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Abstract – Pea (Pisum sativum L.) is an important crop in temperate regions for its high seed protein
concentration that is particularly sensitive to abiotic stresses. The abrupt temperature increase known as the
“1987/1988 temperature regime shift” that occurs over Europe is questioning how winter pea will perform
in the changing climate. This study assessed the winter frost damage evolution along from 1961 to 2015 in
Burgundy-Franche-Comté by using: (1) daily observed and gridded regional temperature data and (2) a
validated crop winter frost stress model calibrated for pea. This study shows a global decrease of the frost
stress nevertheless resulting from a subtle balance between the decrease in its intensity and the increase of
the number of events. The frost stress evolution patterns with warming depend on both plant frost resistance
level and acclimation rate and are still sensitive to winter climate fluctuations. This study provides relevant
information for breeding performant winter crop ideotypes able to moderate detrimental effects of climate
change and offering new cropping opportunities in temperate regions.

Keywords: modeling / temperature abrupt shift / winter pea / frost resistance / Burgundy-Franche-Comté

Résumé – Évolution du stress gélif et idéotypes de pois d'hiver dans le contexte de changement
climatique, à une échelle régionale. Le pois (Pisum sativum L.) est une culture majeure des régions
tempérées implantée pour ses graines riches en protéines. Il est particulièrement sensible aux stress
abiotiques. L'augmentation brutale des températures observée en Europe en 1987/1988 appelée “rupture
climatique” questionne sur les performances future du pois d'hiver dans ce climat changeant. Cette étude
évalue l'évolution des dégâts dus au gel de 1961 à 2015 en Bourgogne-Franche-Comté en utilisant (1) des
données de températures observées et régionalisées et (2) un modèle de culture simulant le stress dû au gel
hivernal, calibré et validé pour le pois. Les résultats montrent une diminution global du stress gel qui
résulte néanmoins d'un équilibre subtil entre une diminution de son intensité et une augmentation du
nombre d'événements. L'évolution du stress dû au gel dépend du niveau de résistance et de la vitesse
d'acclimatation des plantes et reste sensible aux fluctuations du climat hivernal. Ces travaux fournissent
des informations pertinentes pour la sélection d'idéotypes culturaux performants pour minimiser les effets
négatifs du changement climatique et offrir de nouvelles perspectives pour les cultures d'hiver en climat
tempéré.

Mots clés : modélisation / rupture des températures / pois d'hiver / résistance au gel / Bourgogne Franche-Comté
1 Introduction

In temperate climate, winter crops are the majority and
frost damage is an important factor reducing crop yields,
especially in regions where winter is regularly severe (Whaley
et al., 2004; Biarnès et al., 2016). Recent researches show a
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temperature abrupt shift around 1987/1988 over France
(Brulebois et al., 2015), Europe (de Laat and Crok, 2013;
Reid et al., 2016) and more generally over large scale (Reid
and Beaugrand, 2012; Xiao et al., 2012). This warming has
affected the Burgundy-Franche-Comté winter climate con-
ditions (Castel et al., 2014; Richard et al., 2014). The effects of
winter climate change on crops is however underrepresented
(Kreyling, 2010) compared to studies on crop-related
climate impact research during spring and summer seasons
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(Trnka et al., 2014; Moore and Lobell, 2014). In particular the
paradoxical increase in spring freezing injury (observed/
simulated) with warming for cold climate vegetation (Ball
et al., 2012; Auspurger, 2013) should be documented for
winter crops.

The response of crops to winter temperature under a
warming climate is indeed complex and varied. The
acclimation process allows a plant to get more resistant to
frost. It requires sufficient low temperature during sufficient
time (Kacperska-Palacz, 1978). The opposite process “deac-
climation” occurs when temperature rises. The main plant
characteristics determining the frost resistance of winter crops
are the variety, being more or less resistant to frost and having
different acclimation rates and the plant stage (Roberts, 1979).
The main environmental factor determining the frost response
is the temperature. These ecophysiological processes have
been synthesized in a predicting crop model for frost resistance
(Lecomte et al., 2003).

Adaptation is essential for moderating the detrimental
effects of climate change on winter crops. The net effect of
warmer climate is to advance maturity of many crops (winter
cauliflower: Wurr et al., 2004; wheat: Gate et al., 2008;
grapevine: Duchêne and Schneider, 2009). For the perennial
species grapevine, Duchêne and Schneider (2009) suggested to
anticipate the change in aromatic profiles of wines that could
result from long term increasing temperatures. For wheat a
major annual cereal crop, Gate et al. (2008) suggested that
warmer winter will badly cripple frost sensitive varieties
because of their low ability to acclimate. Without adaptation,
Moore and Lobell (2014) predict for cooler regions in central
France a decline in the agriculture production due to warming.
Clearly, the adaptation options as suggested by Trnka et al.
(2016) need the development of region-specific strategies.

The Burgundy-Franche-Comté region in France and the
pea (Pisum sativum L.) are relevant models to identify levers
of crop adaptation to winter frost with warming. Burgundy-
Franche-Comté ranked among the main and largest farming
regions in France. This region has recently encouraged agri-
environmental practices including legume crops in cropping
systems (Duc et al., 2010). Pea is an important annual legume
crop grown in temperate regions for its high seed protein
concentration. It leads to environmental benefits thanks to its
capacity to acquire nitrogen via atmospheric N2 symbiotic
fixation (Jensen and Hauggaard-Nielsen, 2003; Nemecek
et al., 2008), nevertheless it is particularly sensitive to abiotic
stresses. By climate change, heat stress and drought are very
detrimental to the yield, especially for spring pea (Brisson
et al., 2010; Vadez et al., 2012). Breeders are now developing
winter pea varieties, more likely to avoid these stresses
occurring at the end of the crop cycle, because they flower
earlier. However, the high level of frost risk in winter could
limit the extent of peas even in a warming climate.

The aim of the paper is to analyze at regional scale the frost
stress evolution for the winter pea crop to the abrupt warming
observed in 1987/88 and the role of critical traits of the crop
(representative of new pea varieties) in the sensitivity to frost.
First, the warming for both minimum and maximum temper-
atures is assessed everywhere over Burgundy-Franche-Comté.
After crop model validation, the study focuses on the analysis
of the patterns of frost stress with time and their consequences
for defining pea ideotypes. In the following sections, the main
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steps of the methodological approach are depicted and both
interpolation method and characteristic of the frost model are
detailed. The data records network and the physiography of the
study area are also presented. Then performance of the spatial
temperature interpolation and the validation of the frost model
are evaluated. Finally, the results of the spatio-temporal
evolution of the frost stress are showed and discussed.

2 Materials and methods

The evolution of pea frost stress with warming was
determined by using a methodology described in Figure 1. The
study was conducted in the eastern France over the Burgundy-
Franche-Comté region (Fig. 2). Two types of in situ observed
climate data (stations and grid) were used to feed a frost stress
crop model parametrized for various genotypes of winter pea.
2.1 Climate observations and interpolation

The Burgundy-Franche-Comté region is located in eastern
France and covers an area of about 48050 km2. Land-use is
mainly deciduous forests over the west part (i.e. Burgundy)
and coniferous forests over the east part (i.e. Franche-Comté),
pastures and croplands, superimposed on a rather complex
terrain. Topography is chiefly characterized by two plains: the
Paris Basin and the Saône plain. Low (the Morvan at Center
West) and middle mountains (the Vosges, at North-East and
Jura at East) are the first significant elevations encountered by
mean westerly fluxes. As the Atlantic coast is located more
than 500 km further west, semi-continental conditions prevail.
Furthermore, topographical geometry favour meridional
southerly fluxes. Those originating from the Mediterranean
Sea are channelled along the Rhône and Saône valleys,
between the Massif Central and the Alps, and further north
between the Morvan and the Jura. Those originating from
North or Central Europe are also channelled. Then, strong
daily temperature variability is a feature of this climate. Stable
atmospheric conditions often lead to thermal inversion with
cold temperature over the plain that host crops and pastures.
Even if the region offers good potential (soil, farmer practices,
and economic opportunities) for the cultivation of peas, the
winter climate is a major constraint that limits its development.

We used the daily surface temperature recorded by Météo-
France over Burgundy-Franche-Comté since 1961. Daily
maximal and minimal temperatures (October–March) were
recorded by the Météo-France Station Network (MFSN) from
1961 to 2015 in order to analyse the impact of autumn and
winter surface temperature warming at regional scale. The
obtained dataset, with more than one hundred stations (among
there thirty complete), permitted to accurately assess the
temperature patterns at a daily time step. For this latter a spatial
interpolation method that jointly uses the daily spatial
autocorrelation of the temperature and their spatial correlation
with both geographical (latitude and longitude) and environ-
mental (relief) variables was used.

The values were interpolated on a 12-km grid, to obtain
surfacic continuous information. For the day of interest all the
available stations were used. An automated mapping based on
a kriging with external drift (KED) method was used to
interpolate both maximal and minimal temperatures (Fig. 1).
f 11
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Fig. 1. Flow chart providing an overview of the methodological steps implemented in the framework of this study. The chart consists of two
interrelated sections, pointing out for (right) parametrization and assessment of the frost stress model for winter pea crop and (left) daily climate
data interpolation at 12-km-grid resolution from 1961 to 2015. KED is the kriging with external drift method which is similar to regression
kriging (Hengl et al., 2007). An automated interpolation based on the AUTOMAP R packages (R Core Team, 2016; Hiemstra et al., 2009) has
been used in this study.
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The main advantage of KED is the ability to take into account
trends present in the data (Lloyd, 2011).We choose the grid size
of 12-km because the mean distance between stations is close
(around 14 km). Note that for further studies it matches with the
grid size of regional climate simulation (e.g. Boulard et al.,
2015). For each grid the longitude, latitude and height from
Digital Elevation Model (DEM) were used as the first order
externaldrift predictors (Fig. 1).Weassume that the residuals are
second order stationary with a constant mean and that the
covariance is only determined by the distance vector, i.e. the lag.
More details on the automatic variogram fittingmay be found in
Hiemstra et al. (2009). A station–gridpoint comparison was
performed at seasonal scale to assess the quality of the
interpolated data. The stations with less than 10% of missing
data over the 1961–2015 period were compared with their
nearest-neighbouring points. While all stations available each
day were used in the interpolation process. Completed daily
stations and gridded (interpolated) data were used to feed a
parametrized winter frost stress model for pea crop.

2.2 Frost stress crop model and pea parameters

The crop model simulates a frost stress index for various
combinations of the main traits of the pea crop, following the
approach that was successfully implemented by Lecomte et al.
(2003) for winter wheat. The main parameters of the crop
model account for both varietal (frost resistance, acclimation
Page 3 o
rate and development stage) and cultural (date of sowing) pea
traits. The model uses the minimum and maximum surface
temperatures as input data.

Model parameters were estimated for pea from field
experimental data collected in the INRA station Chaux-des-
Près (located by the red cross in Fig. 2). This station is located
at 879m altitude in the Jura mountains, near the cold pole in
France (see Lecomte et al., 2003 for further description). The
harsh conditions in this station make possible to observe
regular frost damage on crops. The model makes it possible to
calculate different frost stress criteria as the number of days
with minimal temperature under the calculated resistance, the
maximal difference between minimal temperature and resis-
tance and the cumulative degree-days below the resistance
value (frost stress index: see below).

The pea crop model was evaluated by a comparison of
simulated frost stress indexes to observed frost damages in
field (Fig. 1). The aim of this evaluation was firstly to validate
the model and secondly to test if the frost stress index could
be relevant to represent crop frost damage. The observed
data were recorded over an experimental network of 13 trials
over 4 years (2001, 2002, 2003 and 2005), 5 locations in
France (Clermont-Ferrand, Colmar, Dijon, Lusignan and
Mons) and for two varieties corresponding to two frost
resistance traits (Térèse �8 °C and Champagne �23 °C). The
observed frost damage is evaluated on a pea crop with a note
from 0 (no damage) to 5 (death of all plants).
f 11



Fig. 2. Relief map of the Burgundy-Franche-Comté region (BLACK bold line) and location of the Météo-France climate stations (grey circles)
used for both daily spatial interpolation of temperatures and computation of frost stress level. Note that the circle size is reversely proportional to
the missing data in the climate series. Red cross corresponds to the pea crop experimental site located at Chaux-des-Prés. Altitude is given in
metres above sea level. Elevated areas in the South-East of the map correspond to the Alps mountains.
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This study focuses on three main parameters of the pea
crop: (1) two frost stress resistance level (�13 °C and�23 °C),
(2) twelve rates of acclimation (from 28 to 50 days) and (3)
four dates of sowing during October (1, 10, 20 and 30) (Fig. 1).
That corresponds to the simulation of 96 combinations
computed for each year and each grid or station. All 12-km
grids and stations with less than 10% of missing data were used
to simulate frost stress index (Fig. 2). The simulated frost stress
index was computed for autumn-winter period (principles
depicted in Castel et al., 2014). This computed frost stress
index corresponds to the simulated cumulative sum of the
degree-day of frost stress during winter.

3 Results and discussion

3.1 Temperatures interpolation

Figure 3 shows the inter-annual variability of the autumn-
winter average temperatures (Tmin and Tmax) in Burgundy-
Franche-Comté. Outliers points of systematic lowest temper-
atures (Tmin or Tmax) correspond to the coldest climate of the
Jura and the Morvan mountains. These areas are less suitable
for crop and are dedicated to grassland and forests. Very few
cases of outlier points of highest temperatures (for Tmin or
Tmax) are observed.

The results show an abrupt temperature warming in
1987/1988 with a warmer average temperature (þ1.3 °C on
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Tmax and þ1.1 °C on Tmin) from 1988 to 2014 than from 1961
to 1987. These results support recent works (Richard et al.,
2014; Brulebois et al., 2015) conducted over Burgundy and
France as well as over Europe (Reid et al., 2016) and global
scale (Reid and Beaugrand, 2012; Xiao et al., 2012) that show
an abrupt warming in 1987/1988. Our results show a higher
warming for Tmax than for Tmin. This is a bit surprising
because it is expected that greenhouse effect should lead to a
stronger increase of the Tmin (Lobell et al., 2007).

The interpolated temperature data show very good perfor-
mance and account for more than 94% and 98% of the
observed inter-annual and spatial temperatures total variation
(Tab. 1). The root mean squared error of prediction (RMSEP) is
about 0.5 °C with an overall small absolute bias of 0.38 °C. As
expected the 12-km resolution grid support of the interpolated
data show lower amplitude and variability in the temperature
indicating the difficulty to capture the local climate environment
of the stations.

3.2 Frost stress simulation performance

The performance of the frost stress model is depicted in
Figure 4. The experimental network for the crop model evalua-
tion led to the largest possible range of frost damage note (from
0 to 5). The results show a good correlation between the frost
stress index simulated by the model and the observed note of
frost damage (coefficient of determination R2 = 0.76, Fig. 4).
f 11
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Table 1. Summary of the statistics of the intercomparison performance between observed and interpolated climate data and frost stress
simulations. R2 is the coefficient of variation; RMSE is the root mean squared error; MAE is the mean absolute error; MBE is the mean bias error.

Variable Temporal R2 Spatial R2 RMSE MAE MBE

Temperature 0.94 0.98 0.54 0.38 �0.14
Frost stress 0.88 0.89 13.22 6.52 �2.87

Fig. 3. Inter-annual boxplot of the October to March average minimal and maximal temperature in Burgundy-Franche-Comté for observed
(station scale) and interpolated i (grid-scale) data. Each dot is the average Tmin or Tmax temperature of a station (observed) or its nearest grid point
(interpolated). The dark bold line in the boxplot is the median. The two ‘hinges’ of the box are the first (Q1) and third quartile (Q3). The upper
whisker is equal to: min(max(x), Q3þ 1.5� IQR); the lower whisker is equal to: max(min(x), Q1� 1.5� IQR) where IQR is the inter quartile
range equal to: Q3�Q1, i.e. the box length. A point corresponds to an outlier which is defined as a data point that is located outside the fences
(“whiskers”) of the boxplot (e.g. outside 1.5 times the IQR range above the upper quartile and bellow the lower quartile).

T. Castel et al.: OCL
A non-linear relationship is clearly observed with the
maximal damage level that is reached above the 90 cumulative
degree-day of the frost stress index. A frost damage level of 5
indicates irreversible damage and the death of the plant. Up to
2, the frost damages are moderated while for levels of 3 and 4
the damages are severe. Hence, the simulated frost index
(cumulative sum of the degree-day of frost stress) provides a
relevant proxy for the observed frost damage. Thereafter we
present and discuss the spatial and temporal frost damage
evolution through the simulated frost stress index.

3.3 Evolution of the frost stress

The evolution of the frost stress follows the inter-annual
variability of the surface temperatures. The simulation
results show, for a pea variety with a frost resistance level
of �13 °C that large outliers values (representing major frost
stress of more than 300 °C) are observed until years 1987/1988
Page 5 o
(Fig. 5). Whilst since 1988 the inter-annual variability of the
frost stress index is clearly damped with lower outliers and
median values (Fig. 5). This is an agreement with the abrupt
temperature change observed at this date by recent studies
(Richard et al., 2014; Brulebois et al., 2015; Reid et al., 2016)
which for the west part of Europe correspond to the ‘start’ of
the surface warming. Similar results are observed when frost
stress is derived from station or gridded climate data (Tab. 1)
for both temporal (Fig. 5) and spatial patterns (not shown).
Frost grid-based stress is however smoothed compared to
station-based that may be attributed – as pointed in Figure 3 –

to the capability of the gridded data to account for local climate
conditions. Despite slight biases (Tab. 1), grid-based frost
stress estimates is able to satisfactorily reproduce for various
frost resistance levels the patterns of the pea frost stress.
Consequently, grid-based frost estimates were used to simulate
the evolution of pea frost stress with climate warming from
1961 to 2014.
f 11



Fig. 4. Cumulative sum of the degree-day of frost stress vs. observed levels of frost damages for two varieties of pea (Champagne and Térèse).
Frost damages are recorded over 13 experimental trials. The equation of the fitted model is: Frost damage = a�Frost stress/(bþFrost stress)
with a= 5.48 and b = 20.3. The R2 of the adjustment is 0.76.
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3.4 Climate warming impact on the frost stress
patterns

Figure 6 presents the probability density distribution of the
frost stress index for both �13 °C and �23 °C levels of frost
resistance as a function of the climate periods delimited by the
1987/1988 abrupt temperature shift. As expected a systematic
decrease of the frost stress is observed between the two
periods. The median values of the stress as well as the outliers
are concerned by this trend. The range (distance between the
first and the third quartile) of the stress level and the spread of
the outliers are significantly reduced jointly with the median
(mean) frost stress (results not shown). Hence, the median
values of the frost stress reduce from 23 °C to 15 °C and from
2.1 °C to 1.9 °C for the �13 °C and �23 °C stress resistance
varieties respectively. This demonstrates that the observed
warming and its modalities that take place during the last 55
years have significantly impacted the occurring frost stress
risk. Figure 6 shows that the significant decrease of the mean
frost stress index mask an opposite and subtle changes. The
decrease appears mainly driven by the collapse of the extreme
values frost stress and consequently of the mean frost stress
intensity. The results for the �13 °C frost resistance variety
illustrate very well this behavior. On another hand, the density
distributions show the increase of the probability that a frost
Page 6 o
stress event up to ∼27 °C occurs. This suggests as quoted by
Castel et al. (2014) an increase in the average number of frost
stress events with climate warming. However, this increase
does not balance the frost stress intensity decrease leading
globally to a lower mean value of the frost stress index.

If the clear and large decrease of the average frost stress is
attributable to the significant warming of both Tmin and Tmax,
the significant increase of the numbers of frost events partially
supports the ‘paradoxical’ increase in freezing injury in a
warming climate (Ball et al., 2012). This ‘paradox’ has been
documented for spring frost stress over forest (Auspurger,
2013; Rigby and Porporato, 2008; Rammig et al., 2010) and
wheat crop (Gu et al., 2008; Zheng et al., 2015) but to our
knowledge few results concern winter frost stress over forest
(Hänninen, 2006) and crops. Spring frost impact is for wheat
attributable to the more rapid advance in development of crops
to sensitive stages than the advance in last frost date (Zheng
et al., 2015). Whereas, winter observed and/or simulated frost
damage are consistent with the role of temperature in
mediating the acclimation/deacclimation process (Kalberer
et al., 2006; Pagter and Arora, 2013). This key process to
acquire the frost resistance is modulated by acclimation rate
(Rammig et al., 2010) and date of sowing (Zheng et al., 2012).
Warmer surface temperature in winter causes decreases in both
extent and duration of freezing tolerance. It may explain the
f 11
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Fig. 5. Boxplot of the inter-annual frost stress index computed from observed (station) and interpolated (grid) climate data. The index is
expressed as the cumulative sum of the degree-day of frost stress. The simulations concern the winter pea variety with a frost level resistance of
�13 °C. A point corresponds to the results of one station (grid), one date of sowing and one rate of acclimation.

Fig. 6. Frost stress distribution before and after the 1987/1988 temperature shift and for the two stress resistance traits �13 °C and �23 °C and
for all dates of sowing, for rates of acclimation. Green area corresponds to the common area of the two distributions. Cyan color indicates higher
probability that frost stress index occurs during period 1961–1987 while for the yellow color it is the reverse. As the frost stress distributions are
zero-inflated and left heavy-tailed, a robust Bayesian estimation following the method described in Kruschke (2013) is use to test the difference.
The 95% Highest Density Interval (HDI) is a useful summary of where the bulk of the most credible values falls. When the difference is
significant means that the 95% HDI interval does not include zero (no difference between periods).

Page 7 of 11
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Fig. 7. Simulated frost stress index as a function of both frost resistance (�13 °C, �18 °C and �23 °C) levels and acclimation rates (35, 42 and
49 days) for 2011–2012 and 2015–2016 winters. The computation is conducted for Dijon place. The winter Tmin and Tmax showed contrasted
fluctuations during January and February 2012 with an intense cold period of three consecutive weeks (observed minimal Tmin of �15.7 °C
the 5th of February) subsequent to a relative long warm period. Winter 2015–2016 experimented a minimal Tmin of�9 °C the 24th of November
2015 with less fluctuations than winter 2011–2012. Note that the date of sowing is fixed the 25th of October.
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increasing frost stress risk despite less extreme minimal
temperature that reminds the seminal results of Cannell and
Smith (1986). That is illustrated in Figure 7 for two recent
winters (2011–2012 and 2015–2016) with relatively ‘warm’

mean temperatures (Fig. 3) and contrasted lower minimal
temperature over the experimental site of �15.7 °C and �9 °C
respectively. For the winter 2011–2012 simulated frost stress
reaches up to 50 °C which is consistent with the catastrophic
frost damage observed for in particular the winter wheat and
pea crops over the Centre- and North-East part of France. The
warm first part of the winter notably affects the acclimation
process especially for the varieties with a long acclimation rate
and low frost resistance level.

Hence the arising of a subsequent period in the first
three weeks during February with minimal temperatures below
�10 °C over the plain has caused irreversible frost injury to the
crops. The results show that the plants were unable (slower or
no accumulation of resistance) to reach their frost resistance
level which increased their vulnerability. The effects of the
abrupt temperature fluctuation reveal that both resistance level
and acclimation rate are the main determinants of the frost crop
damage. By contrast, with no abrupt change the temperature
variance (not the mean – Rigby and Porporato, 2008) is for
the winter 2015–2016 the strongest determinant of the frost
damage that is supported by low difference as a function of
crop traits. The results highlight the delicate balance of frost
risk for crop in winter.
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3.5 Spatial patterns of the changes of the frost stress

It is expected that the balance of frost risk is also related to
the geography. The spatial pattern of the difference of the mean
frost stress index between the two periods (Fig. 8) shows
contrasted evolution as a function in particular of the
physiography of the area. The correlation between the relief
and the amplitude of the decrease of the frost stress index is
observed. The highest part of the Jura mountains experienced
the largest change in the frost stress reduction with a decrease
(white area) larger than�50 °C. Best soil types for crops as the
Saone plain (flat areas at low altitude with substantial
proportion of deep and rich soil) show lower decreases with
non homogeneous spatial patterns. The amplitude of the
changes are here � as pointed above � related to the spatial
patterns of minimum temperature (Zheng et al., 2015) with the
occurrence of recurrent thermal inversions that favor the frost
stress events in important cropping areas. High levels of both
tolerance and acclimation rate seem required to best benefit to
the winter crops (Rammig et al., 2010; Thorsen and Höglind,
2010). To this aim breeding for better frost tolerance is
required. For these latter if frost level resistance is of primary
importance, the rate of acclimation matters too (Fig. 8). Frost
stress level decreases systematically with lower rate of
acclimation whatever the frost resistance level (Fig. 8). The
range of the acclimation rate effect is clearly frost resistance
dependent. A relevant modelling at high spatial resolution of
f 11
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Fig. 8. Map of the difference between the average frost stress of each period (1988–2015 minus 1961–1987). White grids indicate that the
difference is more than �50 °C which mainly correspond to the Jura and to a lesser extent to the Southern Vosges mountains.
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daily climate change and more robust mimics of the
acclimation/de-acclimation processes for crop are needed to
account for both warming patterns (abrupt fluctuations,
variance, geography) and pea traits (frost resistance level,
acclimation rate, date of sowing) (Rammig et al., 2010; Pagter
and Arora, 2013).

4 Conclusion

Our results illustrate that the patterns of response of the
winter pea crop to the observedwinter warming are complicated
by the dependence of the frost stress to a subtle balance
between the crop traits and the spatio-temporal climate patterns.
Our study takes advantage of more than thirty stations
complete temperature records from 1961 to 2015, combined
with supplementary stations with incomplete records along
the same period. This permitted to produce daily map of
minimum and maximum daily temperature for the whole
period at 12-km resolution that reflected climate fluctuation in a
realistic way for the Burgundy-Franche-Comté region in
France. However, the 12-km grid resolution does not avoid
the smoothing of extremes temperature that reduces the frost
stress variability. The account of non-linear responses of
physiological processes to warmer climate conditions observed
since 1988 including extremes also enables realistic simulation
of the frost stress. The frost index simulated by the crop model
appears as a relevant proxy of the observed frost damage. The
results fromboth observed and interpolated climate data are very
similar. They show a significant decrease of the frost stress since
1988. This decrease hides the opposite trends of the frost stress
intensity that is strongly reducedand the frost stress eventswhich
to a lesser extent significantly increase. The frost stress intensity
changes clearly drive the whole decreasing trend. While subtle
increase in the frost events support the ‘paradoxical’ increase in
freezing injury in a warming climate that has been widely
documented for spring and for the perennials vegetation such as
forest (Hänninen, 1991, 2006; Rigby and Porporato, 2008; Ball
et al., 2012) in mid and high latitudes. The mechanisms of the
spring frost increase is attributed to the hastening of bud burst
that considerably increase the vulnerability to less extreme
Page 9 o
minimum temperature. By contrast, the winter frost damage
is linked to the acclimation/deacclimation processes. In this
case the exposure to the gradual appearance of the warmer low
temperature results in delayed acclimation through slower
accumulation of resistance (Woldendrop et al., 2008) and
decreases the frost resistance.Cropvulnerability seemsalso tobe
increased by mid-winter more frequent deacclimation to
moderate elevation in temperature (∼5 °C or less) in warmer
climate (Kalberer et al., 2006) and by the longer exposure of the
crop to the fluctuating winter temperatures. The cases of
2011–2012and2015–2016winters support the idea that far from
alleviating the problem of frost due to higher average winter
temperature, climate change may be limiting the productivity
and the development of vegetal protein source from crop such as
pea incroppingareas thatoffergreatpotential like theBurgundy-
Franche-Comté region.

Finally, our results show that the account of the winter crop
traits and the modalities of warming (geography, amplitude
and temporal variability) jointly matter to better understand
howwinter climate warming will (i) affect change in frost risks
evolution and (ii) reshape the climate areas leading to major
changes in the agronomic potentialities. This is of primary
importance to define new ideotypes with high level of frost
resistance and short rate of acclimation to compensate the
impact of projected warming. This necessarily implies better
mimic of the climate variability at high temporal and spatial
resolution. Both dynamical and/or statistical climate down-
scaling methods with new generation of crop stress models
offer a promising way to regionalize abiotic stress for different
radiative forcing trajectories.
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