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A B S T R A C T

Winters and early springs are predicted to become warmer in temperate climates under continued global
warming, which in turn is expected to promote earlier plant development. By contrast, there is no consensus
about the changes in the occurrence and severity of late spring frosts. If the frequency and severity of late spring
frosts remain unchanged in the future or change less than spring phenology of plants does, vulnerable plant
organs (dehardened buds, young leaves, flowers or young fruits) may be more exposed to frost damage. Here we
analyzed long-term temperature data from the period 1975–2016 in 50 locations in Switzerland and used dif-
ferent phenological models calibrated with long-term series of the flowering and leaf-out timing of two fruit trees
(apple and cherry) and two forest trees (Norway spruce and European beech) to test whether the risk of frost
damage has increased during this period. Overall, despite the substantial increase in temperature during the
study period, the risk of frost damage was not reduced because spring phenology has advanced at a faster rate
than the date of the last spring frost. In contrast, we found that the risk of frost exposure and subsequent
potential damage has increased for all four species at the vast majority of stations located at elevations higher
than 800 m while remaining unchanged at lower elevations. The different trends between lower and higher
elevations are due to the date of the last spring frost moving less at higher altitudes than at lower altitudes,
combined with stronger phenological shifts at higher elevations. This latter trend likely results from a stronger
warming during late compared to earlier spring and from the increasing role of other limiting factors at lower
elevations (chilling and photoperiod). Our results suggest that frost risk needs to be considered carefully when
promoting the introduction of new varieties of fruit trees or exotic forest tree species adapted to warmer and
drier climates or when considering new plantations at higher elevations.

1. Introduction

In temperate climates, the greatest risk of frost injury to herbaceous
and woody plant species occurs during the period of vegetation onset in
spring, and this risk appears to be a strong driver of evolution (Inouye,
2000; Vitasse et al., 2014b). In early spring, prior to bud break, buds of
forest species in temperate climatic zones are in a phase of eco-
dormancy and their resistance to frost decreases progressively as tem-
perature rises (dehardening period) reaching a minimum as new leaves
emerge (Lenz et al., 2013b; Sakai and Larcher, 1987; Vitasse et al.,
2014b). The timing of vegetation onset is therefore decisive in mini-
mizing the risk of frost injury (Lenz et al., 2016). This is why late spring
frost events are climatic extremes with high ecological and evolutionary
importance, likely controlling the latitudinal and elevational limits of

temperate trees (Kollas et al., 2014; Körner et al., 2016).
Destruction of foliage, flowers and unripe fruits due to late spring

frost is a considerable loss for trees since it negatively affects nutrient
storage, growth, reproduction, leaf development, and ultimately sur-
vival in subsequent years (Vanoni et al., 2016). In addition, late spring
frosts may cause important economic losses, in particular when they
affect the flower or fruit tissue in orchards and vineyards, which can
dramatically reduce fruit production (Rodrigo, 2000). In forest trees,
frost injury can affect the production of biomass (Dittmar et al., 2006),
which is a loss for the timber industry, and may eventually weaken
trees, resulting in them becoming more vulnerable to pathogens
(Wargo, 1996). Temperate trees have thus adapted their spring phe-
nology to begin their development in spring in connection to the mean-
long term probability of late spring frost events (Lenz et al., 2016).
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Nevertheless, wild trees seldom experience serious frost injury to de-
veloping leaves and flowers within their natural distribution ranges
(e.g. Fig. 1). In orchards, breeding objectives are prioritized to increase
fruit production so that the current and future cultivated varieties may
not be well synchronized with the long-term probability of late spring
frosts. A challenging issue for fruit growers today is to assess whether
promoting new varieties adapted to warmer and drier climates during
summer time (generally having earlier spring phenology), could be
more profitable in future decades. This would occur if the latest po-
tentially damaging frost in spring would advance (i.e. occur earlier in
the year) to a greater extent than the advance of spring phenology.
Similarly, in forestry, the challenge is to determine which species or
local provenances are most suitable to grow under future warmer
conditions in future decades. In contrast to crop plants, which can be
irrigated, forest trees must be able to cope with severe droughts, the
frequency and intensity of which are expected to increase in future
decades in Switzerland (Scherler et al., 2016). Thus, forest managers
are currently turning towards the scientific community to get insights
on which climatic extremes, with which frequency, will affect trees, and
whether exotic species more able to withstand such climatic extremes
should be considered for plantations (Lindner et al., 2010). In such
discussions, the focus has often been placed on the ability of the future
trees to withstand extreme drought whereas the relationship between
spring phenology and potential frosts has largely been ignored.

Widespread frost damage to natural vegetation and crops has re-
cently been reported. For instance the frost event that occurred in the
eastern United States in early April 2007 caused extensive damage to
crops and wild vegetation across large areas (Augspurger, 2009; Gu
et al., 2008). Three years later, in spring 2010, another important frost
event affected forests in the northeastern United States, with a strong
negative impact on productivity (Hufkens et al., 2012). In Europe,
significant frost damage to cultivated and forest trees was reported in
1995 in France (Ningre and Colin, 2007), in 2011, 2016 and 2017 in
Switzerland (Fig. 1), and in south Germany and northeastern France
(Kreyling et al., 2012a). In the majority of these examples, frost damage
occurred after an unusually warm period that triggered precocious
spring phenology. However, it is still unclear whether the risk of natural

and cultivated trees encountering frost damage has recently changed,
because both spring phenology and minimum temperatures need to be
analyzed simultaneously over a long period, which is limited by the
amount of available data. Only a few studies have addressed whether
plants have been at higher or lower risk from spring frosts in recent
decades (Augspurger, 2013; Bennie et al., 2010; Hänninen, 1991; Rigby
and Porporato, 2008; Scheifinger et al., 2003). While it is very likely
that overall frost frequency has been reduced and will continue to de-
cline in the future (IPCC, 2013), this does not necessarily mean that the
risk of frost damage to natural and cultivated trees is decreasing.
Temperate forest trees are most vulnerable to frost when the leaves are
emerging from buds in spring (Vitasse et al., 2014b), and this period of
vulnerability has advanced substantially in response to warmer tem-
peratures. For instance, using ground observations of forest trees from
over 3′800 locations in Western Europe, Fu et al. (2014) showed that
the leaf-out date of temperate trees has advanced by about 13 days
during the period 1982–2011.

The phenological shift of spring onset in response to climate change
has considerable implications for crop management, especially in
agriculture and forestry, human health (transport of allergens and
disease vectors), as well as in numerous supporting and regulating
ecosystem services such as nutrient cycle and carbon storage (Polgar
and Primack, 2011; Richardson et al., 2013). In addition, foresters,
farmers and fruit growers may adapt to warmer and drier climate
during summer by using earlier new varieties, provenances or alter-
native species, potentially resulting in greater exposure to frost damage.

Since the mid-1980s, there has been an unresolved debate over
whether the risk of frost damage on temperate plants will increase in
future decades under continued climate change. For instance, Hänninen
(1991) predicted an increased risk of frost damage under an expected
warmer climate in Finland. Augspurger (2013) drew the same conclu-
sion when focusing on 20 woody species in Illinois (USA), while no
change or even a decreased risk was expected in the future decades in
other studies in the Netherlands and Italy (Eccel et al., 2009b; Kramer,
1994a). Overall, late spring frosts were predicted to generally occur
earlier but the stochasticity of such events is such that plants might be
at higher risk of encountering frost damage, especially in more con-
tinental areas (Kreyling et al., 2012b). These contradictory predictions
are likely due to the lack of sites where long time series of phenological
observations have been recorded along with temperature. In addition,
when both datasets are available, frost damage is too rare to investigate
whether its frequency has changed in recent decades. A robust alter-
native is to quantify the safety margin against frost by comparing the
timing of the last spring frost event with the observed or predicted date
of flowering or leaf-out dates (Lenz et al., 2016; Lenz et al., 2013b) and
testing whether this safety margin has changed over the last decades
(Scheifinger et al., 2003). There are three alternative hypotheses asso-
ciated with climate change and frost damage: (i) the risk of frost da-
mage remains unchanged because both phenology and the frost-free
period advance to the same extent (Fig. 2, hypothesis a); (ii), the risk of
frost damage decreases because phenology advances less than the frost-

Fig. 1. Frost damage observed on European beech on June 22, 2016 induced by a late
spring frost event on April 28, 2016 in the Swiss Jura Mountains at 1100 m a.s.l. (©
photo: left M.R., right Y.V. June 22, 2016).

Fig. 2. Theoretical hypotheses on how the risk of spring frost damage to
trees could change under climate warming.
Hypothesis a, the risk of frost damage remains unchanged because both
phenology and the frost-free period advance to the same extent.
Hypothesis b, the risk of frost damage decreases because phenology ad-
vances less than the frost-free period.
Hypothesis c, the risk of frost damage increases because phenology ad-
vances more than the frost-free period.
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free period (Fig. 2, hypothesis b); (iii) the risk of frost damage increases
because phenology advances more than the frost-free period (Fig. 2,
hypothesis c). We tested these hypotheses over the period 1975–2016 at
sites throughout Switzerland at various elevations between 203 m asl.
and 2283 m asl., focusing on the two dominant forest tree species in
Switzerland, European beech (Fagus sylvatica L.) and Norway spruce
(Picea abies (L.) Karst.), and on two widely cultivated fruit trees, cherry
(Prunus avium L. or Prunus cerasus L.) and apple tree (Malus domestica
Borkh.), for which long-term series of phenological observations are
available.

2. Data and methods

2.1. Study sites and phenological data

We selected all weather stations managed by MeteoSwiss situated
below the treeline (i.e. ∼2400 m in Switzerland, Gehrig-Fasel et al.,
2007) with daily minimum and maximum temperatures recorded since
1975. This selection resulted into 50 stations covering elevations be-
tween 203 m and 2283 m and located in all climatic regions of Swit-
zerland, i.e. the Alps (Northern, Western central, Eastern central, and
Southern Alps), Jura Mountains and Swiss Plateau (Fig. 3).

Although some of the 50 sites were above the current distribution of
the selected species, in particular for fruit trees, it is interesting to test
whether these species would be more exposed to frost when planted
beyond their current upper elevation limit.

In 8 of the 50 selected sites, long-term series of flowering observa-
tions containing at least 35 years of data during the period 1975–2016
were available for two representative orchard fruit trees in Switzerland:
cherry tree and apple tree. Similarly, long-term series of leaf-out ob-
servations containing at least 35 years of observations were available in
8–11 of the selected sites for two representative and dominant forest
tree species in Switzerland: Norway spruce and European beech (see
Appendix A in Supplementary material). Phenological observations
were conducted weekly on single or several individuals by 1–8 ob-
servers per site applying a protocol for phenological monitoring made
available by MeteoSwiss. For fruit trees, we selected the date when full
flowering was recorded, corresponding to 50% of flowers open with
some petals possibly fallen. For forest trees, we selected the date of leaf-
out for beech and needle elongation for spruce, corresponding to more

than half of the canopy of a given individual reaching this stage. For
apple trees, phenological monitoring was conducted on the cultivar
‘Belle de Boskoop’ at most of the sites, except at one site (CGI) where
mostly the cultivar ‘Golden delicious’ was recorded during the study
period. The cultivar was unknown at two sites (ABO and ALT). For
cherry trees, phenology was monitored on wild ecotypes at two study
sites (CHU, ELM), on three different varieties at one site (CGI) de-
pending on years (‘Burlat’, ‘Hedelfingen’, ‘Durone nero 1′), on the variety
‘Alfa’ at one site (LUZ), on sour cherry (Prunus cerasus L.) at one site
(ABO), and on unknown variety in three sites (DIS, SMA and HLL). Only
minor differences in the timing of full flowering among the different
selected varieties and sour cherry have been observed in Switzerland
(Dubuis et al., 2011). For clarity and brevity, we refer to each of the
selected species by its genus in the following account.

2.2. Phenology modeling

Phenological data were checked for outliers prior to conducting the
analyses. Within a station, observations corresponding to more than 2.5
times the median absolute deviation (moderately conservative
threshold) across the study period were removed, as recommended by
Leys et al. (2013). We calibrated six different phenological models on
the sites where both phenological observations and temperature records
were available in order to simulate flowering (Prunus and Malus) and
leaf-out dates (Fagus and Picea) in all the 50 study sites. We first used a
classical growing degree day model with an arbitrary date to accumu-
late daily mean temperature, fixed as January 1st and a temperature
base threshold of 5 °C, as typically applied in numerous studies. The
average GDD values reached at the time of flowering/leaf-out were 147
degree days for Prunus, 219 degree days for Malus, 185 degree days for
Fagus and 236 degree days for Picea. Because a significant trend was
found between the GDD reached at the time of flowering/leaf-out and
elevation of the station for all the four species, we used the slope of the
corresponding linear relationships to adjust the required GDD ac-
cording to elevation (−5.65 degree days 100 m−1 for Prunus −5.02
degree days 100 m−1 forMalus,−10.33 degree days 100 m−1 for Fagus
and −12.31 degree days 100 m−1 for Picea). These different GDD
thresholds (adjusted for elevation) were then applied to simulate
flowering and leaf-out dates at all selected weather stations for each
species. This simple model is referred to hereafter as GDDfixed. We then

Fig. 3. Locations, names and elevations of the 50
MeteoSwiss weather stations and phenological sta-
tions used in the analyses. Open symbols represent
weather stations without phenology observations.
Filled symbols represent weather stations where
long-term of phenological observations were avail-
able for at least one of the four study species (see also
Appendix A in Supplementary material).

Y. Vitasse et al.



used the software PMP (Phenological Modeling Platform, Chuine et al.,
2013) to calibrate five different models available in the literature to our
phenological dataset: two 1-phase models (accounting only for the
forcing temperature accumulation during the ecodormancy phase) and
three 2-phase models (accounting for both chilling temperatures during
the endodormancy and forcing temperatures during the ecodormancy).
The 1-phase models were (i) a classical growing degree days model,
also called a thermal time model or spring warming model (Cannell and
Smith, 1983), with three fitted parameters, referred to hereafter as
GDDfit and (ii) the Sigmoid model with four fitted parameters (Chuine
and Cour, 1999). The 2-phase models were (i) the UniChill model with
7 fitted parameters (Chuine, 2000; Chuine et al., 2013), (ii) the parallel
model with 11 fitted parameters (Kramer, 1994b; Landsberg, 1974) and
(iii) the Utah model with 8 fitted parameters (Richardson, 1974). For
this latter model we used the smooth Utah function (Bonhomme et al.,
2010) implemented in the PMP software for modeling the en-
dodormancy phase and a classical GDD function for modeling the
ecodormancy phase, both phases acting sequentially. Detailed equa-
tions for the functions used in the different models are presented in
Appendix B in Supplementary material. Model parameters were derived
using a simulated annealing algorithm (Chuine and Cour, 1999; Chuine
et al., 1998) implemented in the PMP software. To assess the robustness
of the models, a 2-fold cross-validation was performed for each model
and species, fitting the parameters on even years (training set) and
validating them on the odd years (validation set). We compared the
model accuracies using three criteria, with the first being the Nash–-
Sutcliffe Efficiency index (NSE, Nash and Sutcliffe, 1970). A negative
NSE value indicates that the model performs worse than the null model
(mean dates of leaf-out/flowering), whereas a positive NSE value in-
dicates that the model explains more variance than the null model, with
a maximum value of 1 indicating a perfect match between the model
and observations. The second criterion was the root means squared
error, which gives the mean error of the prediction in days and third
was the corrected Akaike Information Criterion (AICc, Burham and
Anderson, 2002) which rates models in terms of parsimony and effi-
ciency, where the lowest value is associated with the best model. We
selected the model with the lowest AICc value when calibrating on the
whole dataset, ensuring that predictions were not altered in the two
cross-validations based on RMSE and NSE values. For Malus, models
were calibrated on sites sharing the same cultivar and very similar re-
sults were found concerning model parameters when comparing with
the model calibration conducted on all observations, including the
different cultivars.

2.3. Safety margin against frost and minimum temperatures around
flowering/leaf-out time

The time lag between the predicted dates of flowering or leaf-out
and the latest spring frost< 0 °C was calculated for each year, station
and species during the study period 1975–2016. This time lag is re-
ferred to hereafter as the safety margin against frost, as denominated by
Lenz et al. (2013b). Linear regressions were used to determine whether
the safety margin has changed over the last four decades for each site
and species. Although young leaves of temperate trees have been shown
to resist to temperatures below between −8 °C to −3 °C in the la-
boratory (Lenz et al., 2013b; Vitasse et al., 2014a), temperatures below
0 °C as recorded in a standard weather station can potentially damage
emerging leaves, flowers and young fruits. During clear and windless
nights, radiative cooling may lead to temperatures in plant tissues
several degrees lower (from 4 to 8 °C lower) than those measured at 2 m
height under the sheltered conditions of a Stevenson screen (Ducrey,
1998). It is therefore common, under clear night conditions, to observe
frost damage to wild and cultivated trees in spring when the measured
dry air temperature is close to 0 °C (Ducrey, 1998; Osaer et al., 1998;
Perraudin and Fellay, 1975), especially for trees at the forest edge. This
is also why in orchards, water aspersion of tree canopies to protect

flowers and juvenile fruits against frost is typically applied as soon as
temperatures reach 0 °C (Perraudin and Fellay, 1975; Quénol, 1998).
Note that we obtained similar results using −3 °C as a threshold for
frost in our analyses for the safety margin trends in recent decades or
when using the other non-selected models for predicting phenology. As
substantial differences were found between stations below and above
∼800 m (Appendix C in Supplementary material), in the following all
results are split into two elevation classes: stations located below 800 m
(n = 29) and stations located above 800 m (n = 21).

We also examined the lowest minimum temperature occurring from
two weeks before to 4 weeks after the predicted flowering and leaf-out
time, as we assumed dehardened buds, emerging leaves, flowers and
developing fruits to be most vulnerable to frost during this time window
(Rodrigo, 2000; Vitasse et al., 2014b).

All data analyses were performed using Rstudio version 0.99.489 (R
Core Team, 2015).

3. Results

3.1. Trends in minimum and maximum temperature and latest spring frost

Spring maximum temperatures increased almost twice faster than
minimum temperatures during the period 1975–2016, by
0.63 °C.decade−1 and 0.37 °C.decade−1 on average across sites, re-
spectively (Fig. 4a & b). Warming trends in maximum (Fig. 4a) and
minimum (Fig. 4b) temperatures were slightly enhanced at higher

Fig. 4. Trends in spring temperatures and in the occurrences of the latest spring frost
across the 50 meteorological stations during the period 1975–2016.
a. spring (MAM) daily maximum temperatures across all stations and across stations
below or above 800 m a.s.l
b. spring (MAM) daily minimum temperatures across all stations and across stations
below or above 800 m a.s.l
c. Time of occurrence of the latest spring frost across all stations and across stations below
or above 800 m a.s.l.
11-year moving averages were applied and slopes of the linear regressions were reported
on the graphs.
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elevations. Across all stations, the latest spring frost event below 0 °C
has significantly advanced by 2.2 days.decade−1 on average across
stations, yet with a high variability (Fig. 4c). The advance was not
significant at stations located above 800 m (−1.9 days.decade−1

p = 0.07, Fig. 4c), whereas trends were significant on average for lower
elevations (−2.6 days.decade−1 p = 0.02, Fig. 4c).

3.2. Trends in spring flowering and leaf-out timing between 1975 and 2016

Long-term series of phenological observations available across 8
sites for Prunus and Malus showed a significant advance in flowering by
−3.9 ± 0.1 and −4.9 ± 0.1 days.decade−1, respectively (Fig. 5).
Full flowering occurred on average 10 days later in Malus compared to
Prunus, although this difference has declined in recent years (Fig. 5). In
contrast, trends in the leaf-out dates of forest tree species across the
8–11 sites were less pronounced but still significant, on average
−1.3 ± 0.1 and −2.5 ± 0.1 days.decade−1 for Fagus and Picea, re-
spectively (Fig. 5). A breakpoint was detected around 1987–1989 for all
species, particularly visible for fruit tree species (Fig. 5). Interestingly,
the phenological ranking among the four study species has changed
over time because of their different sensitivity to climate: spring phe-
nology of Fagus occurred in second position after Prunus flowering and
before Malus flowering from 1975 to ∼1995, whereas it occurred in
third position, substantially after Malus flowering during the following
period.

3.3. Performance of the phenological models

Fitted across the whole data set, the different models provided high
NSE values for all species, from 0.70 to 0.79, with root mean square
errors (RMSE) from 6.53 to 7.83 days and negligible bias, except for
GDDfixed which gives NSE<0.5 and RMSE > 10 when calibrating on
the Fagus and Picea datasets (Table 1). Overall, the 2-phase models that
account for the duration of chilling to release endodormancy and for
modulating heat requirement, performed as well as the 1-phase models
accounting for the ecodormancy phase only (Table 1). Regarding the
AICc values, the Sigmoid model outperformed the other models for
Prunus, Malus and Picea, whereas the parallel model performed better
for Fagus (Table 1). We therefore used these two models in all further
analyses. Overall, the performance of the models was not altered be-
tween the validation and the training set, showing that the models were
robust and that the number of data points was sufficient to avoid over-
parameterization issues (Table 1).

3.4. Trends in the safety margin against frost

Overall the safety margin against the latest frost, defined as the
difference between the latest frost event and predicted date of flowering
(fruit trees) or leaf-out (forest trees), has remained unchanged at lower
elevation sites (Fig. 6a), whereas it has significantly declined at sites
above 800 m asl. from −1.7 ± 0.9 days.decade−1 to
−2.4 ± 0.9 days.decade−1 for Picea and Malus, respectively (Fig. 6b).
In other words, the risk that young leaves or flowers encounter freezing
temperatures has remained unchanged at lower elevations but has in-
creased at higher elevations over the last decade in connection with
earlier phenology.

In detail, using the best model to predict phenology, the safety
margin declined at less than 40% of the lower elevation sites, irre-
spective of species, and none of these trends were significant, whereas
the safety margin increased significantly at 7% of the sites (Table 2). In
contrast, it declined at ∼90% of the higher elevation sites, significantly
so (P < 0.05) at about 15% of sites (Table 2 & Appendix C in Supple-
mentary material).

3.5. Trends in the lowest minimum temperature occurring after flowering/
leaf-out

The lowest minimum temperature occurring from two weeks before
to a month after the predicted date of flowering or leaf-out has re-
mained unchanged for all four species, irrespective of elevation (Fig. 7),
although trends tend to be positive at lower elevation sites (Fig. 7a) and
negative at higher elevation sites (Fig. 7b).

4. Discussion

The occurrences of freezing temperatures in spring in a mid-latitude
region such as Switzerland are highly unpredictable and the spring
phenology of temperate zone vegetation must be well-adapted to escape
frost damage over long time-scales by having a large safety margin
against frost (Lenz et al., 2013a; Lenz et al., 2016). Since the mid-1970s,
climate warming in Switzerland has been particularly pronounced in
spring and summer compared to the other seasons (Matiu et al., 2016;
Rebetez and Reinhard, 2008). With data up to 2016 and 50 stations, our
results confirm that the warming trend was still very pronounced in
spring over the last 4 decades, especially for maximum temperatures
(0.63 °C.decade−1), which have increased almost twice as much as
minimum temperatures (0.37 °C.decade−1). We hypothesized that this
temperature increase and the differences between the increases in
minimum and maximum temperatures may have disrupted the syn-
chrony between spring tree phenology and long-term probability of
injury by late spring frost. Consistently, our results show that the risk
that vulnerable tissues (emerging leaves, flowers and young fruits) will
encounter late spring frosts has increased significantly over the last four
decades at higher elevations, while it has remained unchanged at lower
elevations.

4.1. Advance of spring frost versus spring phenology

Our results show that the sequence of phenological events among
species may change over time. On average across sites, leaf-out of Fagus
occurred earlier than the flowering of Malus in the 1970s and 1980s,
whereas the reverse was detected for the 2000s and 2010s. The change
in the spring phenology order among co-existing species is not unusual
due to species-specific climatic requirements to break dormancy but is
more expected under warmer climate when chilling may become lim-
iting. A similar result has been observed in Morocco between almond
and olive trees (El Yaacoubi et al., 2014) and has been predicted to
occur for an array of forest tree species in UK (Roberts et al., 2015). In
the same way, the flowering time of apple trees var. Golden Delicious has
remained unchanged in recent decades in southern France where

Fig. 5. Mean date of full flowering for Malus and Prunus and of leaf-out for Fagus and
Picea during the period 1975–2016, averaged from 8 to 11 sites, depending on species,
with more than 35 years of observations. 11-year moving averages were applied and
slopes of the linear regressions were reported.
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chilling and photoperiod may have been limiting factors, whereas it
advanced substantially in northern France, Switzerland and Germany
(Legave et al., 2015).

Spring vegetation phenology was recently reported to respond more
to temperatures during daytime than nocturnal temperatures (Fu et al.,
2016; Peng et al., 2013). Our study highlights that maximum tem-
peratures have increased almost twice faster than minimum tempera-
tures, which is in line with a greater advance of spring phenology over
frost events. This result contrasts with an earlier study conducted at 50
sites spread over Germany, Austria and Switzerland (Scheifinger et al.,
2003), which reported a greater increase in minimum compared to
maximum temperatures and a greater advance of latest frosts
(−2.0 days.decade−1 over the period 1951–1997) compared to the
advance of spring phenology of temperate forest trees and shrubs (−2
to 0 days.decade−1 depending on species). This contrast with our re-
sults is probably due to the earlier time period considered during which
minimum temperatures were generally observed to increase more than
maximum temperatures in the Northern hemisphere (Hansen et al.,
1995; Karl et al., 1993), including Switzerland (Rebetez, 2001). This
reduction in diurnal temperature range (DTR) was due in part to the

increase in air pollution and aerosols during the 20th century, through
their impact on solar radiation (Wild et al., 2005), contributing to
warmer nights and fewer warming days, especially at lower elevations.
It was also due in part to a series of high North Atlantic Oscillation
(NAO) index values (Hurrell and Deser, 2009; Hurrell and Van Loon,
1997) at the end of the 20th century impacting parts of Europe, in-
cluding Switzerland (Rebetez, 2001). Our study covered the period
1975–2016, which did not exhibit this reduction in DTR. It shows a
more constant and homogenous warming compared to previous dec-
ades, making it an ideal study period to test whether the risk of frost
injury has been increasing during a continuous warming trend. In line
with our results, Matiu et al. (2016) also observed that maximum
temperatures had increased more than minimum temperatures during
the period 1973–2012 in the UK, Switzerland and Germany, especially
in spring where the mean trend in minimum temperatures was ap-
proximately half the trend of maximum temperatures, as roughly found
here.

Using a modified version of the Utah model, Eccel et al. (2009b)
reported a reduction in the risk of frost damage to apple trees in
northern Italy 1966–2005 and predicted a further decrease or

Table 1
Performance of the phenological models fitted on the whole data set along with the 2 fold cross-validation (even vs. odd years).

Malus

Whole data set (n = 295) Training set (n = 146) Validation set (n = 149)

Models RMSE NSE Bias AICc RMSE NSE Bias RMSE NSE Bias
GDDfixed 7.72 0.70 1.43 1208 7.96 0.70 1.73 7.19 0.73 −0.13
GDDfitted 7.19 0.74 0.03 1171 7.47 0.74 −0.16 7.46 0.69 −1.33
Sigmoid 7.09 0.75 0.03 1163 7.31 0.75 −0.52 7.05 0.72 −1.20
UniChill 7.11 0.75 0.43 1376 6.63 0.79 0.86 6.71 0.77 0.78
Parallel 7.19 0.74 0.11 1391 7.35 0.74 0.13 7.17 0.72 −0.47
Utah 7.08 0.75 0.28 1170 7.24 0.75 −0.09 6.90 0.75 −0.68

Prunus

Whole data set (n = 307) Training set (n = 148) Validation set (n = 159)

Models RMSE NSE Bias AICc RMSE NSE Bias RMSE NSE Bias
GDDfixed 7.83 0.70 1.21 1266 7.86 0.71 1.36 7.71 0.70 −0.22
GDDfitted 7.05 0.76 0.45 1205 7.24 0.75 −0.03 6.93 0.75 −0.08
Sigmoid 6.53 0.79 0.13 1160 6.62 0.79 −0.38 6.54 0.78 −0.68
UniChill 6.56 0.79 0.84 1382 6.58 0.79 0.85 6.50 0.78 0.73
Parallel 6.89 0.77 −0.11 1421 6.90 0.77 −0.35 6.82 0.76 −0.50
Utah 6.65 0.78 0.61 1181 6.69 0.79 0.07 6.67 0.77 0.03

Fagus

Whole data set (n = 416) Training set (n = 213) Validation set (n = 203)

Models RMSE NSE Bias AICc RMSE NSE Bias RMSE NSE Bias
GDDfixed 12.34 0.39 1.78 2093 12.75 0.32 1.06 12.12 0.44 0.38
GDDfitted 8.68 0.70 0.13 1804 8.27 0.71 0.06 9.12 0.68 0.67
Sigmoid 8.57 0.71 0.18 1792 8.12 0.72 0.23 9.06 0.69 0.93
UniChill 8.59 0.70 0.86 1795 8.20 0.72 1.18 9.26 0.67 1.93
Parallel 8.48 0.71 0.11 1789 7.90 0.74 0.06 9.02 0.69 1.03
Utah 8.55 0.71 0.64 1796 8.05 0.73 0.66 9.04 0.69 1.22

Picea

Whole data set (n = 302) Training set (n = 152) Validation set (n = 153)

Models RMSE NSE Bias AICc RMSE NSE Bias RMSE NSE Bias
GDDfixed 10.41 0.47 1.53 1417 10.61 0.44 0.58 10.05 0.51 1.60
GDDfitted 7.80 0.70 −0.07 1246 7.56 0.72 −0.12 8.05 0.69 0.89
Sigmoid 7.47 0.73 −0.01 1223 7.30 0.73 −0.01 7.72 0.71 0.62
UniChill 7.50 0.73 0.64 1229 7.25 0.74 1.15 7.92 0.70 1.70
Parallel 7.44 0.73 0.10 1233 7.09 0.75 −0.41 7.87 0.70 0.49
Utah 7.45 0.73 0.24 1227 7.20 0.74 0.34 7.85 0.70 0.98

RMSE, root mean square error; NSE, Nash–Sutcliffe Efficiency index; Bias, mean difference between the observed and the predicted dates. Values of the selected model for the analysis
were highlighted in bold.

Y. Vitasse et al.



unchanged risk for the coming decades. It is likely that the increase in
temperatures may result in different patterns for spring frost, depending
on the specific climatic conditions of the area. As a result, it may be
necessary to study this phenomenon at regional scales rather than at
larger scales. For instance, phenology is expected to advance more in
colder areas than in warmer areas, where chilling and photoperiod may
become limiting and therefore may reduce the sensitivity of vegetation
spring phenology to temperature increases (Fu et al., 2015). The region
studied by Eccel et al. (2009a) covers a warmer region in northern Italy,
on the southern side of the Alps; our results show that the warmer the
temperature, the less significant the increase in late spring frost risk
(Appendix C in Supplementary material).

4.2. Different trends between low and high elevations

Our study suggests that the strong shift in spring phenology ob-
served in recent years has led to a decline in the safety margin against
frost exposure at higher elevations, whereas it has remained more or
less unchanged at lower elevations. We suggest that the differences in
trends at lower and higher elevations can be attributed to two main
causes. Firstly, the last spring frost events, although on average oc-
curring earlier in the year, have not advanced significantly at stations
located above 800 m. Secondly, during the study period, a stronger
phenological shift has occurred at higher elevations (predicted mean
across species and all 50 stations: −3.9 days.decade−1, data not
shown) compared to lower elevations (−2.2 days.decade−1, data not
shown), consistent with long-term observations in the same area
(Güsewell, 2014). This stronger shift at higher elevations in turn may be
connected to the greater temperature increase during late spring com-
pared to early spring during the study period (mean temperature in-
crease February-March: 0.15 °C decade−1, April-May: 0.62 °C de-
cade−1, Appendix D in Supplementary material) and/or to fewer
limiting factors such as insufficient chilling requirements or too short a
photoperiod (Fu et al., 2015; Vitasse and Basler, 2013).

4.3. Modeling spring phenology

Growing degree days (GDD) is a widely-used metric to predict
spring phenology in agricultural and forest lands. Although the GDD
requirement for triggering vegetation onset is expected to increase
progressively with climate change due to a progressive lack of chilling
(Fu et al., 2015), it has been shown to be an excellent proxy for spring
phenology in the past decades for crops (eg. Miller et al., 2001; Sacks
and Kucharik, 2011; Wang and Engel, 1998), forest trees (Vitasse et al.,
2011), fruit trees such as apple trees. (Rivero et al., 2016) and vineyards
(Jones et al., 2010). Our results confirm that the timing of flowering or
leaf-out of fruit and forest trees can be predicted well using an accu-
mulation of heat in spring, either with a linear function (GDD) or a

Fig. 6. Trends in the safety margin against the latest frost (< 0 °C) for the four study
species using the best model to predict spring phenology (model Sigmoid for Prunus,
Malus and Picea and model Parallel for Fagus) across all 50 sites during the period
1975–2016 at lower (a) and higher (b) elevations. The safety margin was calculated as the
difference between the latest frost< 0 °C and the predicted date of flowering (Malus and
Prunus) or leaf-out (Fagus and Picea). Note that a reduction of the safety margin against
frost means an increasing risk to frost exposure. 11-year moving averages were applied
and slopes of the linear regressions were reported.

Table 2
Number of lower and higher elevation stations (below or above 800 m asl.) for which the
safety margin against frost has decreased (negative trends) or increased (positive trends)
for each study species.

Stations < 800 m (n = 29) Stations > 800 m (n = 21)

Negative Positive Negative Positive

Prunus 10 (0) 19 (1) 17 (3) 4 (0)
Malus 16 (0) 13 (0) 20 (4) 1 (0)
Fagus 8 (0) 21 (5) 19 (3) 2 (0)
Picea 9 (0) 20 (3) 19 (3) 2 (0)

The number of stations presenting significant trends at P < 0.05 is reported in brackets.
The safety margin has been calculated as the day of the predicted flowering dates (using
the best phenological model) subtracted by the day of the latest frost< 0 °C. The best
model used for Prunus, Malus and Picea was the Sigmoid model, whereas for Fagus it was
the Parallel model.

Fig. 7. Trends in the intensity of frost around the time of the predicted flowering or leaf-
out dates in all 50 stations during the period 1975–2016 at lower (a) and higher (b)
elevations. Lowest minimum temperatures from 14 days before to 1 month after the
predicted spring phenology were reported using the best phenological model. 11-year
moving averages were applied and slopes of the linear regressions were reported.
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sigmoid function (Sigmoid model). However, the arbitrary use of 1st
January and a temperature threshold of 5 °C for GDD accumulation
seems inappropriate in comparison to fitting these parameters, espe-
cially for the two forest tree species (GGDfitted performed way better
than GDDfixed). The one-phase models tested here performed as well as
the two-phase models, suggesting no major chilling limitation in recent
years in Switzerland, except for Fagus, for which the parallel model
performed better. This is consistent with Fagus having a significant
chilling requirement, which may not be entirely fulfilled during the
warmest winters at lower elevations (Vitasse and Basler, 2013).
Alburquerque et al. (2008) reported that chilling requirements seem to
be currently satisfied for seven cherry cultivars in south-east Spain
above 650 m asl. In Switzerland, chilling temperatures are obviously
more frequent than in south-east Spain, especially as we used a large
range of elevations. However 1-phase models should only be used to
predict future phenological changes with caution as chilling require-
ments may be progressively unfulfilled under continued climate
warming in temperate latitudes, the endodormancy break may be de-
layed and there may be increasing heat requirements for bud break in
temperate wild (Chuine et al., 2016) and crop tree species (Darbyshire
et al., 2017; Legave et al., 2008; Shi et al., 2017). For instance, using
different models for the flowering time of apple trees in France, Legave
et al. (2008) showed that the period of chilling accumulation has been
extended (later dormancy release) and the period of GDD accumulation
compressed over the period 1976–2002.

As spring phenology is advancing in response to spring warming,
the photoperiod at the time of flowering or budburst is becoming
shorter, which may progressively reduce bud sensitivity to warming
(Basler and Körner, 2014; Blümel and Chmielewski, 2012; Fu et al.,
2015). Although the risk of frost injury has increased at higher eleva-
tions due to the strong shift in phenology, a progressive decline in the
phenological shift in response to temperature is expected at lower
elevations, due either to chilling or photoperiod limitations (Fu et al.,
2015). This may increase the safety margin against frost injury at lower
elevations and enhance the discrepancy between lower and higher
elevations. Plant species having low chilling requirements to break
dormancy will be at greater risk. While simple 1-phase models seem
appropriate to test whether the risk of frost injury has increased in the
past, more sophisticated phenological models that involve chilling and
photoperiod interactions could be useful in assessing future risks of
frost injury and damage under different climatic scenarios.

4.4. Implications of spring frost risk for fruit and forest trees under climate
warming

Some varieties of perennial crops such as orchard trees or vineyards
are becoming poorly adapted to their local environment, which is ex-
pected to get warmer, and most importantly, drier during summer.
However, the changing climatic conditions are also creating suitable
conditions for new crop varieties adapted to warmer and drier en-
vironments. Similarly, forest trees are vulnerable to extreme climatic
events such as severe summer drought and frost (Vanoni et al., 2016);
such events are expected to increase substantially in the coming dec-
ades in Switzerland (Scherler et al., 2016). Consequently, forest man-
agers are being encouraged to plant new tree species or provenances
from drier and warmer environments (Lindner et al., 2010). However,
the promotion of new varieties from warmer climates should take into
account their chilling requirements to break dormancy and their heat
requirement to budburst or flowering in spring, as a warmer climate
could lead to higher vulnerability against frost exposure. Similarly,
despite the general upward vegetation shift in mountainous regions
(Lenoir et al., 2008), our results suggest that planting current species at
higher altitudes will entail a greater risk of frost injury.

4.5. Limitations of the study

While our study provides robust data to assess whether the safety
margin against late spring frost has changed in recent decades, it also
includes some limitations. Firstly, we examined the risk of frost damage
at full flowering rather than earlier, such as during bud swelling. With
winters expected to become progressively milder, and an increasing risk
of exceptionally warm spells, there could be a rise in the incidence of
premature dehardening associated with warmer spells, and thus an
increased risk of subsequent freezing injury to buds in late winter and
early spring (Hänninen, 2016; Pagter and Arora, 2013; Vitasse et al.,
2014b; Vitra et al., 2017). The duration of flowering, which was not
available in our dataset, would also help to determine whether the risk
of frost damage was more important for flowers or for young fruits and
would enable an examination of whether the length of frost-sensitive
periods has changed in recent decades (Legave et al., 2013). Secondly,
we calibrated models on populations from various elevations assuming
they share similar heat and chilling requirements. However, popula-
tions from higher and lower elevations are often genetically differ-
entiated in their spring phenology, as revealed in common garden ex-
periments (Vitasse et al., 2009a; Vitasse et al., 2013; vonWuehlisch
et al., 1995), and it is still unclear whether the differences are due to
different chilling or forcing requirements (e.g. Dantec et al., 2014;
Kramer et al., 2017; Vitasse et al., 2009b; Vitasse et al., 2013;
vonWuehlisch et al., 1995). Nevertheless, the dominance of environ-
mental effects over genetic effects is overwhelming (Vitasse et al., 2010;
Vitasse et al., 2013), so genetic differentiation in the phenology of
different populations growing at different elevations should not sub-
stantially affect predictions from phenological models calibrated at the
species scale. Finally, we focused our study on all sites below the
treeline where maximum and minimum temperatures were available
over the study period in Switzerland. Although several sites were
considerably above the current distribution of the four selected species,
especially for fruit trees, it was interesting to test whether these species
would be more exposed to frost when planted at these higher eleva-
tions, assuming no phenological adaptation. Our results clearly warn
against planting fruit trees at upper elevations because compared to
lower elevations the safety margin against frost is smaller and is de-
clining, despite the general warming.

5. Conclusions

Our study suggests an increasing risk of frost exposure to fruit and
forest trees at elevations above 800 m and unchanged risk at lower
elevations over the period 1975–2016. The differing results between
higher and lower elevations is likely explained by a stronger phenolo-
gical shift at higher elevations as a result of stronger warming during
late rather than early spring and the increasing role of limiting factors
(insufficient chilling and photoperiod) at lower elevations, as well as by
an insignificant change in the occurrence of the latest spring frost event
at higher elevations. The increasing risk of frost exposure might ac-
centuate in the future as maximum temperatures are currently still
rising faster than minimum temperatures (Matiu et al., 2016).

Farmers, fruit growers and forest managers may adapt to climate
change by planting plant varieties or species with higher summer stress
resistance (FAO, 2007; Lindner et al., 2010) or plant trees at higher
elevations. However, any consideration of the planting of new varieties,
provenances or species needs to take into account the trade-off between
the potential higher profitability associated with the use of summer-
adapted varieties/species and the cost of protecting plants from frost
damage. New summer-adapted varieties/species may exhibit lower
spring thermal requirements, which may lead to increasing risks of frost
risk damage. For fruit growers, breeding initiatives should focus on
varieties exhibiting late flowering to minimize exposure of sensitive
tissues to late spring frost, but which are also better adapted to overall
warmer conditions.
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