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Abstract

In the last decades the Euro-Mediterranean region has experienced an increase in
extreme temperature events such as heat waves. These extreme weather conditions
can strongly affect arable crop growth and final yields. Here, early heat waves over ltaly
from 1995 to 2013 are identified and characterised and their impact on durum wheat
yields is investigated. As expected, results confirm the impact of the 2003 heat waves
and highlight a high percentage of concurrence of early heat waves and significant
negative yield anomalies in 13 out of 39 durum wheat production areas. In south-
eastern Italy (the most important area for durum wheat production), the percentage of
concurrent events exceeds 80 %.

1 Introduction

According to the 5th IPCC assessment report, the warming of the climate system is
unequivocal and particularly pronounced since the 1970s (Hartmann et al., 2013). In
the Euro-Mediterranean region, significant changes in temperature extremes (e.g., in-
crease in warm days and nights, warm spells and heat waves) have also been reported
(Hartmann et al., 2013; Kuglitsch et al., 2010; Toreti and Desiato, 2008; Della-Marta
et al., 2007). In 2003, Europe experienced an exceptionally warm and dry summer
(Black et al., 2004), with summer temperature anomalies, with respect to the 1961-90
mean, greater than 3°C in a very large area (Schar et al., 2004). That extreme sum-
mer began with a heat wave in June, continued through July and was characterised
by another heat wave in early August (Black et al., 2004). In general, extreme weather
conditions can strongly affect arable crop growth and their yields; thus, compelling rea-
sons for analysing extreme temperature events and their relation with agricultural yields
are evident. Plant growth and reproduction are less efficient at temperatures above the
optimal range. The main critical responses under warmer conditions are: faster crop
development leading to shorter growing periods and lower yields, limited crop growth
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and acceleration of senescence, greater water evaporation from soil and transpiration
from crops (Eyshi Rezaei et al., 2015).

Many important grain crops tend to have lower yields when maximum temperature
increases, primarily because heat accelerates the plant developmental cycle and re-
duces the duration of the grain-filling period (Rosenzweig and Hillel, 1998). Exposure to
extremely high temperatures (e.g., greater than 35 °C) induces a wide variety of pertur-
bations in cellular structures and metabolic processes (Nakamoto and Hiyama, 1999).
Even isolated occurrences of extreme high temperatures around a sensitive stage of
crop development, such as flowering and grain-filling, can reduce grain yield consider-
ably, while a continuous period of extreme high temperatures can result in almost total
yield loss (Semenov and Shewry, 2011). Recent evidences suggest that even short ex-
posures to high temperatures can be crucial for the final yield (Schlenker and Roberts,
2009; Wassmann et al., 2009). Heat stress often occurs simultaneously with drought
stress, but they can have very different effects on various physiological, growth, devel-
opmental and yield forming processes (Boote et al., 2005). The effects of drought and
heat stress on the crop depend on the occurrence of the event in relation to the crop
phenological stage; however, they are among the most important environmental factors
influencing crop growth and yield (Gobin, 2012).

Wheat can be affected by heat stress at different phenological stages, but this stress
is more harmful during the reproductive phase than during the vegetative phase due to
the direct effect on grain number and dry weight (Wollenweber et al., 2003). The num-
ber of produced grain is a function of the number of spikelets and the number of kernels
per spikelet. Spikelets might be initiated at temperatures higher than 1.5 °C (Slafer and
Rawson, 1995). However, optimum temperatures for this phase are between 9.3 and
11.9°C, with temperatures greater than 25°C being sub-optimal. High temperatures
during early spike development reduce the number of spikelets per head and/or the
number of seeds per spikelet (Johnson and Kanemasu, 1983). Temperatures above
31°C immediately before anthesis of wheat (triticum aestivum) reduce grain yield by
inducing pollen sterility, thus reducing grain numbers (Wheeler et al., 1996a, b). How-
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ever, as reported by Porter and Gawith (1999), at 50 % of anthesis also temperatures
around 27 °C induce sterility. Furthermore, different experiments on wheat have shown
that duration and rate of grain growth are reduced by heat stress (Dias and Lidon,
2009; Viswanathan and Khanna-Chopra, 2001). Stone and Nicolas (1995) examined
the effects of timing of heat stress during grain filling on wheat grain growth and found
that mature individual kernel mass is most sensitive to heat stress in early grain filling
and become progressively less sensitive throughout grain filling.

Wheat is one of the main products of Italian agriculture and Italy is the most impor-
tant producer of durum wheat in Europe. In 2013, the Italian durum wheat (Triticum
turgidum L. var. durum) production was 4.2 million tons. In Italy, durum wheat rep-
resents approximately 55 % of the total wheat production (Eurostat 2013), while in the
European Union, as a whole, it only reaches 5 %. For these reasons in Italy, the weather
effects on winter durum wheat are of primary interest (Dalla Marta et al., 2011). Winter
durum wheat is cultivated in southern, central Italy and in some areas of northern Italy,
with about 1.2 million ha dedicated to this crop. Usually, it is sown in October-November
and harvested at the beginning of July of the following year. The shooting phase starts
in April, when the average temperature is around 10—12°C, while ripening starts when
the average temperature reaches about 18-20°C.

In this study, we analyse early heat waves occurred in Italy from 1995 to 2013 and
annual yield of durum wheat at province level. In particular, we focus on the most
important (in term of acreages) 39 ltalian provinces for the cultivation of durum wheat.
As for the early heat waves, we focus on the most sensitive period for winter wheat,
i.e., from May to June. The main objective of this study is to assess the impact of early
heat waves on the final yield of durum wheat in the main productive Italian provinces.
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2 Data and methods
2.1 Crop yields

Durum wheat yield and acreage annual time series from 1995 to 2013 have been re-
trieved from the Italian National Institute of Statistics (ISTAT). Out of all provinces, only
39 with substantial durum wheat production are selected here. These provinces have
a relative durum wheat acreage higher than 0.5 % of the total national acreage (in the
80 % of the years). In addition, also the provinces with a relative durum wheat acreage
higher than 0.5 % of the total national acreage during the last 5 years are included. The
continuous innovation of agricultural technology and introduction of new cultivars, com-
bined with dynamical changes in fertilisation can result in a trend component affecting
the durum wheat yield time series. Thus, in order to identify and take into account
potential trend, the raw yield time series are analysed by applying a non-parametric
procedure. The Mann—Kendall test (Kendall, 1975; Mann, 1945) is run for each time
series and when the null hypothesis of stationarity is rejected a trend is estimated by
using the Theil-Sen method (Sen, 1968). Then, the identified trend is removed from
the time series and the values expressed as anomalies with respect to the 1995-2013
mean. Finally, significant negative yield anomalies are defined as events with a value
of yield anomaly lower than the estimated 30th percentile.

2.2 Heat waves

The JRC-MARS meteorological database (Van der Goot et al., 2004) is used in this
study to analyse early heat waves. It includes daily data from almost 4000 weather
stations, covering the period 1975-2013, interpolated on a regular 25 x 25km grid.
The raw station data as well as the daily values undergo a quality check procedure
before entering in the interpolation process. Here, daily maximum temperature time
series, covering the period 1995-2013, have been extracted from selected grid cells
over the 39 selected ltalian provinces. Early heat waves (i.e., occurring in the period
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May-June) are identified and characterised by using an approach derived by the one
proposed by Kuglitsch et al. (2010). A heat wave is defined as a period of three or more
consecutive hot days (an interruption of one day is allowed), where hot days are defined
as days having daily maximum temperature above the 90th percentile. This threshold
is calculated for each day by using the full time period (1995-2013) and samples of 15
days centred on the day under analysis. Then for the period May-June, heat waves are
characterised by using three indicators: intensity, number of events and total length.
The intensity is calculated as follows:

> max(TX; - TX?°,0) (1)

where TX; represents the daily maximum temperature at day / and TX;C.’O is the 90th
percentile threshold of that day. In terms of impacts on durum wheat, the use of the
90th percentile can be justified by considering that: uncertainties (in the order of some
degrees Celsius) characterise temperature thresholds at which heat stress has a sig-
nificant impact; specific experiments have shown that wheat becomes progressively
less sensitive throughout grain filling (Stone and Nicolas, 1995); the median of the es-
timated thresholds ranges from 24 °C (first of May) to 32°C (end of June) with a 10 day
increase of 1.4 °C; for non-irrigated fields the canopy temperature is higher than the 2m
air temperature (measured by the available meteorological stations) and differences up
to 7 °C have been reported by Siebert et al. (2014).

In addition, the climatic water balance is also analysed in some specific cases. It
is calculated as the difference between precipitation and potential evapotranspiration
at the daily scale. Potential evapotranspiration is estimated by using the Penman—
Monteith equation (Allen et al., 1998). The climatic water balance is used to gain
a better understanding of cases with negative yield anomalies but no early heat wave
occurrence.
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3 Results

The intensity of the identified early heat waves during the period May-June (1995—
2013) and the number of provinces affected by heat waves for each year are shown
in Figs. 1 and 2. The 2003 peak is evident in both indicators. All provinces consid-
ered for this study experienced the 2003 heat wave, with an intensity that exceeded
70°C in the provinces of Perugia and Roma (central Italy), and reached about 93°C in
Viterbo (central-western ltaly). Significant early heat waves can also be observed for
instance in 2006, 2007 and 2009. In particular, during 2009 all provinces experienced
heat waves, but the average intensity was lower than in 2003 (an average intensity of
34°C in 2003 vs. an average intensity of 18.6 °C in 2009). No heat waves are identified
in 1995 and very low number of events is estimated for 2000 and 2004. In addition,
very low intensities can be observed for the estimated heat waves in 2011.

The number of provinces with significant negative yield anomalies is shown in Fig. 2.
A peak in 2003 is evident, as well as the very low number of negative yield anomalies
in 1998, 2004 and 2008. The box-plot of annual yield anomalies across all provinces is
shown in Fig. 3. A change after 2003 seems to affect the annual yields, in fact, a higher
number of provinces experienced annual negative yield anomalies during the period
1995-2003 compared to the period 2004—2013. The factors behind this change are
beyond the objectives of this study, however the adoption of new wheat varieties over
time might have played an important role.

The spatial analysis of the intensity of the early heat waves is shown in Fig. 4. The
average intensity of the early heat waves is highest over the provinces in central ltaly,
in Basilicata and Puglia (southern and south-eastern Italy), while in Sicily and Calabria
(southern ltaly) all provinces show low intensity values.

As an example, the spatial pattern of the early 2003 heat waves is shown in Fig. 5.
The average intensity of the early heat waves reaches the highest values in Puglia
(south-eastern ltaly), Basilicata (southern Italy), Lazio and Tuscany (central-western
Italy), Umbria (central Italy). In these regions heat waves occurred during the first half
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of June, with maximum daily temperatures above 35 °C. The effects on durum wheat
yields are evident in most provinces of Puglia (south-eastern ltaly), where reductions
up to —=52.5% (province of Bari) were recorded. Negative anomalies of annual yield
exceeding —45 and —30 % were also registered in the provinces of Viterbo/Grosseto
(central-western Italy) and Basilicata (southern ltaly), respectively.

In 2009, a negative peak of yield anomalies, —65 %, was recorded in Taranto (south-
eastern ltaly), associated with early heat waves with an intensity equal to 24 °C. In the
same year, another significant negative yield anomalies (exceeding —30 %) associated
with early heat waves was registered in Bologna (northern Italy). The early heat waves
of 2007 mainly affected the provinces of Puglia (south-eastern ltaly), which recorded
a negative yield anomalies exceeding —30 %.

A homogeneous spatial pattern is observed in the total number of years with sig-
nificant negative yield anomalies that in most of the provinces is equal to 6 (not
shown). Concerning the concurrence of early heat waves and significant negative yield
anomalies, some remarkable spatial differences can be observed in Fig. 6. There are
provinces where a clear signal can be identified, others where the percentage of con-
current heat waves/significant negative yield anomalies with respect to the total num-
ber of years with significant negative yield anomalies is lower than 35 %. The highest
number of concurrent events is reached over: Ferrara (northern Italy); Pesaro-Urbino,
Teramo and Chieti (central-eastern Italy); Rome and Viterbo (central-western Italy);
Benevento (south-western Italy); Foggia and Taranto (south-eastern ltaly); Cosenza
(southern ltaly). In the most important production area, located in south-eastern Italy,
the percentage of concurrent events exceeds 80 %. Such high values are also ob-
served in central-western Italy (Viterbo and Rome). Sicily is characterised by values
lower than 55 %, despite the high number of years with early heat waves. This be-
haviour can be better understood by analysing when early heat waves affected the
Sicilian provinces. Indeed, the identified heat waves are more frequent at the end of
June, after the durum wheat maturity and in some years after the harvest. On the con-
trary, in central Italy, Puglia (south-eastern Italy) and Emilia Romagna (northern Italy)
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early heat waves are more frequent in May and at the beginning of June. Furthermore,
the analysis of the cumulated climatic water balance from October (timing of sowing) to
May in the Sicilian provinces (carried out for the years with negative yield anomalies but
without early heat waves, i.e., 27 cases) highlights that 80 % of years with significant
negative yield anomalies have a negative accumulated water balance (not shown).
In particular, the extreme negative values of 2002 yields in all Sicilian provinces are
concurrent with extremely negative values of cumulated water balance. Similarly for
the 2001, negative yield anomalies and negative values of climatic water balance are
observed in most of the Sicilian provinces. During 2001 and 2002, significant dry con-
dition occurred since the winter season until June, with cumulated rainfall constantly
well below the long term average (-515mm in 2002 and —480 mm in 2001).

4 Conclusions and discussion

Heat stress impact on wheat has been widely investigated by using different ap-
proaches: plots covered with tunnels (Ferris et al., 2008), temporary transferring pots to
glasshouse during grain filling (Corbellini et al., 1997) or late sowing and supplemental
infrared heating in the field (Ottman et al., 2012). Only recently, yields reduction related
to heat stress has been quantified by using crop models (Asseng et al., 2011, Teixeira
et al., 2013) and ensemble of crop models (Webber et al., 2015). These studies sub-
stantially agree on the strong effect of extreme temperatures in the reduction of final
yields. However, the magnitude of reduction, the mechanism of the effects of extreme
temperature on crop and the identification of temperature thresholds at different crop
growing stages are still under debate (Luo, 2011).

In general, durum wheat is more tolerant to heat stress when compared with soft
wheat, as stomatal conductance and transpiration are less affected by high tempera-
ture (Dias et al., 2010). Nevertheless, durum wheat frequently experiences heat stress
in the regions where it is mainly grown (South Europe, West Asia, and North Africa).
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In addition, there is limited literature on the effects of heat stress on durum wheat yield
compared with soft wheat (Yun-Fang Li et al., 2013).

A substantial new approach has been here applied: a spatial characterisation of early
heat waves in the crop relevant period (May—June), an investigation of concurrency of
heat waves and significant negative yield anomalies of durum wheat at the province
level of Italy. This analysis has confirmed, as expected, the 2003 event and has iden-
tified other significant events, for instance in 2006, 2007 and 2009. The development
and growth of annual crops were greatly influenced by heat stress during 2003, as
shown by the very low values of durum wheat yields in Puglia (southern Italy), Viterbo
and Grosseto (central-western ltaly) and in Basilicata (southern ltaly). Very low num-
ber of provinces with negative yield anomalies and highest values in the average yields
has been found in 1998, 2004 and 2008. In particular, no event has been identified
in 2004 when the highest average yield values were registered. The spatial analysis
highlights the high values of concurrent heat waves/annual negative yield anomalies
for the following provinces: Ferrara (northern Italy); Pesaro-Urbino, Teramo and Chieti
(central-eastern ltaly); Rome and Viterbo (central-western Italy); Benevento (south-
western ltaly); Foggia, Taranto (south-eastern Italy); Cosenza (southern Italy). In Sicily,
the concurrent heat waves/significant negative yield anomalies are lower than 55 %,
mainly due to timing of early heat waves, more frequent at the end of June. In this pe-
riod, early heat waves could not affect the final yields in Sicily since they occurred after
the durum wheat maturity and in some years after the harvest. Furthermore, the analy-
sis of the cumulated climatic water balance in the Sicilian provinces has shown that the
significant negative yield anomalies, recorded in 2002 and 2001, are associated with
prolonged water stress.

This study has also highlighted a change after 2003 in the annual yield time series
of durum wheat. The significant 2003 event seems to have marked a turning point,
probably, in the choice of the variety that, together with other unknown factors, could
have changed the average and the variability of the durum wheat yield in Italy. In the
last decade new wheat varieties (i.e. cv. Simeto, Duilio and Svevo) characterised by
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high productivity index (Arduini et al., 2006) have been regularly introduced in Italy,
decreasing the weight of older varieties such as cv. Creso. However, it is important to
notice that those new varieties have shown an earlier anthesis but a maturity phase
similar to older ones. Anyway, additional data must be retrieved to confirm and better
understand the aforementioned change.

Finally, this study has pointed to the important effects of early heat waves espe-
cially in the main Italian areas of durum wheat production as well as remarkable spatial
differences. It is worth to highlight that other factors can act in modulating and chang-
ing the effect of heat waves, such as the combination of heat wave and drought as
productivity of wheat is reduced considerably when combined stress is applied (Barn-
abas et al., 2008). A specific evaluation of the effects of early heat waves on pre/post
anthesis phases should be tested as next step (retrieving metadata on phenological
phases), considering that recent studies (Luo, 2011) have highlighted the effects of
high temperature imposed at pre-anthesis phase being greater than the ones imposed
at post-anthesis.

Finally, longer time series are needed to gain a better understanding of such a com-
plex interaction.
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Figure 3. Annual boxplots of yield anomalies in the selected 39 Italian provinces.
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Figure 4. Average intensity of the identified early heat waves in the period 1995-2013.
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Figure 5. Left panel: intensity of the early heat waves occurred in 2003, values in degrees.

Right panel: yield anomalies in 2003.
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Figure 6. Number of concurrent early heat waves and significant negative yield anomalies in
the period 1995-2013 (expressed in percentage w.r.t. the total number of year with significant

negative anomalies).
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