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A B S T R A C T

Climate warming has lengthened the growing season by advancing leaf unfolding in many temperate tree
species. However, an earlier leaf unfolding increases also the risk of frost damage in spring which may reduce
tree radial growth. In equatorward populations of temperate tree species, both late frosts and summer droughts
impose two constraints to tree growth, but their effects on growth are understudied. We used a tree-ring network
of 71 forests to evaluate the potential influence of late frosts and summer droughts on growth in two tree species
that reach their southern distribution limits in north-eastern Spain: the deciduous European beech (Fagus syl-
vatica L.) and the evergreen Silver fir (Abies alba Mill). The occurrence of late frost events and summer drought
was quantified by using a high-resolution daily temperature and precipitation dataset considering the period
1950–2012. Late frosts were defined as days with average temperature below 0 °C in the site-specific frost-free
period, whereas drought was quantified using the 18 month-long August Standardized Precipitation
Evapotranspiration Index (SPEI). The growth of European beech and Silver fir was reduced by the occurrence of
both late frost events and summer drought. However, we did not find a significant interaction on growth of these
two climate extremes. Beech was more negatively impacted by late frosts, whereas Silver fir was more impacted
by summer drought. Further studies could use remote-sensing information or in situ phenological records to
refine our frost index and better elucidate how late frosts affect growth, whether they interact with drought to
constrain growth, and how resilience mechanisms related to post-frost refoliation operate in beech.

1. Introduction

In temperate and Mediterranean biomes, climate has warmed
during the last decades (IPCC, 2013) increasing the length of the
growing season and advancing leaf unfolding in many tree species
(Menzel et al., 2006; Keenan et al., 2014; Fu et al., 2015). While a
longer growing season may lead to an earlier leaf unfolding and po-
tentially enhance tree radial growth (Čufar et al., 2015), it might also
be a double-edged sword. Advanced leaf-flushing may allow length-
ening the growing season through an earlier onset in spring, when
water is not limiting (Sánchez-Gómez et al., 2013). Nevertheless, an
advanced leaf unfolding increases the risk of frost damage as has been
observed in boreal, continental, temperate and mountain forests
(Hänninen, 1991; Augspurger, 2009, 2013; Utkina and Rubtsov, 2017;

Vitasse et al., 2018). Current climate projections suggest the increase in
the frequency of extreme climate events such late frosts but also
droughts and heat weaves (IPCC, 2013), which may negatively impact
forest productivity and functioning (Frank et al., 2015).

In the worst scenario, the simultaneous occurrence of spring late
frosts together with summer droughts in the same growing season
might limit forest productivity by reducing tree radial growth (Rubtsov
and Utkina, 2008; Vanoni et al., 2016). This could be the case of several
major European tree species dominants in temperate regions such as
Silver fir (Abies alba Mill., hereafter Silver fir) and European beech
(Fagus sylvatica L., hereafter beech), which reach their southernmost
distribution limit in north-eastern Spain mountains where growth is
impaired by low temperatures but also by summer drought (Rozas,
2003; Camarero et al., 2015a, 2015b; Gazol et al., 2015; Martínez del
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Castillo et al., 2016; Gazol et al., 2018; Martínez del Castillo et al.,
2019a,b). In such transitional regions between temperate and drought-
prone Mediterranean conditions, a trade-off may exist between late
frost tolerance and summer-drought resistance (Robson et al., 2013).
Thus, understanding how temperate tree species as Silver fir and beech
respond to the potentially synergic effects of late frosts and summer
droughts in their southernmost distribution limit may help to under-
stand the future performance of these species in sight of the climate-
change increased air temperature variability.

Late frost damage depends on budburst and leaf-flushing dates and
increases with the occurrence of frost events in early spring combined
with previous mild temperatures which enhance leaf unfolding
(Hänninen, 1991). Frost can damage recently expanded leaves when
occurring after leaf-flushing (Augspurger, 2009, 2013; Vitasse et al.,
2014a, 2014b), limiting photosynthesis and carbon uptake in spring
and subsequently radial growth (Dittmar et al., 2006; Vanoni et al.,
2016; Príncipe et al., 2017). Quantifying the effect of late frost damage
on radial growth is complicated since phenological records are required
to identify how a frost event damages plant tissues. In the absence of
such data, the occurrence of frost events in late spring can serve as a
proxy to identify the potential impact of late frost events on tree growth
(e.g. Vanoni et al., 2016). In this sense, it has been argued that the
negative impacts of late frost occurrence on growth may increase
polewards (Weigel et al., 2018) and upwards (Vitasse et al., 2018),
which suggests that forests located at higher elevation will be the most
negatively impacted. However, these assumptions are not supported by
recent research. First, European maritime and coastal areas seem to be
more exposed to more severe late spring frosts than continental areas
(Ma et al., 2019). In addition, climate warming may blur thermal gra-
dients and lead to a more uniform phenology regardless elevation (Chen
et al., 2018). Finally, tree species may present enough growth plasticity,
or even local genetic adaptations, to override the negative con-
sequences of late frost events on growth (Puchałka et al., 2017).

Whether tree controls on leaf-flushing date is evolutionary linked to
the occurrence of late frost events also remains an open debate
(Hofmann and Bruelheide, 2015; Körner et al., 2016; Lenz et al., 2016;
Vitra et al., 2017), but what is clear is that not all tree species are at the
same risk of late frost damage as flushing dates and frost resistance
capacity vary across species and populations (Lenz et al., 2016; Bigler
and Bugmann, 2018). For example, studies performed in Eastern
Europe have identified the existence of different phenological forms in
pedunculate oak (Quercus robur L.) according to their leaf-flushing be-
haviours (Rubtsov and Utkina, 2008; Utkina and Rubtsov, 2017). Early-
flushing oaks avoid summer drought at a cost of higher frost risk in
spring, whilst late-flushing oaks avoid spring frosts but have a shorter
growing period. The growth balance of the two phenological forms is
similar (Rubtsov and Utkina, 2008). Leaf-out timing of beech occurs
earlier than in other co-occurring species, probably because leaf-out is
partially controlled by photoperiod in this species, reducing its re-
sponsiveness to late-spring frosts (Lenz et al., 2013, 2016; Ma et al.,
2019). However, the existence of different phenological forms in rela-
tion to leaf flushing dates has been also suggested in the case of beech
(Kraj and Sztorc, 2009). In the case of Silver fir, young individuals
growing in the shade showed a delayed dormancy break compared to
trees growing in the sun which resulted in a reduced impact of late frost
damage on leaves and shoots (Spulak and Martincova, 2015). In both
tree species, late frost events result in radial growth reductions (Dittmar
et al., 2006; Latreille et al., 2017; Príncipe et al., 2017) despite it is
expected that the growth of the deciduous beech should be more ne-
gatively impacted by spring frost than that of the evergreen Silver fir
(Cailleret and Hendrik, 2011; Suvanto et al., 2017). However, warm
conditions followed by very low temperatures may also cause needle
damage and canopy dieback as trees are exposed to repeated freeze-
thaw cycles leading to winter frost drought in conifers (Camarero et al.,
2015a).

The occurrence of summer drought is one of the main factors

impairing tree radial growth, reducing productivity and triggering
dieback and high mortality rates worldwide (Anderegg et al., 2012).
However, tree responses to drought vary according to species specific
physiological characteristics and local adaptations (e.g. Gazol et al.,
2018). Both, Silver fir and beech are sensitive to summer drought
(Camarero et al., 2018), and they have been found to reduce their radial
growth because of summer water shortage in their southernmost po-
pulations (Gazol et al., 2015; Rozas et al., 2015; Martínez del Castillo
et al., 2019a). In north-east Spain, warming accelerated after the 1980s
leading to the occurrence of severe droughts (e.g, 1986, 1994–1995,
2005, 2012) causing dieback episodes in both species (Camarero et al.,
2015b, 2018; Gazol et al., 2018; Serra-Maluquer et al., 2019). However,
the information regarding the occurrence of late frost events in Spain is
scarce despite they have been suggested to impact radial growth in
Silver fir (Camarero and Gutiérrez, 2017).

Ongoing climate warming may have resulted in a longer growing
season due to earlier budburst and leaf unfolding as has been observed
in other European regions (e.g. Vitasse et al., 2018). Phenological re-
cords also indicate a generalized advancement of leaf unfolding dates
across the Iberian Peninsula (Gordo and Sanz, 2010). Advanced leaf
unfolding may enhance growth during early spring and avoid the ne-
gative consequences of summer drought at the cost of increasing the
exposure to late frost damage (Rubtsov and Utkina, 2008; Kraj and
Sztorc, 2009; Puchałka et al., 2017). However, there is also a potential
risk that late frost and summer drought may occur in the same growing
season, thus synergistically reducing radial growth (Vanoni et al.,
2016). How these two climatic factors interact and influence tree
growth in the southern distribution limits of Silver fir and beech re-
mains an open question. In this study, we aim to advance in our un-
derstanding of how these two species respond to late frost, summer
drought and their interactions. To this end, we used den-
drochronological methods to reconstruct the growth of 33 Silver fir and
38 beech stands during the last 60 years across north-east Spain. Daily
climate data at a high spatial resolution were used to calculate late frost
and to estimate summer drought. We calculated a frost-index based on
daily climatic data as we lacked in situ information on the phenology of
the two species. We expect that: (i) the radial growth of Silver fir and
beech is negatively impacted by the occurrence of both, late frost events
and summer drought; (ii) beech shows a higher sensitivity to late frosts
as compared to silver fir; and (iii) finally, a significant interaction be-
tween late frost events and summer droughts impacting growth and
indicating that the simultaneous occurrence of these two climate ex-
tremes have a stronger impact than their separate incidence.

2. Material and methods

2.1. Study site and tree species

We studied the radial growth of Silver fir and beech trees in a
network of 71 forests located in north east Spain (Fig. 1; Table S1 in
Supporting information). Sampled forests were located in mountain
areas (Pyrenees, Pre-Pyrenees and the Iberian Range). The mean annual
temperature across the study sites was 8.1 °C, ranging from 3.4 °C in the
coldest site (Silver fir forest in Panticosa, 1280m a.s.l) to 12.4 °C in the
warmest site (beech forest in Bertiz, 405m a.s.l). Annual precipitation
ranged from 598mm in the driest site (beech forest in Montsec, 1360m
a.s.l) to 2738mm in the wettest site (Silver fir forest in Selva de Oza,
1272m a.s.l). All studied sites are located within the biogeographic
distribution range of the two species (San-Miguel-Ayanz et al., 2016).

We chose to study these two species because; (i) their radial growth
is sensitive to summer drought and late frost (Dittmar et al., 2006;
Gazol et al., 2015, 2018; Rozas et al., 2015); (ii) they often coexist; and
(iii) they form their southernmost distribution limits in the studied
region. Beech is a deciduous tree widely distributed across European
temperate forests, whereas Silver fir is a conifer found in forests with
similar climate and soil conditions but mainly restricted to mountain
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areas and cool-wet sites in the study region (Caudullo et al., 2017).

2.2. Tree-ring width data

In each site, a total number ranging from 10 to 40 dominant or co-
dominant trees separated by at least 10m were randomly selected.
Trees were cored at 1.3 m height using Pressler increment borers and
two cores were extracted per tree. These cores were air dried in the
laboratory and mounted on wooden supports for further processing.
The samples were sanded with progressively finer sandpapers until tree
rings were clearly visible. Ring widths were measured at 0.01mm re-
solution using a LINTAB measurement device (Rinntech, Heidelberg,
Germany). Visual cross-dating was performed and checked with the
program COFECHA (Holmes, 1983).

To quantify the short-term tree growth reductions as a consequence
of either late frost events or summer droughts, we calculated the
number of individual pointer years at the tree level for the common
period for all sites (1950–2012). These individual negative pointer
years are annual rings with a substantially smaller width than the n
preceding annual rings and reflect growth variability at inter-annual
scales that may be associated to extreme climate events, such as frosts
and droughts (cf. Schweingruber et al., 1990). Individual pointer years
were calculated using normalized growth deviations in a 3-year long
window, with a>0.75 threshold on the so-called Cropper values
(Cropper, 1979). When the negative individual pointer years were
identified at the tree level, we quantified the percentage of trees dis-
playing negative pointer years for each particular year in each forest.
This result in a temporal series of proportion of trees with negative
pointer years in each forest (Table S2 Supporting information).

2.3. Climate data

We used two recently developed high resolution gridded datasets
(5× 5 km) of daily precipitation (SPREAD) and maximum and
minimum temperatures (STEAD) created for Spain (Serrano-Notivoli
et al., 2017a,b, 2019). For each forest, daily time series (1950–2012)
for the closest grid point was selected.

To estimate drought severity at each forest, we calculated the
Standardized Precipitation and Evapotranspiration Index (hereafter,
SPEI) for the period 1950–2012 (Vicente-Serrano et al., 2010). The SPEI

is a measure of drought severity based on temperature and precipitation
data and allows comparing drought severity among regions subjected to
different climate conditions (Vicente-Serrano et al., 2013). For this
reason, we selected SPEI as a measure of drought intensity instead of
other metrics such as climatic water balance which are less useful to
establish a spatial comparison of drought conditions given the strong
climate differences among regions. Negative and positive SPEI values
indicate dry and moist conditions, respectively. We calculated 12, 18
and 24-month long summer (June to August) SPEI values for each year,
and selected August values because they reflect the maximum cumu-
lative water deficit from the previous to the current growing seasons. In
addition, the 18-month long August SPEI was selected because it has a
stronger correlation to tree growth than the 12- and 24-month long
August SPEIs.

To represent spring late frost events, we created a frost index
comparing the averaged minimum daily temperature for the entire
study period (1950–2012) with the daily minimum temperature of each
particular year (Supporting information, Fig. S1). Ideally, the potential
influence of spring frost events on tree growth should be quantified
accounting for the phenology of the species. That is, dating the leaf
unfolding along the study period to quantify the potential occurrence of
frost events affecting recently formed plant tissues and spring growth.
However, when this information is not available, using climate data as a
surrogate can be a valid approach (Vanoni et al., 2016; Vitasse and
Rebetez, 2018). The frost index used here quantifies the magnitude of a
frost event occurring in a frost-free period (Vanoni et al., 2016). First,
we averaged minimum daily temperatures for the entire study period
(1950–2012) considering grid overlapping each study site. In this way
we obtained the average minimum temperatures from January to De-
cember. Second, we quantified the frost-free period by selecting the
dates without average minimum temperatures below zero. To avoid
potential bias, i.e. dates with average minimum temperatures above
zero followed by temperatures below zero, we selected the last date
with average minimum temperatures below zero as the starting date of
the frost-free period (following Vanoni et al., 2016). In addition, in
those sites where the beginning of the frost-free period started before
the beginning of March, we forced it to start by early March assuming
that growth stopped during winter in both species. This agrees with
observation from nearby areas since leaf unfolding in Silver fir starts in
mid-April in France (Cuny et al., 2012), and beech leaf unfolding occurs

Fig. 1. Silver fir (red dots) and European beech
(green dots) forests studied in north eastern
Spain. The sampled forests are shown together
with altitude. The small maps show the dis-
tribution of Silver fir and beech in Europe
(http://www.euforgen.org/species/) and the
location of the study region in north-eastern
Spain. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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between mid-April and early May in Spain (Gordo and Sanz, 2010).
Similarly, we forced the frost-free period to end by late August as done
by other authors (Vanoni et al., 2016) because 95% of the growth of the
species occurs before August (Ellenberg and Leuschner, 2010; Martínez
del Castillo et al., 2016). Finally, we used the daily minimum tem-
perature of each year in the frost-free period to quantify the frost index
by summing all values below zero for each particular year. Thus, only
those days with temperatures below zero in a period which is histori-
cally (1950–2012) frost-free can be considered a late or spring frost
event according to our method. This was done in each site to account
for the potential differences in frost-free period and frost index across
sites.

2.4. Statistical analyses

We applied linear mixed-effects models (Pinheiro and Bates, 2000)
to study the temporal and spatial variation in the frost index and
drought (18 month-long August SPEI). A separate model was created
for each variable using the following predictors: calendar year (tem-
poral trend); latitude, longitude and elevation (geographical pattern),
averaged mean temperature, and total precipitation (period
1950–2012) and start date of the frost-free period in Julian days (cli-
matic pattern). We included the study site as a random factor (i.e.,
repeated measures in different years) and the frost index was log-
transformed (log (x+1)) prior to analyses in order to achieve normality
assumptions. A first-order autocorrelation structure (AR(1)) was in-
cluded to account for the potential dependence of the frost index and
SPEI in year t of that in year t-1 (Zuur et al., 2009).

To identify the set of predictors that better explained the spatio-
temporal patterns in frost index and 18 month-long August SPEI we
used a multi-model inference approach based on information theory
(Burnham and Anderson, 2002). This approach relies on the use of
information theory to calculate the relative probability that a given
model is more parsimonious than other competing models to explain
the response variable. We ranked all potential models according to the
second-order Akaike information criterion (AICc). The model showing
the lowest AICc value and the largest Akaike weight (wi, relative
probability quantifying if the selected model is the best one) was se-
lected as the best model.

We used different analyses to study the relationship between forest
growth and the occurrence of drought and late frost events. First, the
Spearman rs statistic was used to estimate a rank-based measure of
association between the annual percentage of trees displaying negative
pointer years in each site with the 18 month-long August SPEI and the
frost index (Bretz et al., 2010). For each tree species, we studied which
factors influenced the correlation between growth (the annual percen-
tage of trees displaying negative pointer years) and drought (18 month-
long August SPEI) and between growth and late frosts (frost index).
Thus, the above-mentioned correlation coefficients were used as re-
sponse variables in Generalized Least Squares models (Pinheiro and
Bates, 2000). We considered the latitude, longitude, and elevation as
well as the maximum, minimum and mean temperature and cumulative
precipitation as factors representing the biogeographical gradients of
the study region. We also evaluated the second-order polynomial effect
of the covariates in order to account for non-linear biogeographic
patterns. We ranked all potential models according to the AICc. The
model showing the lowest AICc value and the largest wi was selected as
the best model. To quantify the strength of the model, we calculated a
pseudo-R2 (Nagelkerke, 1991).

Finally, to generalize the influence of drought and late frost events
on growth for each species, we applied Linear Mixed-Effects models
(LME; Pinheiro and Bates, 2000). Separate models were constructed for
each species, using the yearly percentage of negative pointer years in
each forest as response variables and the frost index, the 18 month-long
August SPEI and their interaction as explanatory variables. We included
the study site as a random factor since repeated measures (i.e., growth

in different years) were obtained for each forest. The percentage of
negative pointer years and the frost index were log-transformed (log (x
+1)) prior to analyses in order to achieve normality assumptions. A
first-order autocorrelation structure (AR(1)) was included to account
for the potential dependence of the percentage of negative pointer years
in year t of that in year t-1 (Zuur et al., 2009). A graphical examination
of the model showed a heterogeneous distribution of residuals (Zuur
et al., 2010), and thus a constant variance function structure was in-
cluded to account for the variation in the occurrence of negative pointer
years across sites (Zuur et al., 2009). To identify the set of predictors
that better explained the occurrence of negative pointer years in the
LMEs (i.e. frost-index, 18 month-long August SPEI and their interac-
tion) we used a multi-model inference approach based on information
theory (Burnham and Anderson, 2002). The model showing the lowest
AICc value and the largest wi was selected as the most parsimonious
model. To quantify the strength of the LMEs, we calculated marginal
(R2 which accounts for fixed factors) and conditional (R2 which ac-
counts for fixed plus random factors) R2 values (Nakagawa and
Schielzeth, 2013).

All statistical analyses were performed in the R statistical environ-
ment (R Development Core Team, 2017). The dplR package was used to
manage tree-ring width series, detrend them and calculate the chron-
ologies (Bunn et al., 2016). To detect individual pointer years we used
the function pointer.norm of the package ‘pointRes’ (van der Maaten-
Theunissen et al., 2015). The lme function of the ‘nlme’ package was
used to fit the Linear Mixed-Effects models (Pinheiro et al., 2014). The
‘MuMIn’ package was used to perform the multi-model selection and
calculate pseudo-R2 (Barton, 2012).

3. Results

The percentage of trees displaying negative pointer years varied
between species. Silver fir presented a large percentage of trees
(> 50%) showing a negative pointer year in 1965, 1984 and 1986
(Fig. 2). In the case of beech negative pointer years were abundant in
1968, 1994–1995, 1999, 2003, and 2010. Dry conditions (negative 18
month-long August SPEI values) prevailed across sites in years 1986,

Fig. 2. Mean percentage of trees displaying negative pointer years in the two
tree species (a, beech; b, Silver fir). Shaded areas represent standard errors.
Points indicate site values. Grey bars (secondary y-axis) represent the number of
sites (N) with observations for each particular year.
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1994–1995, and 2005, whereas frost incidence (high values of the frost
index) was common in 1975, 1984 and 1991. A marked trend in SPEI
towards more negative values (dryer conditions) was observed, whilst
frost incidence peaked in the 70s and decreased after that (Fig. 3).
Along this, the results of the LME showed that both, SPEI and frost
index has decreased significantly over the last decades (Table 1).

The frost index increased with elevation, and decreased with lati-
tude, mean annual temperature and the start of the frost free period
(Table 1). The start of the frost-free period (Fig. 4) was positively re-
lated with site longitude (r=0.33; p < 0.01), elevation (r=0.47,
p < 0.01) and annual precipitation (r=0.58, p < 0.01), and it was
negatively related with the increase in annual temperature (r=−0.94,
p < 0.01). When separated for tree species, the start of the frost-free
period was strongly linked to elevation in beech (r=0.83, p < 0.01),
whereas in the case of Silver fir it was related to latitude (r=0.49,
p < 0.01). Across sites, beech forests from warm-dry sites from the
Iberian Range (e.g. M14FS, 1440 m a.s.l; Fig. 4; see also Table S1)
showed the highest proportion of negative pointer years (25.7%),
whereas in the case of Silver fir this was observed in the central Pyr-
enean site “FAAA” located at 918m a.s.l.

We found nine Silver fir forests (27%) showing a significant nega-
tive correlation between the percentage of trees displaying negative
pointer years and the SPEI. Similarly, twelve beech stands (32%) plus
twelve silver fir stands (36%) showed a significant positive relationship
between the frequency of negative pointer years and frost index
(Table 2, Fig. 4). The correlation between negative pointer years oc-
currence and 18 month-long August SPEI decreased with longitude and

increased with elevation (Table 3). Conversely, the correlation between
negative pointer years occurrence and frost index increased with lati-
tude and showed a quadratic relationship with site mean average
temperature (Table 3).

The selected linear mixed-effect model indicated the existence of a
positive relationship between the occurrence of negative pointer years
and the 18 month-long August SPEI for both species (Table 4), con-
firming that growth was reduced by dry conditions during and before
the growing season (Fig. 5). The strength of the association between
drought (SPEI) and the occurrence of negative pointer years was higher
in the case of Silver fir than in the case of beech (Table 4; Fig. 5). Si-
milarly, the two tree species showed a positive relationship between the
occurrence of negative pointer years and the frost index, indicating that
spring late frosts reduced radial growth. However, this effect was
slightly stronger in the case of beech than in Silver fir (Table 4, Fig. 5).

Fig. 3. Variability of the 18-month long August SPEI drought index (blue line is
the mean) and the frost index (grey bars with higher values indicating higher
frost incidence) during the study period (1950–2012). The shaded blue areas
represent the standard error for the SPEI mean, and the vertical lines the
standard deviation for the frost index. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Table 1
Results of the linear mixed-effects models selected to study the spatiotemporal patterns in drought intensity (18 month-long August SPEI) and frost index. For each
variable, the covariates included in the model are displayed (t-statistic). These covariates are: elevation (m a.s.l), latitude (decimal degrees), mean annual tem-
perature (T Med; in ºC) and beginning of the frost-free period (ffp). The Akaike weight of the model (wi) and the marginal R2 values (conditional R2 values are
indicated between parenthesis) are displayed. Significant values are indicated with asterisks (** p < 0.01).

Year Elevation Latitude T Med ffp wi R2

SPEI −15.49** – – – – 27% 0.15 (0.15)
Frost index −16.78** 3.10** −5.47** −9.05** −9.71** 22% 0.17 (0.21)

Fig. 4. Spatial variation of selected climate variables across the study area in
north-eastern Spain: (a), De Martonne aridity index (De Martonne, 1926); (b),
April minimum temperatures; (c), De Martonne aridity index; and (d), frost
index. The symbols size is proportional to: a) mean percentage of trees dis-
playing negative pointer years; b) beginning of the frost free period in Julian
days (DOY); c) correlations between the percentage of trees displaying negative
pointer years and 18 month-long August SPEI; and d) correlations between the
percentage of trees displaying negative pointer years and the frost index. Red
and green symbols indicate the sampled Silver fir and beech forests, respec-
tively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The selected model in the case of Silver fir accounted for 5% of the
variation in the occurrence of negative pointer years (Table 4). Simi-
larly, in the case of beech the model accounted for 9% of the variation.
The effect of late frosts on growth was twice as important as the
drought effect in beech. The interaction between the frost index and the
August SPEI was not significant in the selected model.

4. Discussion

Our results support the hypothesis that the radial growth of Silver fir
and beech is negatively impacted by the occurrence of both, late frost
events and summer drought near their southernmost distribution limits.
The occurrence of negative pointer years in the two species increases
with the increase in frost index and decreases with the decrease in 18
month-long August SPEI. We found that the radial growth of beech was
particularly susceptible to late frost, thus partially supporting our
second hypothesis. However, the lack of a significant interaction be-
tween frost index and SPEI do not support the hypothesis that the si-
multaneous occurrence of these two climate extremes more strongly
impacted on growth than their separate incidence. These results shall
be interpreted with caution as they can be contingent on the definition
of the frost index. Here, we defined the frost-free period as the period
without late frost events based on daily climate conditions solely, and
thus we lacked information on when leaf unfolding occurs in the

sampled sites and during the study period. Further studies considering a
more mechanistic definition of the frost-free period and the beginning
of the leaf unfolding season using in situ phenological records or sa-
tellite-derived phenological surrogates may test if the frost index is a
valid approach to quantify the occurrence of late frost events and their
impact on growth.

We found a significant increase in the occurrence of negative
pointer years with the decrease in the 18 month-long August SPEI in-
dicating the sensitivity of the radial growth of Silver fir to summer

Table 2
Spearman correlation coefficients (rs) calculated by relating the occurrence of
negative pointer years in radial growth and the 18-month long August SPEI and
frost-index.

Tree species Site rs August SPEI p rs frost-index p

Silver fir ABAA −0.2 0.174 0.355 0.013
ASAA −0.135 0.359 0.369 0.01
CAAA −0.306 0.034 0.432 0.002
CHAA −0.229 0.089 0.426 0.001
COA −0.162 0.277 0.43 0.003
MAA −0.404 0.005 0.271 0.065
GAAA −0.149 0.251 0.264 0.04
GUAA −0.311 0.034 0.269 0.067
IAAA −0.363 0.011 0.414 0.003
LIAA −0.36 0.013 0.331 0.023
LOAA −0.282 0.055 0.321 0.028
ORAA −0.302 0.037 0.179 0.223
PAAA −0.332 0.021 0.228 0.119
SNAA −0.436 0.002 −0.06 0.684
SOAA −0.212 0.152 0.302 0.039
VIAA −0.279 0.048 0.405 0.003
YEAA −0.243 0.092 0.4 0.004

Beech COFS −0.044 0.734 0.275 0.032
AIFS −0.067 0.608 0.501 0.000
DIFS −0.1 0.446 0.468 0.000
EAFS −0.126 0.332 0.33 0.009
GAFS −0.048 0.716 0.351 0.006
L1FS 0.042 0.749 0.366 0.004
L2FFs 0.004 0.975 0.299 0.021
M4FS −0.063 0.636 0.278 0.034
M5FS −0.112 0.403 0.278 0.034
M10F −0.008 0.953 0.367 0.004
M17F −0.083 0.534 0.285 0.030
OR3F 0.013 0.924 0.319 0.014

Table 3
Results of the linear models selected to study the spatial patterns in the correlations between negative pointer years, drought intensity (18 month-long August SPEI)
and frost index. For each variable, the covariates included in the model are displayed (t statistic). The Akaike weight of the model (wi) and the pseudo-R2 are
displayed. TMed is the mean temperature.

Elevation longitude Latitude T Med TMed2 wi Pseudo-R2

rs SPEI 3.34** −6.38** – – – 18% 0.38
rs frost-index – – 2.13* 3.82** −4.37** 15% 0.33

Table 4
Statistics of the selected linear-mixed effects model fitted to the occurrence of
negative pointer years as a function of the 18 month-long August SPEI, the frost
index and their interaction. The ΔAICc, Akaike weight (wi) and pseudo-R2 of the
selected models are shown. The two values in the last column indicate the
marginal and conditional (between parentheses) R2 values, respectively.

Tree species Variable t value p ΔAICc wi R2

Silver fir SPEI −6.73 < 0.01 1.11 0.64 0.04 (0.05)
Frost index 5.74 < 0.01
Interaction – –

Beech SPEI −3.89 < 0.01 0.22 0.53 0.04 (0.09)
Frost index 7.39 < 0.01
Interaction – –

Fig. 5. Effects of drought (18-month long August SPEI) and frost index (ºC) on
the percentage of negative pointer years in Silver fir (red lines and symbols) and
beech (green lines and symbols) according to the selected Linear Mixed-Effect
models (see Table 4). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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drought in agreement with previous studies (Camarero et al., 2015a,b;
Gazol et al., 2015, 2018; Serra-Maluquer et al., 2019). The respon-
siveness of Silver fir to drought could explain the occurrence of dieback
episodes on Pyrenean forests which has been observed from the 1980s
onwards (Gazol et al., 2015). The post-1970s warming trends and the
occurrence of severe droughts have been identified as important factors
contributing to this decline (Sangüesa-Barreda et al., 2015). In parti-
cular, the severe 1985–1986 drought (see Figs. 3 and 4) has been
identified as the starting point for this declining trend (Camarero et al.,
2018; Camarero et al., 2011), which was intensified by successive
droughts such as those occurring in 2005 and 2012 (Camarero et al.,
2015b). Nevertheless, the 1986 spring was very cold in some sites
where spring frosts occurred (Fig. 3), so the potential interaction be-
tween drought and cold stress should be further investigated in those
sites. Regarding beech, several studies have also demonstrated that its
growth is impaired by summer drought (Rozas, 2003; Rozas et al.,
2015; Serra-Maluquer et al., 2019). A recent study considering several
populations across north-eastern Spain, suggests that the radial growth
of beech is decreasing as a consequence of global warming (Serra-
Maluquer et al., 2019). We found that drought intensity has increased
in the study region during the last decades (Table 2), and that this has
reduced the radial growth in beech as confirmed by the linear mixed-
effect models. However, the site to site analyses showed no significant
influence of SPEI on the occurrence of severe growth reductions in
beech. Thus, our results suggest that the radial growth of Silver fir is
more sensitive to summer drought than the growth of beech near their
southern distribution limits. This situation can be related to the fact that
some studied Silver fir forests are situated in regions with dieback
episodes occurring during the last decades (e.g. Camarero et al., 2018;
Gazol et al., 2015), whilst few beech stands showed symptoms asso-
ciated to drought-induced dieback (Camarero et al., 2018).

We found that the occurrence of negative pointer years in Silver fir
and beech was positively related to the frost index. A similar number of
forests of the two species (Table 2) showed an impact of the frost index
on the occurrence of negative pointer years. However, the fitted models
suggest that beech growth is slightly more impacted by late frosts than
Silver fir growth (Table 3; Fig. 4). Latreille et al. (2017) found a marked
sensitivity of Silver fir growth to the occurrence of summer drought and
frost along two altitudinal gradients in south-eastern France. Cailleret
and Hendrik (2011) found a higher sensitivity of beech to both, summer
drought and late frost, along a wide altitudinal and climatic gradient in
southern France. In our study, most of the studied Silver fir stands are
mountain forests found at intermediate to high elevations (from 918 to
2008m), whereas beech forests display a greater altitudinal gradient
(from 405 to 1850m) encompassing mountain and lowland forests.
This is probably the reason for the strong linkage between the start of
the frost-free period and site elevation in the case of beech, whereas in
Silver fir it was mainly related with site latitude. These differences to-
gether with the widespread decline of silver fir in the region as a con-
sequence of drought could explain the higher sensitivity to drought of
Silver fir, and the marked growth responsiveness to frost in beech.

The occurrence of late frost events can impact tree growth nega-
tively due to two mechanisms: frost damage in the bursting buds and
expanding leaves and frost-induced xylem embolism (Fernández-Pérez
et al., 2018). However, the freezing-tolerance of the study species in
winter is much higher that the negative temperatures reached during
spring frosts (Sakai and Larcher, 1987). In this sense, it is unlikely that
frost-induced xylem embolism (e.g. Camarero et al., 2015a) can be
impairing growth in the selected sites. Most likely, negative impacts of
frost on drought may occur as a consequence of the death of young
leaves just after flushing (Augspurger, 2009). This will explain why the
deciduous beech is more sensitive to late frost events than the evergreen
Silver fir. However, further research is required to disentangle the
mechanisms by which late frost events can reduce growth of these
species. Moreover, it is also plausible to think that not all late frost
events translate into growth reductions (Puchałka et al., 2016, 2017) as

favourable growing seasons can mitigate its impacts. Thus, post-frost
resilience mechanisms should also have to be considered including a
higher photosynthesis rate and lifespan of second‐cohort leaves or an
enhanced autumn bud growth, changes which allow compensating for
spring frost damage in beech saplings (Zohner et al., 2019). In addition,
beech shows a conservative phenology as compared with other tree
species (e.g. Acer spp.), which leaf out earlier and are more affected by
spring frosts (Hufkens et al., 2012; Ma et al., 2019).

Evaluating long-term late frost damage on tree performance is
challenging as it requires reconstructing phenology and local climate
conditions (Augspurger, 2013). This is particularly important mostly
considering that different phenological forms of the same species can
coexist even within a region (Rubtstov and Utkina, 2008; Kraj and
Sztorc, 2009; Utkina and Rubtsov, 2017), and that trees can have local
adaptations to tolerate late frost events or to recover after them
(Puchałka et al., 2017). In this study, we followed a conservative de-
finition of late frost events by considering that the start of the frost-free
period in each site was fixed during the study period (1950–2012), and
by considering only the frosts that occurred during this period. The
frost-free period started right after early March in only six beech forests
with mean annual temperatures above 10 °C. Conversely, in eleven
Silver fir sites and four beech sites the frost-free period started after
early May, and those sites had mean annual temperatures below 6 °C.
Probably because of global warming, the occurrence of late frost events,
as defined in this study, has decrease in the study region (Table 2).
However, it is also plausible to think that the phenology of the tree
species is changing (Gordo and Sanz, 2010; Vitasse et al., 2014b). Thus,
our conservative definition of frost-index could be reformulated con-
sidering other factors as the photoperiod (Körner et al., 2016). In ad-
dition, better assessments of frost impacts based on remote-sensing or
digital camera data may help to advance in this topic (Richardson et al.,
2018).

To conclude, beech and Silver fir growth was reduced by both late
frosts and summer droughts, but not by their interaction. Beech growth
was mainly impacted by late frosts, whereas Silver fir growth was more
constrained by dry summers despite it also responded to late frost.
Further studies should use phenological information to pinpoint frost
effects on growth and, and also investigate resilience patterns related to
post-frost refoliation.
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