEI < -1.28) occurred in 1984 caused abrupt BAI growth reductions in both oaks (- 40.5%)
and pines (- 40.1%). The positive effect of thinning on BAI lasted for over 20 years and slightly
declined as canopies closed. In the thinned plots, trees with smaller diameter showed the greatest
growth release. Oaks in unthinned plots and Scot pine were more sensitive to short-term droughts in
terms of growth reduction than oaks in thinned plots, while long term droughts have similar effects
on oaks from both thinned and unthinned plots. Oaks were resilient to drought, showing recovery
periods lasting from 1 to 2 years in both thinned and unthinned plots. However, intense and prolonged
droughts could strongly reverse the expected growth enhancement of thinned plots, and a greater
frequency of droughts would limit coppice growth and productivity thus lengthening the rotation

periods.

Key words: Mediterranean oaks, dendroecology, SPEI, release, resilience.
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Highlights:

e Thinning improves oak’s basal area increments for over 20 years.

e  The growth release following thinning is more marked in small diameter oaks.
e Thinning reduces oaks sensitivity to short-term droughts.

e  Oaks recover pre-drought growth rates in 1 to 2 years.

e The impact of drought on growth is transitorily alleviated through thinning.

1. Introduction

Under a climate warming scenario, there is a greater likelihood of air temperatures and
evapotranspiration rate exceeding the optimum range for many tree species, leading to range
contractions in drought-prone regions (Thuiller 2004, Wang et. Al 2018). In seasonally dry
Mediterranean regions, models predict greater susceptibility to climate warming and drought for
winter deciduous, ring-porous oaks, often dominant in mesic sites (Benito Garzon et al. 2008,
Sanchez de Dios et al. 2009, Acécio et al. 2017, Vila-Vigosa et al. 2020). However, we lack field data
to test these predictions and to assess the sensitivity to drought of oaks given their ecological and
socio-economic relevance in Mediterranean regions.

In recent years, dieback and mortality related to drought events have been reported in southern
European deciduous oak forests, mainly in Spain and Italy (Amorini et al. 1996, Camarero et al. 2016,
Colangelo et al. 2017, Gentilesca et al. 2017, Lloret et al. 2022). Under drought stress, deciduous,
ring-porous oaks may osmotically adjust their tissues to continue to draw water into the leaves and
keep high photosynthesis rates (anisohydry), increasing the risk of damage due to hydraulic failure
since most of the stem conductivity depends on vessels located in the last-formed ring (Novick et al.
2002, Kaproth and Cavender-Bares 2016). In these species, stem radial increment is reduced in
drought years, as well as mean lumen area of earlywood vessels thus decreasing hydraulic
conductivity (Eilmann et al. 2006).

The effects of drought events on trees and forests can be assessed through the analysis of resilience
components, and tree-ring data constitute one of the main valuable proxies for this purpose (Lloret et
al 2011). Resilience is defined as the capacity of ecosystems, communities, or individuals to recover
after disturbance and regain its pre-disturbance structure and function (Scheffer et al. 2001, Folke et
al. 2004). Several dendroecological studies have shown how drought severity is the major factor
influencing radial growth resilience to drought (e.g., Gazol et al. 2018). How oaks respond to climate
(drought) also depend on both, external and internal constrains. For example, site characteristics may
modify soil water availability resulting in a persisting environmental constraint for tree growth, as
demonstrated in Quercus pubescens Willd. On limestone bedrock (Vodnik et al. 2019). In addition,
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the risk of drought-induced dieback may be size-dependent, with canopy defoliation and mortality
risk increasing with decreasing height and radial growth rate as found in Quercus faginea Lam.
(Camarero et al. 2016). Drought-induced dieback leads to cascading effects on oak forests and
associated species because it not only reduces tree growth but vitality since it may also increase tree
vulnerability to biotic stressors such as insect defoliators and fungal pathogens (Wargo 2006;
Thomaset al. 2002; Canelo et al. 2021).

In Spain, winter-deciduous oaks such as Q. faginea, Q. pubescens and Quercus pyrenaica Willd.
Dominate many formerly coppiced forests, which comprise about 20% of the total forest area (Serrada
et al. 1992, Caiiellas et al. 2004). In the past, these oak coppices played relevant socio-economic roles
in Mediterranean countries, primarily providing firewood and charcoal but also ensuring grazing for
livestock in wood-pasture mixed systems. However, the abandonment of their traditional use and
regular coppicing has reduced stem radial growth rate making these overaged stands prone to drought-
induced dieback (Corcuera et al. 2006). The management of such coppice forests is a key forestry
issue, especially in the Mediterranean countries where scenarios of warmer and drier climate
conditions are forecasted (Vila-Vigosa et al. 2020).

Thinning could reduce the impact of drought in coppiced forests that enter the stem exclusion
stage, reducing intra- and inter-species competition between trees for water (Cabon et al. 2018;
Gavinet et al. 2020). Canopy openings following thinning improve light conditions and enhance
coppice above-ground growth with an abrupt increase in tree growth (Miillerova et al. 2016; Hepner
et al. 2020). Furthermore, comparing growth responses to climate variability between thinned and
unthinned stands would provide a reliable assessment on post-thinning resilience to drought.
However, we still lack suitable assessments of post-drought growth responses after thinning and
drought to discern if post-thinning growth enhancement is transitory and linked to drought alleviation.

In this work we aimed: (7) to evaluate the effects of thinning on radial growth in thinned and
unthinned Q. subpyrenaica formerly coppiced stands; and (i7) to assess if thinning can enhance
growth and improve resilience by alleviating drought stress. Our hypothesis is that thinning can
increase resistance to drought impact and improve resilience (post-drought recovery) of trees to
severe water deficit by reducing tree-to-tree competition for soil water and light. We compare oak
growth responses to thinning and drought and use as reference Scots pine (Pinus sylvestris L). trees

inhabiting thinned and unthinned stands.
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2. Material and methods

2.1 Study area and species

In North-eastern Spain, Q. pubescens and Q. faginea form a major biogeographic transition between
the northern Eurosiberian and southern Mediterranean regions subjected to seasonal summer drought
(Loidi and Herrera 1990). Q. pubescens is a sub-Mediterranean species present in sites with summer
precipitation higher than 150 mm and altitude range between 400 and 1500 m (Ceballos and Ruiz de
la Torre 1979). Q. faginea is a Mediterranean oak restricted to Morocco and Iberian Peninsula, mostly
in sites with basic soils, summer precipitation higher than 100 mm and altitudes between 600-1200
m a.s.l. (Ceballos and Ruiz de la Torre 1979; Rivas-Martinez and Saenz 1991). The contact areas
between both species allowed their mixing and the resulting hybrid was named Quercus subpyrenaica
E.H. del Villar (Huguet del Villar 1935, Amaral Franco 1990), which may be also regarded as Q.
pubescens subspecies (Govaerts and Frodin 1998). Currently, Q. subpyrenaica populations are
mainly found in the Central and Western Spanish Pre-Pyrenees, where usually form mixed forests
with Scots pine.

The study site is located in one of these Spanish Pre-Pyrenean ranges (Sierra de Luesia-Sto.
Domingo) near the “Puy Moné” peak (1302 m a.s.l.), Aragén region (Fig. 1a). The main forest type
is a Q. subpyrenaica (Qs) mixed forest, whit Acer campestris L., Acer opalus Mill., P. sylvestris L.
and Fagus sylvatica L. in the most mesic sites (valley bottoms, N-oriented slopes) and Arbutus unedo
L. in warm-dry sites (S-oriented slopes). Other less abundant woody species are the trees Ilex
aquifolium L., Crataegus monogyna Jacq., Sorbus torminalis L., the shrubs Buxus sempervirens L.
and Juniperus communis L., and the vine Amelanchier ovalis Medik. Bioclimate in this region is
temperate oceanic (Sub-Mediterranean variant). The, mean annual temperature is 10.4 °C while mean
annual precipitation is 795 mm, with a mean annual water balance of -16 mm (Spanish
Meteorological Agency AEMET, period 1961-2020 period). Weekly values of the Standardized
Precipitation Evapotranspiration Index (SPEI; Vicente-Serrano et al., 2017), calculated on 48-month
long scales, were high in 1978—1985 and low in 1985-1996 indicating wet and dry conditions,
respectively (Fig .1b).
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Figure 1. (a) Location of the study site and distribution range of Q. pubescens and Q. faginea in the Iberian
Peninsula (Caudullo et al. 2017). (b) SPEI calculated on 48-month scale in study site area (Vicente-Serrano et
al. 2017). (c¢) Location of sampled plots: east-facing side (T1/U1), valley floor (T2/U2) and west-facing side
(T3/U3).

2.2 Field sampling
Thinning was carried out in 1984 on three squared plots of 100 m? in Q. subpyrenaica coppice stands.

The basal area percentage removed in the thinning was 50%, corresponding to about 20-30 m?ha™'.
The three thinned plots have different topographic features within the study area slope (SE and SW
aspects, valley floor). In each thinned plot (T1, T2 and T3) structural parameters (dbh, diameter at
breat height; height) were measured, and tree increment cores were collected. Cores and
measurements were also collected in nearby unthinned plots (U1, U2, U3) of the same size and with
similar topographic features than T1, T2 and T3, respectively. Sampling with the same protocol was
repeated at all plots in 2003/2004 and 2021, except for the T3 plot which was surveyed only in 2003.

For each plot and woody species, we calculated mean dbh and height, tree density and total basal
area (Table 1). We also calculated species richness (S) and species diversity (Shannon H’ index)

considering all woody plant species sampled within each plot.
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2.3 Tree-ring data processing

All Q. subpyrenaica trees inside each plot were cored using a 0.5-mm increment borer (Haglof,
Sweden). For each tree, 2 cores were extracted at breast height (1.3 m) from the thickest stems of
each multi-stemmed individual. Additional cores were also collected from P. sylvestris trees located
in T1 and U1 plots. In total, we sampled 145 oaks (71 trees in thinned plots and 74 trees in unthinned
plots) and 12 pines. We considered the Scots pine series because pines were present in formerly
thinned plots and could be used as a reference growth data to detect post-thinning growth
enhancements.

We mounted all cores on wooden supports after air drying and polished them with progressively
finer sandpapers. We visually cross-dated each core and then measured ring widths using a semi-
automatic system (LINTAB-TSAP, Rinntech, Germany) at 0.01 mm accuracy. We used the
COFECHA software to check the visual cross-dating (Holmes 1983). Next, tree-ring width series
measured from the same tree were transformed into basal area increment (BAI) series and averaged
for each tree using the bai.in function contained in dp/R package (Bunn 2008) of R software (R
Development Core Team, 2020).

2.4 Growth release detection

To detect potential growth releases following the 1984 thinning, BAI series were analysed. The
95% confidence interval of mean BAI series in thinned and unthinned plots was calculated using
1000 bootstrap resampling. Growth release following canopy opening in 1984 was estimated by
calculating the percentage of BAI change (BC). For each individual tree, the BC was calculated
comparing mean BAI values in the 1981-1984 and 1985—-1988 periods using the following equation:

BC =[(M2-M1)/M1] x 100 [1]

where M1 is the 4-year mean BAI including the thinning year (period 1981-1984) and M2 is the
following 4-year mean (1985—-1988 period). This approach is similar to the growth averaging method
(Nowacki and Abrams 1997) based on comparing running 10-year ring-width means and used to

detect growth releases or suppressions.
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Table 1. Topographic and structural characteristics of thinned (T1, T2 and T3) and unthinned (U1, U2 and
U3) sampled plots. Woody species abbreviations: Ac, Acer campestre; Ao, Acer opalus; Au, Arbutus unedo;
Av, Amelanchier ovalis; Bs, Buxus sempervirens; Cm, Crataegus monogyna; la, llex aquifolium,; Jc, Juniperus
communis, Ps, Pinus sylvestris; Qi, Quercus ilex; Os, Quercus subpyrenaica. Variables’ abbreviations: S,
species richness; H’, diversity.

Density Qs density Total basal

Elevation (m  Slope Qs basal area Woody
Plot Aspect  (No. stems (No. stems area ) S H
as.l) ©) (m?ha'!) species
ha') ha!) (m?ha')
Os, Bs, Av,
T1 1150 25 SE 3200 1800 44.35 41.74 St, Ia, Ac, 7 1.33
Ps
Os, Bs, Ao,
T2 1110 6 S 5900 1500 91.19 63.47 5 1.29
la, Fs
Os, Qi, Au,
T3 1140 20 SW 2800 1500 21.75 14.31 4 144
Cm
Os, Bs, Je,
Ul 1150 25 SE 7300 4400 56.92 53.45 5  0.82
Cm, la
Os, Bs, Je,
U2 1110 6 S 6900 3200 52.78 48.15 » 4 087
s
Os, Qi, Au,
U3 1140 20 SW 5900 3300 31.76 22.78 c 4  1.60
m

2.5 Growth responses to drought

To analyse growth responses to drought we compared detrended BAI series and the SPEI drought
index. First, the BAI series were detrended by fitting cubic spline functions to remove the age-, size-
and disturbance-related trends and to emphasize the high-frequency growth variability (Cook et al.
1990). We set the smoothing spline rigidity at 10 years and its wavelength cut-off value at 50%. We
detrended all measured series dividing observed by fitted values to obtain dimensionless BAI indices.
Three mean site chronologies were developed with a minimum sample depth of 10 series: (i) O.
subpyrenaica chronology in thinned plots, (ii) Q. subpyrenaica chronology in unthinned plots, and
(ii1) P. sylvestris chronology. Mean standard chronologies were obtained averaging individual BAI
indexed series using a bi-weight robust method (Fritts 1976).

For climate-growth analyses we used mean standard chronologies and monthly SPEI indices
calculated on 1-, 3-, 6- and 9-months. SPEI data correspond to the 1.1-km? gridded SPEI dataset for
Spain (Vicente-Serrano et al. 2017). Correlation values were calculated between monthly SPEI and
indexed BAI for all the months of the vegetative period, April to October, in the post-thinning,
common period 1984-2020. The stability of the strongest climate signals detected in this analysis

was assessed by calculating moving response coefficients using 30-year moving windows and a 1-
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year offset. Function parameters were bootstrapped to calculate their significance and confidence
intervals. This analysis was done using the treeclim R package (Zang and Biondi 2015).

Finally, potential intense drought events were selected based on a SPEI threshold of —1.28. For
these years (1967, 1986, 1989, 1995 and 2012) the Lloret resilience components (Lloret et al. 2011),
i.e. resistance (Rt), recovery (Rc), resilience (Rs) and relative resilience (RRs) indices, and the growth
recovery time (GRT, Thurm et al. 2016) were calculated on individual detrended BAI series using
the “res.comp” fuction in “pointRes” R package (van der Maaten-Theunissen et al. 2015). We
considered 4 years of pre- and post-disturbance for calculating resilience components and considered

the maximum length of the recovery period equal to 10 years.

2.6 Variability of resilience components

Each tree indexed BAI series was correlated with the main climatic driver selected within the common
period 1984-2002 using Pearson correlations. This 19-year interval follows the thinning and was
selected to include most of the BAI series from trees sampled in 2003. Components of oak trees
resilience (Rt, Rc, Rs and RRs) relative to drought events were used as response variables for each
Generalized Linear Mixed-Effects (GLME) model applied, using the following predictors as fixed
effects: (i) tree age, (ii) tree dbh, iii) mean ring-width increment (RW), iv) mean sensitivity (MS), a
measure of the relative change in width between consecutive rings (Fritts 1976), and v) individual
climate-growth correlation values (CorrSPEI). Treatment (unthinned /thinned) was used as dummy
variable to search for response differences. Then, separate models for thinned and unthinned plots
were fitted. Parameters (1), (i1), (i11) and (iv) refer to reconstructed values at the date of each drought
events, based on ring-width measurements. The Variance Inflation Factor (VIF) was used to detect
multicollinearity among predictors considering a threshold of VIF > 5 for presence of
multicollinearity. All predictors were standardized to account for differences in measure units. The
plot aspect was considered as random effect. Since the response variable (tree growth resistance) did
not satisfy the normal distribution criterion (Shapiro—Wilk test), the gamma family was set in the
GLME:s (Fig. S1). This analysis was carried out using the g/lmer function of the /me4 R package
(Bates et al. 2007). Marginal and conditional R? values (R>m and R?c, respectively), accounting for
the variability due to fixed and fixed plus random factors, respectively, of fitted models were
computed using “r2 nakagawa” function of the “performance” R package (Liidecke et al. 2021). VIF

was calculated using the vif function in the car R package (Fox et al. 2007).
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3. Results

3.1 Quantification of release events in thinned plots

Sampled oak trees were relatively young, the average age was 43 years in thinned plot and 51 years
in unthinned plots. In both thinned and untinned plots, oaks presented positive trends of mean BAI
series up to the 1970s, representing the vigorous juvenile phase of growth during a wet-cool decade
(Fig. 2). However, in this period growth rates were similar between thinned and unthinned plots.
Scots pine showed higher growth rates than oaks, but also more interannual variability, with an
exceptional BAI reduction in years 1992-1993 (Fig. S2). In 1989, both species and plots featured a
drop in BAI due to an exceptional dry year.

After 1984, oaks in thinned plots showed a growth release. The oaks BAI series remained higher
in thinned plots than in unthinned plots for the following 21 years, up to 2004. The mean BAI change
(BC) of oaks in 1984 for thinned plots was 100%, while it was close to 0% for Scots pines and oaks
in unthinned plots (Fig. 3a). The differences between the first and third quartiles in BC values were
much larger in the thinned plots suggesting greater individual variability following the treatment.
Trees that showed higher release levels were the individuals which, at the date of thinning, showed
smaller diameters (Fig. 3b). Tree dbh in 1984 and BC were negatively related in thinned plots (» = -
0.63, p <0.05).

~700 THINNED 95% Cl nUNTHINNED 95% CI -Unthinned chrono -Thinned chrono

1960
1965
1970
1975
1980
1985
1990
1995
2000
2005
2010
2015
2020

Figure 2. Basal area increment (BAI) series of oaks in thinned (red line) and unthinned (blue line) plots and
bootstrapped confidence intervals (95% Cls). BAI series of Scots pine are plotted in Figure S2.
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Figure 3: (a) Box plots of basal area increment (BAI) change (BC) after the thinning in 1984 in thinned and
unthinned oak plots and in P. sylvestris (pine) series. (b) Scatter plot relating oak diameter (DBH) in 1984
with BAI change (BC) in thinned (red crosses) and unthinned (blue crosses) plots.

3.2 Growth response to droughts
In the post thinning interval (1984-2020), we found a significant BAI response to the 1-month SPEI
values for June in unthinned plots, whereas no significant correlation was found for thinned plots
indicating a low responsiveness to short term changes in soil water availability (Fig. 4). The highest
and significant correlation coefficients in P. sylvestris trees were found between indexed BAI and
July 1-month SPEI, indicating a higher sensitivity to shorter droughts than oaks in thinned plot and a
response more similar to oaks that have not undergone the thinning treatment. The 3-month June,
July and August SPEI showed positive relationships whit oak BAI for unthinned plots and only in
August for thinned plots. Correlation coefficients for oaks in thinned and unthinned plots were high
and significant for October 6- and 9-month long SPEIs. The moving correlation analyses revealed a
progressive loss of significance of the correlations with the June 1-month SPEI, while the values
remained higher and significant in the unthinned plots. However, no difference between thinned and
unthinned plots for 6- and 9-month long SPEIs was found in moving correlation analyses (Fig. 5).
Exceptional dry growing season, with SPEI below the threshold of -1.28, occurred in 1967, 1986,
1989, 1995 and 2012 (Fig. S3). In terms of resistance, the 1989 drought more severely affected
studied trees, causing abrupt BAI growth reductions in both oaks (-40.5%) and pines (-40.1%).
Contrarily, the 2012 drought event did not severely constrain growth of oaks and pines. The P.
sylvestris growth series showed remarkable differences with oaks in 1967 and 1995 (Fig. S4), when

their resistance to drought was lower and higher than oaks, respectively.
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Figure 4. Correlation coefficients between mean indexed BAI standard chronologies and 1-, 3-, 6- and 9-
month SPEI index. Bars were fill when 95% bootstrap confidence interval was significant. Period of analysis
1984-2020.

Generally, oaks and pines showed high recovery rates (Rc>1) after drought (Figs. 6 and S4).
Consequently, four years after drought events BAI was similar to pre-disturbance levels, with
resilience values close to one. On average, recovery periods for both pine and oaks lasted between
one and two years, with exception of 1967 when four years were required for pines and 1989 and
1995 droughts when growth took at least two years to recover in most oaks. Relative resilience indices
showed distributions similarly to recovery indices (Figs. 6 and S5), and they were inversely

proportional to the resistance index.
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Figure 5. Pearson correlation coefficients calculated using 30-year moving windows between mean indexed
BAI standard chronologies and June 1-month SPEI index (a) and October 6-month SPEI (b). Dots were filled
when 95% bootstrap confidence interval was significant. Period of analysis is 1963-2020.
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Figure 6. Violin plots showing resistance, recovery and resilience indices and recovery period (years) of Q.
subpyrenaica trees in thinned (red) and unthinned (blue) plots for different drought events (see also Fig. S3).
Scots pine values are plotted in Figure S4, whilst relative resilience indices calculated in Q. subpyrenaica trees
in thinned and unthinned plots are plotted in Figures S4 and S5.
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3.3 Variability of resilience components

The October 9-month SPEI index was selected as a main climatic driver of oak growth for the
computation of climate growth correlation at individual tree level in the common period 1984—-2002
(CorrSPEI). In this period, three exceptional droughts (1986, 1989 and 1995; cf. Fig. S3) were
analysed using GLMEs.

Generally, thinned plots showed higher resistance values in 1986 and lower in 1989 than unthinned
plots (Table 2). In 1986 and 1989, RW had a significant negative effect over resistance in unthinned
stands. In the second event, MS and CorrSPEI parameters presented negative influences on growth
resistance, especially for thinned plots. In the 1995 drought, there was not significant difference
among thinned and unthinned plots, resistance was negatively related to RW and MS. For the same
event, the only parameter with significant weight was the correlation coefficient between SPEI and
BAI in unthinned plots (Table S1).

Thinned plots showed significant lower resilience only after the 1986 drought. However, larger
oaks from thinned plots showed lower levels of relative resilience in the 1989 and higher in the 1995
drought. Mean sensitivity had a significant positive (1986) and negative (1989) weight on resilience,
especially for thinned stands. CorrSPEI was often positively related to resilience, especially in 1989
and 1995. Finally, the relative resilience was not influenced by either tree dbh or tree age, but it
depended more on CorrSPEI (positive relationship) and slightly on ring width and mean sensitivity
(Tab.S1).

In all models performed, slope aspect always explained a very few portion of the variance.
Moreover, the values of conditional and marginal R? were similar indicating that most variability in

growth resistance to drought was accounted for by fixed factors (Table 2).

101



Table 2. Summary statistics (¢ values) of Generalized Linear Mixed-Effects models relating tree growth resistance and resilience to the three drought years
studied (1986, 1989 and 1995) (for recovery and relative resilience see Tab.S1). Variables are abbreviated as: dbh, diameter at breath height; RW, mean ring
width; MS, mean sensitivity; CorrSPEI, correlation coefficients of October 9-month SPEI index and the BAI chronology. In the case of fixed factors, NA
indicates the parameter not included in the model, whereas in the case of the random factor (slope aspect. Bold values are statistically significant. Significance
levels: * p <0.05; ** p<0.01; *** p <0.001.

1986 1989 1995
Resistance

All Thinned Unthinned All Thinned Unthinned All Thinned Unthinned
Intercept +8.73%%* +11.15%** +5.59%%* +15.51%%* +9.29% +11.16%** +12.10%** +11.16%** +7.89%**
Age NA NA +0.31 NA NA -1.81. NA NA +0.28
dbh -1.26 -1.36 NA -2.15% -0.18 NA +1.00 +2.04* NA
RW -0.81 -0.38 -1.99* -0.19 -0.83 -2.30% -2.21% -2.92%% -0.99
MS +0.40 +0.01 -0.44 -3.65%** -3.07** -1.36 -4.05%** -3.81%** -0.92
CorrSPEI -0.33 -1.12 +0.37 -2.75%* -1.69. -2.60%* -1.43 -0.39 -1.85.
Thinning (dummy) +3.31%%* NA NA -5.47%%* NA NA -0.72 NA NA
Slope aspect variance <0.01 0 <0.01 <0.01 0.01 0 <0.01 <0.01 <0.01
R’m 0.07 0.04 0.03 0.18 0.05 0.15 0.13 0.21 0.06
R%c 0.09 NA 0.07 0.19 0.07 NA 0.14 0.26 0.09

1986 1989 1995
Resilience

All Thinned Unthinned All Thinned Unthinned All Thinned Unthinned
Intercept +8.01*** +6.01*** +7.35% %% +18.35% %% +19.00%** +11.44%%* +11.74%%* +11.76%** +8.64 % **
Age NA NA +1.29 NA NA -1.63 NA NA -1.07
dbh -2.35* -1.25 NA -2.92%* -1.94. NA -1.61 1.85. NA
RW +1.91. +1.66. -2.26* +0.75 +1.93. -2.10% -0.11 -0.04 -2.34%
MS +3.77%%* +2.36* +0.32 -2.27% -3.28%* +0.72 -0.22 +0.04 -0.16
CorrSPEI +0.71 -0.60 +2.12% +2.28* +1.99* +1.73. +4.38%%* +2.16* +3.88%**
Thinning (dummy) +0.47 NA NA -2.65%* NA NA +0.53 NA NA
Slope aspect variance 0.00 <0.01 <0.01 <0.01 0.00 <0.01 <0.01 <0.01 0.00
R’m 0.293 0.319 0.106 0.176 0.188 0.147 0.147 0.129 0.243
R%c 0.293 0.336 0.140 0.185 0.188 0.185 0.165 0.205 0.243
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4. Discussion

4.1 Effects of thinning on oak radial growth

Thinning increased radial growth in Q. subpyrenaica trees, and this effect lasted for over 20 years
and slightly tended to decrease probably as canopies closed. These results agree with other studies
carried out on Iberian oak species showing a longer duration of the thinning positive effect on growth
(Cutter et al. 1991; Mayor et al. 1993; Canellas et al 2004). The Q. subpyrenaica response after these
treatments depended on stem diameter, with smaller stems featuring more plastic response and
showing a higher relative growth improvement than larger individuals. This could be related to the
suppressed position of the dominated layer that promptly enhanced radial growth after the canopy
opened by thinning. The larger trees that already reached a dominant or codominant position within
the stand, exhibited fewer release effects which could be also due to higher competition among stems
of the same individual which depend on the same stump, as reported by Corcuera et al. (2006) for
Quercus pyrenaica. Juodvalkis et al. (2005) reported similar results demonstrating that an increase of
tree volume could be achieved only when thinning 10-30 years-old oak (Quercus robur) stands,
whereas at older ages the positive effect of thinning is buffered by overaging. On the other hand, in a
study on Q. pyrenaica coppice stands in central Spain (Cafiellas et al 2004), the larger trees were the
most favoured by thinning due to their greater capacity of resource uptake (soil water and nutrients)
and allocation occurring after thinning. However, an imbalance between stem diameter and parent
root system size could occur after a thinning treatment in coppice stands, resulting in smaller trees

not necessarily suppressed in root water uptake by bigger individuals.

4.2 Effects of thinning on climate-growth relationships

Since Q. subpyrenaica has shown a wide range of ecophysiological adjustments in response to
drought stress in experiments based on seedlings, even wider than their parental taxa (Himrane et al.
2004), it is important to assess the growth responses to water shortage of adult trees inhabiting
formerly coppiced forests as has been done in Q. faginea (Alla and Camarero 2012). In our study,
climate-growth analysis confirmed the key role of water availability in limiting tree stem growth, in
line with other studies on Mediterranean deciduous oaks (Corcuera et al. 2004, Camarero et al. 2016,
Martinez-Sancho et al. 2021). Growth and productivity of oaks was linked to more consistently to
longer (i.e 6 to 9 months) droughts. However, in unthinned plots growth was linked to early summer
drought conditions in June, similarly to what Di Filippo et al. (2010) found in Turkey oak (Quercus
cerris L.). Moving windows analysis revealed that this effect was also significant in oaks located in

thinned plots, but it lost its significance following the thinning treatment. Correlations values between
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oak growth and longer droughts (6- to 9-month SPEIs) did not show differences between thinned and
unthinned plots and remained stable even after treatment.

Scots pine growth exhibited positive correlations to 1-month July SPEI, therefore being more
sensitive to short-term droughts than Q. subpyrenaica in thinned plots. The different ecophysiological
strategies of coexisting pines and oaks to withstand summer drought were well described by Martin-
Gomez et al. (2017). They found that the anisohydric oaks presented a faster recovery of predawn
water potential after summer drought than the pines, probably associated with more reliable and
deeper soil water sources which could explain specific response to long droughts. These authors also
reported a stronger negative effect of drought stress on long-term growth in pines, relying on
shallower soil water sources, compared with oaks.

In our study, the exceptional growth reduction featured in Scots pine in 1992-1993 period (Fig.
S2) was not related to intense drought conditions, suggesting an impact of other abiotic or biotic
disturbances such as the defoliator pine processionary moth, Thaumetopoea pityocampa (Camarero
et al. 2022). In addition, cold winter conditions (January and February were cold in 1992) could also
have contributed to the sharp decrease in Scots pine growth as reported in Baltic area (Matisons et al.

2019, Cedro et al. 2022).

4.3 Impact of intense droughts on growth resilience

The oak Q. subpyrenaica is a ring-porous species with anisohydric behavior, maintaining higher
transpiration and physiological activity under mild-to moderate drought conditions (Corcuera et al.
2004, Himrane et al. 2004, Tognetti et al. 2007). However, during extremely dry summer conditions,
Q. subpyrenaica reduces transpiration rates showing high recovery rates after the first seasonal
precipitation in early autumn (Martin-Gomez et al. 2017). The exceptionally and successive droughts
detected in the study site from the 1980s onwards, also cited by other authors for nearby forested
areas in Spain (Camarero et al. 2015, 2016, 2018; Manrique-Alba et al. 2022), could explain a
stronger coupling between oak growth and water deficit. Differently from a study in a mixed coppice
forests with Q. ilex and Q. faginea in the drier eastern Spain (Camarero et al. 2016), Q. subpyrenaica
in our study site proved highly resistant to the 2012 drought event in both thinned and unthinned
plots, perhaps because the 2012 drought was less severe in the wetter Spanish Pre-Pyrenees. The other
selected droughts differently impact studied plots: the 1967 and 1995 events produced similar effects
regardless thinning treatment, whereas in 1986 and 1989 the resistance values differed between
thinned and unthinned plots. Specifically, in 1986 the drought impact on oak growth in the thinned
plots was mitigated by the release post-thinning phase, while in the 1989 drought caused a more

pronounced growth reduction in oaks from thinned plots. Nevertheless, also in concomitance of
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intense droughts events absolute BAI values in thinned plots were significantly higher than those
recorded in unthinned plots, in line with the results obtain by Aldea et al. (2017) in thinned pine-oak
stands.

Most trees recovered pre-disturbance growth levels within one or two years, which concurs with
global analyses of post-drought growth recovery (Anderegg et al. 2015), with wider interquartile
ranges for the recovery periods after the 1989 drought, when some trees took up to six years to fully
recover growth levels. Given the above-mentioned results, our starting hypothesis of greater
resistance and resilience of the oaks inhabiting in thinned plots was not always verified.

The fitted GLMEs confirmed the influence of thinning on the resistance values during the 1986
and 1989 droughts, contrarily the other parameters included in the model were not significant. Tree-
level drought sensitivity assessed with CorrSPEI generally had a higher weight than structural (dbh
and age) and growth (RW and MS) parameters on resilience components (Rs, Rc, Rs and RR). As
expected, CorrSPEI was negatively related to drought Rs but positively related to Rc, Rs and RR.
Tree size (dbh) could enhance the oaks resilience against intense droughts and reduced the time to
recover pre-drought growth rates (Camarero et al., 2016; Colangelo et al. 2017, Gonzalez de Andrés
et al. 2021). However, our results did not show a clear role of stem size (dbh) on resilience
components, with an opposite effect during 1995 drought as compared to 1986 and 1989 droughts.

Lithological and geomorphological features such as aspect and/or relative position of forest along
the slope and could also determine the effect of the drought on tree growth (Lloret et al 2004). In our
study case, slightly differences in slope aspects did not play a kay role in oaks resilience components,
with no differences detected by GLMEs in sensitivity between SE- and wetter SW-oriented slopes.
A greater number of plots distributed at different exposures may be necessary to better investigate

this aspect.

5. Conclusions

We found that Q. subpyrenaica stem radial growth showed a moderate post-thinning release which
preferentially benefitted small-diameter trees. Thinning resulted on long-lasting growth improvement
which was reversed by severe droughts. Successive droughts reducing the amount of stored forest
biomass, could lengthen the post-drought recovery time (usually lasting 1-2 years), postpone the
turnover cycle and the timing of other silvicultural treatments. At the same time, thinning could
reduce competition between individuals for soil water, causing dieback, especially in overaged
coppice stands. We argue that future studies should carefully plan and monitor thinning treatments in
similar seasonally dry oak coppices which probably respond more positively to thinning treatments

carried out during wet decades and in regular intervals shorter than 20 years.
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Figure S1. Histogram of the distribution of resistance values calculated in dry years (1967, 1986, 1989, 1995
and 2012; see also Fig. 1b).
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Figure S2. Mean basal area increment and bootstrapped 95% confidence intervals (Cls) of Quercus
subpyrenaica trees in thinned and unthinned plots and Pinus sylvestris (Pine).
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Figure S3. SPEI values calculated considering a 9-month September window, i.e. from January to September.
Dry periods (negative values) were coloured in red, while wet periods (positive values) are in blue. Dry years
are shown in red and refer to SPEI values lower than the -1.28 threshold for the growing season, i.e. from April
to October.
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Figure S4. Resistance, recovery and resilience indices and recovery period (years) corresponding to severe
drought events calculated in P. sylvestris trees.
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Figure S5. Relative resilience indices after drought events in oak trees showed distributions very similar to
recovery indices (Fig. 6).
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Table S1. Summary statistics (¢ values) of Generalized Linear Mixed-Effects models relating tree growth
recovery and relative resilience to the three drought years studied (1986, 1989 and 1995). Variables are
abbreviated as: dbh, diameter at breath height; RW, mean ring width; MS, mean sensitivity; CorrSPEI,
correlation coefficients of October 9-month SPEI index and the BAI chronology. In the case of fixed factors
NA indicated when the parameter was not included in the model, whereas in the case of the random factor
(slope aspect) NA was used when the calculation of the conditional R? (R%c) was not possible due to variance
equal to 0. Bold values are significant (p < 0.05). Significance levels: * p <0.05; ** p <0.01; *** p <0.001.

Recovery 1986 1989 1995
Thinn Unthin Thinn Unthin Thinn Unthin
All ed ned All ed ned All ed ned
+9.36 +8.50 +5.79 +8.082 +7.67 +5.69 +8.52 +9.72 +5.93
Intercept *k% k% Kk ke fekk ke ke fekk fekk
Age NA NA +0.53 NA NA +0.18 NA NA 0.73
dbh +0.45 +0.91 NA 016 -0.41 NA -1.69. -1.13 NA
RW -1.61 -1.67. -1.56 1125 +133 +0.57 219 199 +0.07
MS +0.06 -0.50 +0.52 +1.13 +0.43 +0.93 3.62 1295 +1.49
*
CorrSPEI +1.28 +0.98 +1.37 343 +1.62 289 506 1245 I562
Thinning - +3.31%
(dammmy) . NA NA ” NA NA 0.18 NA NA
Slope aspect <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.00 <0.01
variance
R’m 0.268 0.107 0.090 0.426 0247 0.189 0.446 0.457 0352
R 0.334 0.259 0.175 0.448 0.303 0.247 0.462 NA 0.410
Relative 1986 1989 1995
resilience
Thin Unthi Thinn Unthi Thinn Unthi
All ned nned All ed nned All ed nned
+20.0 +15. +13.7 217 +18.4 +13.5 217 +13.6 +13.8
Intercept 0*** 42 3*** 2*** 9*** 3*** 2*** 9*** 4***
Age NA NA +1.26 NA NA 037 NA NA 10.39
dbh +0.06 8* 0.2 NA 148 132 NA 148 -0.85 NA
RW -1.43 076 2.37* +1.72. +1.76. -1.69. 1.72 2.3 -0.87
MS +1.29 . 0.3 +1.00 328 L0.86 1.051 1328 218 +1.88.
+0.8 +2.08 +6.67 +3.12 +6.67 +2.87 +5.77
CortSPEI +1.70. . : o 1.65. = s - .
Thinning -
(dummmy) 3 10%¢ NA NA 0.05 NA NA 0.05 NA NA
Slope aspect <0.00 <0.0 <001 <001 0.00 <0.01 <0.01 0.00 <001
variance 1
R’m 0.169 40'02 0219 0.176 0.188 0.147 0.529 0.484 0.503
R 0.231 20'15 0.226 0.185 NA 0.185 0.530 NA 0.505
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Chapter 6

General conclusions

This research was conducted during a three-year doctorate course and, even with some limitations
imposed by the COVID pandemic, I had the chance to deepen my methodological skills attending the
Dendrochronology and Wood Anatomy Laboratory at TESAF at University of Padova and at IPE in
Zaragoza (Spain) under the supervision of prof. Marco Carrer and Dr. Julio Camarero respectively.
My hope is to have contributed to shed some light on the effects of climate extremes (frost and
drought) on Mediterranean deciduous forests and to develop suitable strategies to contrast effects of
climate change, ensuring the products and ecosystem services provided by forests..

I’ve tried to integrate different methodologies analysing forest ecosystems at different spatial and
temporal scales. Both remote sensing and tree-ring analyses requiring significant amounts of time,
offering information at different spatial scales. Remote sensing allowed a synchronic approach for
monitoring forest vegetation during the disturbance event, determining the surface of the affected
area, estimating the intensity of the event and the time necessary for ecosystem recovery.
Nevertheless, the in-situ data collection is essential for the validation of remote sensing outputs, as
well as for investigating at more detailed scales how individual functioning is altered by disturbances.
In this regard, the dendroecological analysis allowed to determine the impact of extreme events on
growth at tree-level scale, in relation to the individual structural parameters and site
geomorphological characteristics. Encouraging results were also obtained applying this analysis on
short time series from young trees (P. nigra) that are usually associated with more individualistic
growth trends but not for this reason unable to register climate signals, exhibiting growth increase or
decrease in response to extreme (positive or negative) weather conditions. However, both remote
sensing and tree-ring analyses have limitations. Remote sensing data are relatively recent source and
high-quality images free of cloud interference are required for vegetational studies, factors that could
limit the time series length and resolution used in analysis. In dendrochronology, limiting factors that
cause narrow ring formations could be related to different disturbances as shown in beech populations
in the Apennines (drought and late spring frost). Consequently, it could be difficult to determine the
nature of the environmental factors that caused anomaly growth rates occurred before the available
meteorological data. To solve this problem, a more refined analysis of the anatomical traits can be
useful for studying the relationships between extreme events and growth. From our preliminary
results, frost events do not seem to affect the plasticity of vessel traits in beech, which seem more
related to the tree structural parameters (especially tree heights) and to the elevation of the stand.

However, this analysis needs to be further investigated in future research both in other species and in
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other populations and scales. In future studies, the application of isotope analysis can also serve to
shed more light on the interactions between disturbances and tree growth. Not only impact but also
resilience components could be successfully estimated from remote sensing measurements
(vegetation indices) and tree-ring data with the same limitation previously discussed. In European
beech resistance to late frost defoliations depend on spring leaf phenology timing and intensity of
extreme minimum temperatures, both factors strictly related to forest stand elevation. However, frost
affected beech trees were resilient and rapidly recovered their growth rates in one or two growing
seasons, showing no year-to-year carryover or legacy effects. Satellite imagery was very useful to
detect the most affected trees canopies and to assess the impact of late frost recovery time period at
weekly resolution. Nonetheless, late frosts remain a threat in the Apennines beech forests, especially
if followed within the same growing season by summer drought, another highly influential driver of
climatic stress. This climate induced disturbance represents a threat to various Mediterranean species.
Here, drought sensitivity has been studied in coppiced forests of Quercus subpyrenaica, an endemic
species in the pre-Pyrenees, Spain. We have found a short-term positive effect of thinning on
resistance to droughts, masked by the release phase due to the opening of the forest canopy cover.
Following extreme summer drought events drastically reduce tree stem growth especially in thinned
plots. However, both thinned and not unthinned plots do not show large differences in terms of
resilience after severe

droughts. Future studies will have to consider the effects of thinning of varying intensity, and the

effect of such practices on seed production, surface erosion and fire risk mitigation.
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