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ABSTRACT

Climate change is increasing the frequency of extreme climate events, causing profound impacts on forest
function and composition. Late frost defoliation (LFD) events, the loss of photosynthetic tissues due to low
temperatures at the start of the growing season, might become more recurrent under future climate sce-
narios. Therefore, the detection of changes in late-frost risk in response to global change emerges as a
high-priority research topic. Here, we used a tree-ring network from southern European beech (Fagus
sylvatica L.) forests comprising Spain, Italy and the Austrian Alps, to assess the incidence of LFD events in
the last seven decades. We fitted linear-mixed models of basal area increment using different LFD indica-
tors considering warm spring temperatures and late-spring frosts as fixed factors. We reconstructed major
LFD events since 1950, matching extreme values of LFD climatic indicators with sharp tree-ring growth re-
ductions. The last LFD events were validated using remote sensing. Lastly, reconstructed LFD events were
climatically and spatially characterized. Warm temperatures before the late-spring frost, defined by high
values of growing-degree days, influenced beech growth negatively, particularly in the southernmost pop-
ulations. The number of LFD events increased towards beech southern distribution edge. Spanish and the
southernmost Italian beech forests experienced higher frequency of LFD events since the 1990s. Until
then, LFD events were circumscribed to local scales, but since that decade, LFD events became widespread,
largely affecting the whole beech southwestern distribution area. Our study, based on in-situ evidence,
sheds light on the climatic factors driving LFD occurrence and illustrates how increased occurrence and
spatial extension of late-spring frosts might constrain future southern European beech forests' growth
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and functionality. Observed alterations in the climate-phenology interactions in response to climate
change represent a potential threat for temperate deciduous forests persistence in their drier/southern dis-

tribution edge.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The frequency of extreme climate events, such as heat waves or
extreme droughts, is increasing due to climate change (Easterling
etal., 2000; Stott, 2016). Despite their long return times, extreme cli-
mate events have a disproportionate impact on forest productivity,
tree demography and longevity (Allen et al., 2015; Breshears et al.,
2005; Di Filippo et al., 2012; Hufkens et al., 2012), potentially
constraining species range limits (Kérner et al., 2016; Zimmermann
et al., 2009). Understanding how recurrent extreme climate events
are affecting forests is paramount to forecast forests' vulnerability
to climate change.

Late frost defoliation (LFD) events are among the less studied im-
pacts of extreme climate events on forest systems (Ummenhofer and
Meehl, 2017). LFDs result from a complex interaction between two se-
lective forces: warmer spring temperatures that promote earlier leaf
unfolding, and late-spring freezing temperatures that drive plant injury
(Augspurger, 2009; Inouye, 2000). In fact, temperate deciduous tree
species are very sensitive to spring-frost episodes at the beginning of
leaf emergence, which lead to widespread loss of leaves and flowers
(Inouye, 2000). LFDs impacts are therefore not trivial, scaling from
tree productivity and reproduction (Augspurger, 2011; Dittmar et al.,
2006; Principe et al., 2017) to species distribution (Hufkens et al.,
2012; Kérner et al., 2016; Muffler et al., 2016). Thus, a diagnosis of tem-
poral changes in the frequency and extension of LFDs is critical to under-
stand the impact of climate-phenology interactions on plant
performance.

The LFD risk largely depends on the interaction between species-
specific freezing resistance and leaf phenology and local adaptive re-
sponses (Bigler and Bugmann, 2018). Early-leafing species rapidly
maximize carbon acquisition at the expense of a greater spring-
frost risk (Bigler and Bugmann, 2018). At the intraspecific level,
between- and within-population variations in leaf phenology deter-
mine the LFD risk (Salmela et al., 2013). The timing of leaf unfolding
has advanced in cold-limited species as a consequence of climate
warming (Fu et al., 2014; Gordo and Sanz, 2009; Menzel et al.,
2006). In addition, late-frost events have also advanced but at a dif-
ferent pace depending on the region (Scheifinger et al., 2003 ), mod-
ifying the period in which newly formed plant tissues are under frost
risk (Augspurger, 2009, 2013). The combination of recorded and
modelled temperatures has enabled to evaluate past and future
frost risks, helping to decipher the link between leaf phenology and
LFDs occurrence (Augspurger, 2013; Lasch-Born et al., 2018). Re-
cently, Zohner et al. (2020) assessed plant spring-frost vulnerability
at a global scale relating plant traits, leaf unfolding timing and frost
resistance with climate-based proxies of LFDs. Remote sensing-
based models of increasing complexity allow detecting changes in
canopy reflectance associated to LFD events (Bascietto et al., 2019;
Olano et al., 2021). However, studies based on in situ empirical evi-
dence, needed to validate large-scale frost-risk models, are still
scarce or limited by the temporal availability of satellite images.
Due to the relatively long return times of LFD events (Olano et al.,
2021), achieving multidecadal time series of frost damage records
is critical to assess their long-term evolution. In this sense, the drop
of annual productivity in years of LFD events is an excellent footprint
to track them through the study of tree rings (Dittmar et al., 2006;
Sangiiesa-Barreda et al., 2019; Vitasse et al., 2019).

The analysis of predisposing climatic factors (e.g. abnormally
warm springs) combined with the timing and intensity of late-

spring frosts is an effective approach to determine LFDs incidence
on tree growth (e.g. Vitasse et al., 2019). The growing-degree days
(GDD; i.e. the accumulation of warm temperatures) are closely re-
lated to phenological responses (Clark and Thompson, 2010; Miller
et al., 2000). GDD values largely exceeding the requirements for
leaf unfolding indicate an unusually early onset of leaf phenology,
and subsequent higher LFD risk (Vitasse et al., 2018; Vitasse et al.,
2019). However, GDD requirements must be contextualized in ac-
cordance with the previous chilling (i.e. winter cold temperatures
to release bud dormancy) and the day length (Fu et al., 2015,
2019), as well as the background climatic conditions (Peaucelle
et al,, 2019). In addition, the inclusion of other indicators more di-
rectly linked to late-frost risk, considering temperature variability
during the flushing period, provides a broader context to identify
damaging spring frosts.

In this paper, we assess the incidence of LFD events in European
beech (Fagus sylvatica L., hereafter beech). Beech is one of the most
widespread deciduous tree species in Europe. Its leaf phenology is
driven by spring temperatures and chilling, with an interactive effect
of the photoperiod (Dantec et al., 2014; Vitasse and Basler, 2013).
Beech combines a recent advance of leaf unfolding of around
2.8 days per decade (Fu et al., 2015) with high sensitivity to late-
frost events (Davi et al., 2011; Olano et al., 2021). Temperatures
below —3 °C damage beech-young leaves (Dittmar et al., 2006),
causing widespread crown defoliations and sharp secondary growth
reductions (Dittmar et al., 2006; Menzel et al., 2015; Principe et al.,
2017). We focus on the beech southern distribution limit, where
water availability in summer (Piovesan et al., 2005; Rozas et al.,
2015; Serra-Maluquer et al., 2019) and late-spring frosts (Gazol
et al., 2019; Piovesan et al., 2003) are the main growth constraints.
To buffer summer drought stress, Mediterranean beech forests are
located in mountain areas where fog immersion and topographic
rainfalls are frequent (Barbeta et al., 2019). Southern European
beech forests have experienced marked warming trends that are
forecasted to continue in the future (Giorgi and Lionello, 2008).
Over the last two decades, severe LFD episodes have been reported
on this species, in particular associated with abnormally warm
springs (e.g. Bascietto et al., 2019; Bigler and Bugmann, 2018;
Dittmar et al., 2006; Menzel et al., 2015; Principe et al., 2017;
Vitasse and Rebetez, 2018; Vitra et al., 2017). In fact, the LFDs inci-
dence on beech has increased 37% from 2003 to 2010 to 2011-2018
in its dry-marginal distribution limit (Olano et al., 2021). However
basic questions concerning the impact of global warming trends on
LFDs incidence still remain unclear. In particular, it is of interest
whether a major acceleration of climate warming and shift in spring
phenology is altering their frequency, and whether changes in LFDs
frequency are spatially aggregated.

To answer these questions, we analyse a large dendrochrono-
logical dataset of 23 beech forests and 701 trees sampled across el-
evation gradients in 8 different mountain ranges in southern
Europe to assess the incidence of late-spring frosts since 1950.
Our specific goals are: (i) to determine which climatic parameters
drive LFD incidence; (ii) to identify major LFD episodes in beech
forests in the last seven decades; and (iii) to climatically and spa-
tially characterize the reconstructed LFD events. We hypothesize
that LFD events are more frequent at higher altitudes and towards
beech southern distribution edge, and that the frequency of LFD
events has increased in the last decades in response to recent
warming trends.
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2. Material and methods
2.1. Study region

The study region comprises the southern distribution edge of beech
in Spain and Italy, including one site in the Austrian Alps, and covers a
latitudinal range from 41° to 48° N (Fig. 1). Annual precipitation
strongly varies depending on the study area, being the lowest in the
southernmost Spanish beech forests (Moncayo; <800 mm), and the
highest in the Italian populations (ca. from 1000 to 1200 mm; Table A1).
Most precipitation falls in winter-autumn in Italian and Spanish forests,
while spring and summer are the rainiest seasons in the Austrian site.
Average maximum temperatures are higher towards the southernmost
populations (Moncayo and Terminillo), whereas minimum tempera-
tures are lower in Spanish than in Italian forests. Average minimum
temperatures in spring range from 1.6 to 5.6 °C, being also lower in
the Spanish populations. In the Austrian site, winter minimum temper-
atures are 2.6 to 5.6 °C lower than in the rest.

2.2. Sampling design and basal area increment chronologies

We selected eight mountain ranges: four in Spain, three in Italy and
one in the Austrian Alps (Fig. 1). In each mountain range, we selected an
elevational gradient and located three populations at high, middle and
low elevation (except in the Autrian Alps where we only selected two
populations at middle and low elevation; Table 1). In each population,
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we randomly selected and cored a minimum of 15 dominant or co-
dominant trees. Increment cores were taken at 1.3 m height using
Pressler increment borers, generally extracting two perpendicular
cores of 5.15-mm diameter per tree. Samples were taken in 2017-18
in the Spanish populations, and between 2012 and 2019 in the Italian
and Austrian populations. Increment cores were air-dried, mounted
on standard wooden supports and progressively sanded to improve
the visibility of tree-ring borders. Then, samples were visually cross-
dated and measured at a minimum resolution of 0.01 mm using a
VELMEX (Inc., USA) measuring system and a CTRMD (Computer Con-
trolled Tree Ring Measure Device; Aniol, 1987) controlled by the soft-
ware CATRAS (Aniol, 1983). The quality of cross-dating was evaluated
using the COFECHA program (Holmes, 1983). Annual tree-ring width
series were transformed to basal area increments (BAI) and averaged
per tree using the bai.out function of the dpIR package (Bunn et al.,
2016) in R environment (R Core Team, 2018). This function calculates
BAI from bark to pith considering individual trunk diameter. BAl is a
more biologically meaningful variable to quantify radial growth trends
and changes than tree-ring width, being less affected by tree allometry
and becoming stable at tree maturity (Biondi and Qeadan, 2008). We
constructed a BAI chronology per elevation and site.

2.3. Detection of potential LFD years in tree rings

We used the relative growth change method to identify potential
growth reductions due to LFDs (Schweingruber et al,, 1990). We defined
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Fig. 1. a) Location of the study areas (red points). The green surface indicates the European beech (Fagus sylvatica) range according to the Euforgen program (http://www.euforgen.org/).
The grey scale in the upper-left map represents elevation, increasing from black to white. b) A damaged beech shoot, defoliated by a late-spring frost at Moncayo forest (north-eastern

Spain) in July 2018.
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a negative event year as a year with at least 40% of tree-ring growth re-
duction with respect to the average growth in the 4 preceding years
(D'Andrea et al., 2020; Principe et al.,, 2017). In this first step, we identi-
fied negative event years as candidates for LFD events. Then, we defined
a pointer year when more than 50% of trees in a population showed a
negative event year. We performed this analysis from 1950 to the last
tree ring in each population. For this analysis, we used the pointer.rgc
function of the pointRes R package (van der Maaten-Theunissen et al.,
2015).

2.4. Identification of climate indicators of LFDs occurrence

We defined different climate parameters as potential indicators of
spring-frost damage using daily climatic data from E-OBS v20.0e
(1950-2019). This climatic repository provides homogenized and
quality-controlled climatic data for all Europe (Haylock et al., 2008).
We extracted daily minimum and average temperature at 0.25° (ca.
27.5 km) spatial resolution. Climate time series were directly
downloaded from the Climate Explorer webpage (http://climexp.
knmi.nl).

To define the set of climatic LFD indicators, we considered the
timing and intensity of warm temperatures in late winter/spring as
determinants of an early onset of leaf phenology, the fulfilment of
chilling requirements, and the dates and intensity of late frost
events. We defined the following indicators (see Fig. 2 for further
illustration):

(i) Growing-degree days (GDD), defined as the sum of daily mean
air temperature above 5 °C since January 1 to the DOY of the
last spring frost event in that year (April-May). Accumulated
winter and spring warm temperatures above a certain threshold
are a good proxy for prediction leaf emergence (Vitasse et al.,
2018). The more pronounced the warming before the last spring
frost, the more developed the photosynthetic tissues, and the
higher the risk of frost injury. Since a single grid of daily climate
data covered all elevations in each sampling area, we accounted
for potential differences across the elevation range by consider-
ing three different frost thresholds: the DOY of the last frost
event with temperature below —4 °C (GDD,), —2 °C (GDD5)
and 0 °C (GDDy). We did not use a classic correction for elevation

Table 1
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differences (—0.63 °C 4+ 100 m a.s.l.) because the daily gridded
climate data were not referred to any specific elevation. We
also obtained the GDD from January 1 until a fixed date (30th
April, GDD3gapr) corresponding to the average date of leaf
unfolding onset in beech populations of southern Europe
(Guyon et al,, 2011; Proietti et al,, 2020).

(ii) Frostindex in April (FI4), a critical month for beech phenology
because of the start of leaf unfolding and the growing season
(Guyon et al., 2011; Martinez del Castillo et al.,, 2016). An abnor-
mally warm April followed by a late-spring frost is a characteris-
tic climate pattern in LFD events. The frost index was obtained as:

Fl4 = TmeanApr —TminAprls_May]s

where Tmeang,, is the mean temperature in April and Tminap,15-may1s is
the absolute minimum temperature from April 15 to May 15, when late-
spring frosts usually occur (Bascietto et al., 2019; Olano et al., 2021). We
used a delayed time period because we considered two phenomena:
warming inducing leaf unfolding, and late frost affecting unfolded
leaves. High FI4 indicates a very warm April but also low minimum tem-
peratures in the period when the photosynthetic tissues are more
vulnerable.

(iii) Frost vulnerability index (FVI), considering mean temperature
ten days before the late frost occurrence and defined as:

FVI = Tmeang gays — TMiNfgg

where Tmean; gays is the mean temperature in the previous 10 days and
Tmings; is the absolute minimum temperature at the LFD event. To deal
with elevation differences, we considered three temperature thresholds
in a similar way than for GDD: the DOY with temperature below —4 °C
(FV1y), —2 °C (FVI,) and 0 °C (FVIo).

(iv) Last frost deviation index (LFDev) to consider the impact of the
frost timing, defined as the number of days between the last
frost at —4 °C (LFDevy), —2 °C (LFDev,) or 0 °C (LFDevg) and
the beginning of the frost-free period, that is, the DOY with aver-
age minimum temperatures above 0 °C (Vanoni et al., 2016;
Gazol et al,, 2019).

Location and characteristics of the eight sampled mountain ranges of European beech (Fagus sylvatica) trees in its southernmost distribution limit in Spain, Italy and the Austrian Alps. DBH:

diameter at breast height. Mean values 4 standard error are shown.

Mountain range Stand Country Lat (N) Long (—W, +E) Elevation (m a.s.l.) DBH (cm) Height (m) n cores/trees  Age (yrs) Last tree ring
Moncayo High Spain 41.80 —1.82 1565 36.6 +£ 1.3 11.8 + 0.7 62/25 148 + 8 2017
Middle 41.79 —1.80 1364 534 + 25 194 + 0.7 57/24 147 + 7 2017
Low 41.80 —1.81 1250 574 + 32 196 + 0.8 56/24 134 + 24 2017
Piqueras High Spain 42.05 —2.77 1599 557+ 19 179 £ 08 53/23 169 + 12 2017
Middle 42.07 —2.54 1428 49.1 4+ 2.1 16.2 £ 0.5 40/24 117 £ 5 2017
Low 42.06 —2.69 1261 59.8 + 1.3 234 + 09 57/23 197 + 8 2017
Isaba High Spain 42.95 —0.79 1601 446 + 14 13.0+ 0.7 42/22 177 £ 12 2017
Middle 42.94 —0.83 1399 619 £ 18 198 £ 09 31/15 280 + 18 2017
Low 4293 —0.84 1072 775 £ 36 268 £ 09 30/15 170 £ 15 2017
Palencia High Spain 43.04 —4.47 1369 526 +3.6 153 + 0.8 44/23 157 + 11 2018
Middle 43.05 —4.45 1211 629 £ 24 232409 46/23 133+ 4 2018
Low 43.05 —4.46 1045 655+ 35 228 +£1.2 43/23 173 £ 8 2018
Abruzzo High Italy 41.83 13.73 1780 589 + 1.8 26.0 + 1.8 96/96 295 + 16 2017
Middle 41.83 13.72 1503 65.7 £+ 3.1 20° 24/24 199 +£ 20 2019
Low 41.83 13.71 1363 726 £26 257 17/17 175 £ 25 2019
Terminillo High Italy 42.48 13.00 1730 539 £+ 14 241° 66/66 271+ 9 2015
Middle 42.44 13.00 1587 434+ 13 15% 21/21 83 +2 2013
Low 4253 12.94 1280 606 + 1.6  20° 22/22 158 &£ 17 2013
North Apennines High Italy 43.84 11.80 1450 713 £ 1.3 238 + 5.9 83/83 242 4+ 13 2017
Middle 43.84 11.79 1150 728 £ 23 357 28/28 185 + 7 2016
Low 43.85 11.81 674 67.7 £ 25  20° 28/28 144 £+ 8 2015
Alps Middle  Austria 47.79 1433 1266 63.1+£16 272420 33/33 327 £20 2017
Low 47.81 14.44 903 612 +22 207 19/19 277 £ 11 2012

@ Estimated based on the average height from the 5 tallest trees.
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Fig. 2. Conceptual framework of the different late-frost climatic indicators used in this study. Abbreviations and definitions of late-frost indicators as in Table 2. GDD,, GDD,, GDDy, FVl,4,
FVI, FVIo, LFDev,, LFDev,, LFDev, vary depending on the DOY of the last frost (—4 °C, —2 °C and 0 °C) in each year and site. The beginning of the frost-free period is the DOY with average

minimum temperatures above 0 °C and varies in each site.

(v) Chilling, obtained as the number of days with a daily
temperature < 5 °C from September 1st to January 1st of the cal-
endar year preceding budburst (Dantec et al., 2014; Asse et al.,
2018).

2.5. Identification of the most important LFD indicators at the
population level

To determine which combinations of climatic parameters were driv-
ing LFDs incidence, we fitted linear mixed-effect models (LMMs;
Pinheiro and Bates, 2000) considering annual basal area increments
(BAI) as the dependent variable and the LFD indicators as fixed factors.
A separate model was fitted for each population, considering the
1950-2017 period for Spanish populations and the 1950-2013 period
for Italian and Austrian populations. We fitted the models at population
level because leaf phenology is adapted to local climatic conditions
(Peaucelle et al., 2019). We increased the analysed period in Spanish
beech forests because (i) all basal area increment chronologies finished
in 2017/2018 (Table 1), and (ii) to cover the major late frost event that
occurred in 2017 (Olano et al., 2021).

We included tree as a random factor to incorporate the non-
independent structure of our data. BAI values were log transformed
prior to the analyses in order to fulfil normality assumptions, and the
LFD indicators were standardized to enhance their comparability
using the mean and the standard deviation of the study period. First-
order autocorrelation structure (AR(1)) was also included to account
for the temporal autocorrelation in BAI data. We used a multi-model in-
ference approach based on information theory (Burnham and
Anderson, 2002), fitting additive combinations of fixed factors by rank-
ing all potential models according to the Akaike Information Criterion
(AIC). To reduce collinearity between LFD indicators calculated for dif-
ferent frost thresholds (i.e., GDD, FVI and LFDev; Fig. 2), we only consid-
ered the frost threshold that better correlated with BAI at population
level. We also considered the interaction ‘GDD x chilling’ as a combina-
tion of climatic variables that determines the onset of leaf phenology.
Models were fitted using restricted maximum likelihood (REML), and
we selected the model with the lowest AICc value and the largest Akaike
weight (Wi). We calculated variance inflation factors (VIF) to assess col-
linearity among explanatory variables (Dormann et al., 2013). All
models showed VIF values lower than 4 (87% of them <2.5), suggesting
no longer redundancy problems among predictors (Dormann et al.,
2013; Zuur et al., 2009). Residuals normality and homoscedasticity
were checked to confirm the assumptions of LMMs. In the case of viola-
tions of these assumptions, models were re-fitted considering different
variance covariates (Zuur et al., 2009), and we selected the model that

minimized AICc. In the case of AAICc lower than 2, which indicates no
significant differences with the second-ranked model, we opted by
selecting the first one. Finally, the strength of models was evaluated
by calculating the marginal (proportion of variance explained by fixed
factors) and conditional (the whole model, fixed and random factors)
pseudo-R? statistics, as proposed by Nakagawa and Schielzeth (2013).
We used the R packages nlme (Pinheiro et al., 2014) to fit LMMs,
MuMIn (Barton, 2012) to perform the multi-model selection and to cal-
culate pseudo-R?, and performance (Liidecke et al., 2020) to calculate VIF
and assess multicollinearity. In addition to LMMs, non-parametric
Spearman correlations were calculated between BAI chronologies (at
the population level) and LFD indicators. Finally, temporal trends of
LFD indicators were assessed by computing the Kendall's tau statistics
in the study period.

2.6. Identification of LFD events and validation from satellite data

At the population level, we considered an LFD event when a pointer
year (i.e. a significant growth reduction based on tree-ring width pat-
terns) was concurrent with values >1.5 standard deviation (upper Q3
or outliers) of one or several of the selected LFD indicators in the corre-
sponding LMMs. We used two independent sources of validation for
21st century events. In Spain, LFD events since 2003 were validated by
analyzing Normalized Difference Vegetation Index (NDVI) time series
(from March to July) with an 8 days frequency using MODIS Vegetation
Index Products MOD13Q1 and MYD13Q1 (Olano et al.,2021). We used a
semi-supervised machine learning model to classify late frost and non-
late frost pixels. For this task, we used a binary classifier called Support
Vector Machine with Global Alignment Kernel. We first trained the
model using a small dataset consisting of annotated pixels where LFD
events were or were not recorded in 2017. Once this model was trained,
it was used to predict frost damage in other geographical areas and
years. Finally, we validated the model using Sentinel 2 and Landsat im-
ages from the Google Earth Engine platform (see further details in Olano
etal, 2021). In some study sites, values of the LFD indicators for 2010
and 2013 episodes were in the Q3 but below the 1.5 SD threshold. How-
ever, since both events were confirmed through remote sensing data,
they were considered as actual LFD events. In Italy, LFD events since
2000 were validated by comparing the May-June Enhanced Vegetation
Index (EVI) of these years with the 2000-2018 median. For each forest,
we used MOD13Q1 data at 250 m-pixels resolution, considering those
pixels whose centroid was closer than 500 m to the centroid of the
dendroecological sampling (Di Fiore et al., submitted). Both NDVI and
EVI time series have a significant correlation with phenological ground
observations, particularly for deciduous broadleaf forests (Peng et al.,
2017; Testa et al., 2018).
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2.7. Climatic characterization and spatial incidence of LFDs

To establish regional climatic similarities in the identified LFD
events, we used Principal Component Analyses (PCAs) based on the
variance-covariance matrix including all late-frost indicators after stan-
dardization (Fig. 2). We performed a single PCA per study area using the
FactoMineR R package (Lé et al., 2008), and the results were visualized
using the Factoextra R package (Kassambara and Mundt, 2016). Finally,
we evaluated the spatial extent of the last LFD events using the ESRL
website (https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/
plot20thc.day.v2.pl) to plot daily composites of the mean temperature.
We considered three different atmosphere elevations at 800, 850 and
900 mb, which correspond to around 2000, 1500 and 1000 m a.s.l., re-
spectively. We considered the DOY of the LFD event as the DOY of the
last spring freezing event in that year.

3. Results

3.1. Growth patterns and dendrometric characteristics of studied
beech trees

The mean growth rate in the study period decreased from the low-
elevation populations to the high-elevation sites (Fig. A1). At study
area level, the lowest mean growth rates were found in Moncayo
(1.14 mm) and the highest in North Apennines (1.71 mm). Mean age
of sampled trees was 189 years (min. 83 and max. 327 years), reaching
the maximum age in the middle-elevation Austrian Alps population
(Table 1). Mean trunk diameter was 53.5 cm (36.6-77.5 cm) and
showed a negative trend with elevation. Mean height was 21.1 m
(11.8-35 m), with taller trees growing at the low elevation sites.

3.2. LFD indicators related to beech tree growth

Selected LMMs accounted for 21-77% of the total BAI variance,
1-12% of which was uniquely explained by LFD climate indicators
(Table 2). Climatic factors promoting LFD events had higher explanatory
power at high altitude, thus indicating a greater relevance of LFDs on
growth, particularly in Spanish and the southernmost Italian population
(Abruzzo). By contrast, LFD indicators had low or very low explanatory
power in the northern Italian populations (North Apennines) and the
Austrian Alps.

GDD had a negative effect on BAI in 14 out of 23 populations, partic-
ularly in high-elevation Spanish populations and at the southernmost
Italian area (Table 2, Fig. A2 and Table A2). By contrast, GDD favoured
growth in those sites where LFD indicators had low or very low explan-
atory power (North Apennines and Austrian Alps; Table A2). The inter-
action between GDD and chilling was important in the western Spanish
populations (Piqueras and Palencia), increasing its relevance with ele-
vation (Table 2). In 14 out of 23 populations, chilling showed a negative
effect on growth. FI4 was negatively and significantly related to BAI in
10 out of 23 populations, as FVI was in 7 out of 23 sites, especially
FVIo. Lastly, the last frost timing (LFDev) negatively influenced growth
in 15 out of 23 populations, with LFDevg being better indicator than
LFDevy.

The temporal trends of LFD indicators were divergent. GDD3oap,
values increased in all studied populations since 1950 as a consequence
of warmer conditions (Table A3), whereas LFDev showed a negative
trend, mainly in Spain (Moncayo and Isaba) and the Austrian Alps. Fi-
nally, FI4 and FVI did not show significant temporal trends.

3.3. Reconstruction of major LFD events since 1950

The concordance between extreme values of significant climatic LFD
indicators and sharp reductions in annual radial growth supports the
occurrence of LFD episodes since 1950 (Figs. 3 and 4). LFD events
were relatively rare considering that the shortest return time was
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13.4 years (Moncayo; Fig. 5). However, the frequency of LFD events in-
creased since the 1990s, in particular in Spanish beech forests and at the
southernmost Italian populations (Abruzzo; Fig. 5). The average return
time changed from 33.1 years (with a minimum of 19.5 and a maximum
of 39 years) before 1990 to 14.1 years since then (6.75 years in Moncayo
- 23 years in North Apennines and Alps; Fig. 5). The last LFD events
(2010, 2013 and 2017 in the Spanish populations, 2013 and 2016 in
Abruzzo and Terminillo) were validated through the assessment of
satellite-derived indices of vegetation activity (Figs. A3, A4 and A5). In
some study sites, LFD events of 2010 and 2013 could be identified by
other means, even if they did not show values above the 1.5 SD thresh-
old (standardized values >1.5; Fig. 4). However, the increased LFDs
temporal trend was maintained even after excluding these two events
(Table A4). The last episodes (1997, 1999, 2010, 2013 and 2017) were
largely coincident in all sampled Spanish populations, suggesting that
the area damaged by LFD events has increased over time (Fig. 3). The
late-spring frost event of 2013 was also evident in all studied Italian
beech areas. In contrast, before the 1990s, LFD events were geographi-
cally isolated, just affecting one or two study areas.

3.4. Climatic and geographic characterizations of LFD events

Climatic characteristics of reconstructed LFD events differed among
years and study areas. In the Spanish beech populations, 1997 and
2017 LFD events showed warm temperatures in spring (high GDD and
Fl4 values; Figs. 4 and AG6). Similarly, LFD events in 1999 and 1977 in
Moncayo showed high GDD4 and FI4 values, in line with the date of
the damaging frost occurred by late April (Fig. A7). Contrarily, LFD
events in 2010 and 2013 were associated with moderately warm tem-
peratures in April (FI4) and with very late spring frosts (Figs. 4, A6
and A7). In the Italian populations, LFD events in 1998 and 2016 in
Abruzzo corresponded to very warm spring temperatures (GDDsgapr).
The 1962 event was there associated with warm temperatures during
shorter time windows (FVly), and the 1957 event, with a very late
spring frost. LFD events in Terminillo (1962 and 1981) and North Apen-
nines (1981) were also related to high FI4 and FVI values. In the three
Italian study areas, the LFD event of 2013 was related to high GDDsgap,
and FVI values. Finally, in the Austrian Alps, the 2011 event showed
high FI4 values, while 1977 and 1986 events were associated with
high values of GDD,4, LFDev, and FI4 (Figs. 4 and A6).

The frost event in late May 2013 caused LFDs in beech forests coin-
ciding with generalized temperatures below 0 °C above 1500 m a.s.l.
(Fig. A7). Although the 2010 LFD event was less extensive, it affected
all northern Spain, which is in line with the growth reductions observed
in our tree-ring series (Fig. 3). On the other hand, the frost events in late
April 1999 and early May 1997 affected different northern Spanish pop-
ulations depending on the leaf unfolding dates (Fig. 3 and A7).

4. Discussion

Our study shows that the frequency of late-frost damage has in-
creased in the beech southern distribution edge since the 1990s due
to progressive spring warming and associated shifts in leaf phenology
(Bigler and Bugmann, 2018; Fig. 5). The average return time changed
from 33.1 years before 1990 to 14.1 years after 1990 (Fig. 5). However,
this trend showed a strong geographic pattern. LFD events frequency
did not increase at higher-latitude mountain ranges, i.e. North Apen-
nines and Austrian Alps. In contrast, the Spanish and southernmost Ital-
ian beech forests showed a sharp increase in late-frost risk (Fig. 5). In
general, radial growth of beech was more limited by LFD events at
higher altitude (Table 2), as previously stated by several authors
(Dittmar et al., 2006; Olano et al., 2021; Zohner et al., 2020). Finally, re-
cent LFD events seem to be impacting larger geographical areas than
previous episodes, as the 2013 event was observed across the entire
southwestern beech distribution range in Spain and Italy. Our study
sheds light on the climatic factors driving LFDs occurrence by


https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/plot20thc.day.v2.pl
https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/plot20thc.day.v2.pl
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Fig. 3. Percentage of trees that showed negative event years at each location and elevation, based on tree-ring width patterns. We considered a pointer year when at least 50% of the trees
showed a negative event year (i.e., over the horizontal dashed red line). Vertical solid grey lines indicate LFD events detected by climate indicators, tree ring and remote sensing data. Ver-

tical dashed lines correspond to LFD events detected by climate indicators and tree ring data.

considering the scale of spring warm temperatures, and the timing and
intensity of late-spring frosts.

The suitability of our approach was validated through remote
sensing data in the last LFD events. Some of the identified LFD events
had been previously cited, such as 1957 (Piovesan, 1998; Vitasse
et al,, 2019), 1981 (Vitasse et al., 2019), 2011 (Menzel et al., 2015;
Muffler et al.,2016), and 2016 (Bascietto et al., 2019). Other stressors
and processes, such as drought or masting, may induce sharp radial
growth reductions and could be confounded with LFD events. The
impact of these phenomena shows different patterns that enable
LFD identification without assessing these events directly from cli-
matic data. Drought stress induces growth reduction in beech for-
ests, but its impacts are more important at low elevations, whereas
LFDs incidence showed just the opposite trend (Table 2; Fig. 5).
Beech masting also results in lower rates of wood production due
to a trade-off between massive seed production and radial growth
(Piovesan and Adams, 2002). However, the occurrence of freezing
temperatures in April/May, which also damage flowers, limits the
misidentification of mast years as LFD events.

4.1. Warm temperatures in spring and last frost timing drive frost damage
in beech

Warmer temperatures in spring promote an earlier leaf and wood
phenology, leading to higher photosynthetic gains and growth rates
(Di Filippo et al., 2007; Martinez del Castillo et al., 2016; Rozas et al.,
2015). However, our findings showed the opposite result; the accu-
mulation of warm temperatures in late winter and spring (GDD)
was associated with lower growth rates (Table 2). Since water is

not a limiting factor in early spring, this association would suggest
that the greater increase in late-frost risk combined with an earlier
leaf flush outpace the benefits of a longer growing season. Neverthe-
less, this result was spatially heterogeneous. The low-elevation for-
ests in the North Apennines and Austrian Alps showed positive
GDD-growth associations (Table A2), supporting a lower LFDs inci-
dence (Tables 2 and 3). The positive relationship between GDD and
late-frost damage was reinforced when other indicators directly
linked to late-frost risk at the middle and short term (FI4 and FVI)
were considered. Warm temperatures in April accelerate leaf
sprouting, leaving large beech areas exposed to damaging freezing
temperatures. The timing of the last frosts was also relevant, since
later frosts exerted greater impacts as indicated by the negative
LFDev-growth associations (Table 2). In addition, frost intensity
also modulates the defoliation degree, potentially damaging the
meristems in the most severe cases.

Interpreting the effect of chilling is more complex. Chilling may be
an indicator of cold winter having a negative impact on growth through
cold damage by frost-induced xylem embolism (Muffler et al., 2020;
Weigel et al., 2018). In fact, the negative effect of chilling increased up-
wards, where extreme low winter temperatures are frequent. Other-
wise, the interaction of chilling with GDD was only relevant for
growth of western Spanish populations. Nevertheless, this result should
be interpreted with caution because the goal of this study is not to eval-
uate the role of chilling temperature on leaf unfolding dates, but rather
to consider the potential interaction of chilling and GDD as a determi-
nant of a very early onset of leaf phenology and thus high LFD risk. In
this sense, clarifying the mechanisms of this positive interaction on
growth requires further research.
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area. The years identified as LFD events in Fig. 3 are highlighted. Same LFD events are represented with the same colour in all panels. Underlined LFD events were validated through remote
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Warm temperatures at long- and middle-term (GDD and FI4) were
the best LFD indicators, in particular for populations at high elevation
(Table 2). There was great variability depending on the region, which
suggests potential local adaptations to local climatic envelopes
(Peaucelle et al.,, 2019). The last frost timing (LFDev) was also relevant
in most sites, especially in the Spanish populations, highlighting the
high vulnerability when the beginning of beech leaf emergence simulta-
neously occurs over large areas.

4.2. Late-frost damage has increased at the southernmost beech forests

Warmer springs have favoured an earlier onset of leaf unfolding
along beech distribution area (Bigler and Bugmann, 2018; Fu et al.,
2015; Menzel et al., 2006). In southern European beech forests, late-
winter and spring temperatures have increased faster than the advance
in the date of the last-spring frost (Table A3), thus likely lengthening the
late-frost risk window. This trend is compatible with the increased
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High 3(22.3) 0 3(9.0)
Piqueras (SP) Middle 2 (33.5) 0 2 (13.5)
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Low 2(33.5) 0 2 (13.5)
High 3(22.3) 0 3(9.0)
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Fig. 5. a) Number of LFD events in the whole study period (1950-2013 for Italian and Austrian beech populations, 1950-2017 for Spanish beech populations) and before and after 1990.
The values in brackets indicate the return time (years) in each population and period. The last right column shows the trend in LFDs frequency (positive -red-, negative -blue-, or no
changes -grey-). b) Geographical structure of the changes in LFDs frequency.
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frequency of LFD events observed in our study, which is in line with the
latest major LFD events that consecutively damaged Italian and Spanish
beech forests in the last years (Bascietto et al., 2019; Olano et al., 2021).

Detecting changes in LFD risk in forests is emerging as a high-
priority topic. Current knowledge suggests that LFD trends show strong
regional variation. Increases in LFDs frequency have been found for
Finland (Hdnninen, 1991), eastern North America (Augspurger, 2013),
and areas of Europe and Asia (Zohner et al., 2020), but no changes
have been detected in central Europe (Kramer, 1994; Scheifinger et al.,
2003; Lasch-Born et al., 2018). Such regional differences are consistent
with the absence of changes in late-frost risk observed in the North Ap-
ennines and the Austrian Alps. These disparate results may respond to
spatially heterogeneous phenological responses to climate warming,
with populations and/or species exhibiting higher temperature require-
ments to delay leaf unfolding and to prevent late frosts (Peaucelle et al.,
2019). In this sense, southern beech populations, limited by water
shortage in summer, might have extended the growing season further
than northern populations, increasing their susceptibility to late-frost
occurrence. Finally, higher cold acclimation might translate into higher
frost resistance in spring (Kalberer et al., 2006).

Late-spring frost risk increased with elevation (Dittmar et al., 2006;
Olano et al., 2021; Zohner et al., 2020). Southern beech populations in-
habit mountain ranges to mitigate summer drought stress, and eleva-
tion increases the frequency of damaging freezing temperatures in
late spring (Bigler and Bugmann, 2018). Moreover, the advance in phe-
nology is faster at high elevation (Vitasse et al., 2018) due to the combi-
nation of more intense warming trends (Pepin et al., 2015) and less
limiting photoperiod and chilling. In fact, the safety margins, i.e. the dif-
ference between the onset of leaf unfolding and the last spring frosts,
are narrower in forests located at high elevation than at lowlands
(Bigler and Bugmann, 2018; Vitasse et al., 2018). In agreement with
the latter explanation, high-elevation beech trees take advantage of
cold conditions in April and warmth in May, which are linked to the
need of escaping late frosts during the first phases of the growing season
(Di Filippo et al., 2007; Piovesan et al., 2005). This result has also been
observed in core populations, where the signal of low temperatures in
April has become significant in the last decades (Mulffler et al., 2020).

Most of the LFD events were associated with extraordinarily warm
springs (Fig. 4). The coupling of leaf unfolding with lethal late-spring
frosts determined the spatial extension of damage across the elevation
range. For instance, the frost event in late April 1999 only affected
low- and middle-elevation populations because high-elevation sites
had not yet flushed (Fig. 3 and A7). By contrast, the frost event in May
1997 mostly affected high- and middle-elevation sites because leaf
unfolding was coincident with the frost, whereas in low-elevation pop-
ulations the low temperatures were probably not cold enough to cause
damage, and more mature leaves are more freezing resistant (Vitra
etal, 2017).

4.3. Southern beech populations in a context of warmer and drier climate
conditions

Secondary growth of southern beech populations is sensitive to late
spring-summer water shortage (Di Filippo et al., 2007; Jump et al., 2006;
Piovesan et al., 2005; Rozas et al., 2015), but late-spring frosts may also
play a relevant role (Gazol et al,, 2019). The southwestern beech popu-
lations have shown a growth decline after the climate shift occurred in
the 1980s (Serra-Maluquer et al., 2019), which could be a response to
the combination of increasing drought stress and LFDs occurrence.
Southern beech populations are prone to experience a combination of
different negative impacts occurring in the same growing season,
which means LFD in late spring and water shortage in late spring/
summer. Indeed, the combined effect of both stressors could promote
non-linear responses (Buma, 2015), even if modeling approaches do
not report larger growth impacts (Gazol et al., 2019).
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Global warming is threatening southern beech populations by in-
creasing drought intensity and aridity (IPCC, 2014). Despite some pop-
ulations seem to be adapted to water shortage (Muffler et al., 2020),
increasing drought stress could promote an upward migration (Jump
et al., 2006; Pefiuelas and Boada, 2003). However, moving towards
higher elevations might not be a successful solution. First, a greater
frost incidence concentrated at higher elevation could limit the ability
of southern beech populations to cope with drought. Second, the selec-
tive LFDs incidence on deciduous species could reduce their competitive
ability in mixed forests (Hufkens et al.,2012), as has been observed with
the unexpected spreading of Pinus heldreichii in old-growth high-
elevation beech forests (Piovesan, 2019). Third, LFDs impacts may go
beyond reductions in radial growth and include, for instance, major im-
pacts on reproduction (Inouye, 2000). Thus, higher frost incidence at
higher elevation could also imply changes in forest composition and dy-
namics and in the associated flora and fauna (Bogdziewicz et al., 2020).

5. Conclusions

Beech populations inhabit mountain ranges along its southern dis-
tribution range to mitigate summer-drought stress. Their higher eleva-
tion with respect to populations at the core of their distribution may
suppose a higher vulnerability to LFDs for southern populations. Our re-
sults, based on climate data and tree-ring records, confirm that LFD
events are increasing in frequency and extension since 1990. This situa-
tion can be interpreted as a change in the climate-phenology interac-
tions in response to climate change. Considering the wide study area,
beech genetic differences among regions (Chmura and Rozkowski,
2002; Stojnic et al., 2013) might also explain variations in LFD incidence.
The increasing incidence of LFDs and the projected water deficit for the
next decades require new studies to shed light on the future implica-
tions of a combined effect of both stressors. Establishing the temporal
context of this phenomenon through the evaluation of late-frost inci-
dence beyond instrumental periods remains a challenge for future re-
searches. In this sense, anomalies in tree-ring anatomical traits or in
intra-annual wood density may help to identify LFD rings.
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