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Abstract Agricultural crops are affected by climate
change due to the relationship between crop development,
growth, yield, CO, atmospheric concentration and climate
conditions. In particular, the further reduction in existing
limited water resources combined with an increase in
temperature may result in higher impacts on agricultural
crops in the Mediterranean area than in other regions. In
this study, the cropping system models CERES-Wheat and
CROPGRO-Tomato of the Decision Support System for
Agrotechnology Transfer (DSSAT) were used to analyse
the response of winter durum wheat (7Triticum aestivum L.)
and tomato (Lycopersicon esculentum Mill.) crops to cli-
mate change, irrigation and nitrogen fertilizer manage-
ments in one of most productive areas of Italy (i.e.
Capitanata, Puglia). For this analysis, three climatic data-
sets were used: (1) a single dataset (50 km x 50 km)
provided by the JRC European centre for the period
1975-2005; two datasets from HadCM3 for the IPCC A2
GHG scenario for time slices with +2°C (centred over
2030-2060) and +5°C (centred over 2070-2099), respec-
tively. All three datasets were used to generate synthetic
climate series using a weather simulator (model LARS-
WG). Adaptation strategies, such as irrigation and N
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fertilizer managements, have been investigated to either
avoid or at least reduce the negative impacts induced by
climate change impacts for both crops. Warmer tempera-
tures were primarily shown to accelerate wheat and tomato
phenology, thereby resulting in decreased total dry matter
accumulation for both tomato and wheat under the +5°C
future climate scenario. Under the +2°C scenario, dry
matter accumulation and resulting yield were also reduced
for tomato, whereas no negative yield effects were
observed for winter durum wheat. In general, limiting the
global mean temperature change of 2°C, the application of
adaptation strategies (irrigation and nitrogen fertilization)
showed a positive effect in minimizing the negative
impacts of climate change on productivity of tomato cul-
tivated in southern Italy.

Keywords Modelling - Climate change - Agronomic
adaptation strategies - Yield - Tomato - Winter durum
wheat

Introduction

The Fourth Assessment IPCC Report (IPCC 2007a)
showed that annual global temperatures increased by
0.74 £ 0.18°C during the 1906-2005 period and demon-
strated that much of this change is due to an increased
concentration of Green House Gases (GHGs). Both
observed data and simulations of future climate conditions,
performed via General Circulation Models (GCMs), indi-
cated that the effect of warming is and will also likely be
unequally distributed around the globe, with some areas
more prone to climate change than others. In view of these
predictions, particular attention should be paid to the
Mediterranean region. As supported by both trend analyses
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of the last 50 years (Kostopoulou and Jones 2005) and by
GCM simulations for the next decades (Giannakopoulos
et al. 2009), the Mediterranean region has been indicated as
a possible hotspot for the decades to come. Climate change
over this region is shown to be characterized by both
increasing temperatures and by relatively large changes in
the frequency of extreme climatic events for both tem-
perature and rainfall. Heat stress frequency and dry spell
periods are following a positive trend, whereas the number
of frost events is decreasing. The amount of rainfall per
event has been shown to be increasing, and changes in the
distribution of seasonal rainfall have also been recorded.
These trends are expected to have a negative impact on
many economic sectors of the region including agriculture,
forestry, energy consumption and tourism (Hanson et al.
2007). The agricultural and food systems represent one of
the most sensitive and vulnerable sectors of the area.
Considering the socio-economic importance of these two
systems, it is fundamental to assess the effects of future
climate change on crop yield (Bindi and Olesen 2011). For
this purpose, crop growth simulation models have been
widely used (Donatelli et al. 2002). These tools permit the
evaluation of crop responses to climate change by com-
bining climate conditions, obtained from observations or
General or Regional Circulation Models (GCMs and
RCMs, respectively), with the fertilization CO, physio-
logical effects, as derived from crop experiments (Ains-
worth and Long 2005; Kimball et al. 2002). However, even
though many crop simulation studies have been conducted
on the major crops (soft wheat, maize, potato, rice, etc.),
only a few studies have been focused on typical Mediter-
ranean crops like durum wheat, vegetables, olive, grape-
vine, etc. (Guerefia et al. 2001; Moriondo et al. 2010,
2011b; Ferrise et al. 2011; Bindi et al. 1996, Giannako-
poulos et al. 2009). In certain areas, these crops cover a
relevant part of the cultivated land (e.g. in Apulia Region
“Nuts code: ITF4,” winter durum wheat 337,436 ha, [82%
of cereal cultivated area] and tomato 28,409 ha [29% of
vegetable cultivated area]) (ISTAT 2009). These studies
generally showed that increasing temperatures shorten the
growing season of crops (Guereiia et al. 2001; Giannako-
poulos et al. 2009; Moriondo et al. 2011a), with a sub-
sequent shorter time for biomass accumulation, thereby
also resulting in a lower yield (Bindi et al. 1996; Ferrise
et al. 2011). However, changes in yields were also
dependent on crop distribution (e.g. summer and winter
crops), crop type (e.g. C3 and C4 plants) and environ-
mental conditions (water and nutrient availability) (Gian-
nakopoulos et al. 2009).

Among the crop simulation models that have been used
for assessing the impact of climate change on agricultural
crops, the DSSAT model (Jones et al. 2003) has been most
successfully used worldwide over the last 15 years (Dettori
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et al. 2011; Lazar and Lazar 2010; Knox et al. 2010;
Persson et al. 2009; Jin and Zhu 2008; Meza et al. 2008;
Brassard and Singh 2008; Sarkar and Kar 2008; Soltani and
Hoogenboom 2007; Kalra et al. 2007; Diagana et al. 2007;
Alexandrov and FEitzinger 2005; Eitzinger et al. 2003;
Holden et al. 2003; Gueredia et al. 2001; Alexandrov and
Hoogenboom 2000; Kapetanaki and Rosenzweig 1997).

Building on these premises, this study aims at evaluating
the impact of climate change on two typical Mediterranean
crops, winter durum wheat (Triticum turgidum L., subs.
durum [Desf.]) and tomato (Lycopersicum aesculentum 1.)
using the Decision Support System for Agrotechnology
Transfer (DSSAT) v4.0 crop model (Jones et al. 2003). The
model was applied in the Apulia region (southern Italy),
where both winter durum wheat and tomato represent a
large part of the regional agricultural production. The
impacts of climate change, as well as the possible benefi-
cial effects of adaptive strategies, such as irrigation and
fertilization, were evaluated considering two contrasting
climatic change horizons. In the first scenario, mitigation
strategies are considered and the global average tempera-
ture is restricted to +2°C (above pre-industrial levels). The
+2°C is considered to be the critical climatic threshold,
beyond which climate change impacts are predicted to
become unacceptably negative (IPCC 2007b). In the sec-
ond scenario, mitigation strategies are not considered and
as a result climate can continue to change unchecked up to
+5°C.

The results were discussed by considering the possible
interactions between the effects of climate, irrigation and
fertilization, respectively, on crop yield for winter durum
wheat and tomato.

Materials and methods
Study area

The impact study was focused on the “Capitanata area”
(Lat. 41.76-42.45N, Long. 14.97-15.62E, Fig. 1) of
approximately 4000 km?, which is located in the northern
part of the Apulia Region in southern Italy. The area, with
an elevation of 90 m a.s.l., is predominantly cultivated with
winter durum wheat, which is grown in a 3—4-year rotation
scheme with either tomato or sugar beet. The “Capitanata”
is considered one of the most important areas in Italy for
the production of winter durum wheat and tomato and,
secondarily, for other crops such as cabbage, olive and
grapes. Typically, the soils are deep, clay or silty-clay, and
vertisol of alluvial origin. The climate is classified as an
“accentuated thermomediterranean” (Unesco-FAQO classi-
fication), with temperatures that may fall below 0°C in
winter and exceed 40°C in summer. Rainfall is unevenly
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distributed throughout the year and is mostly concentrated
in the winter months with a long-term annual average of
550 mm.

Weather data and climate scenarios

For the 1975-2005 time period, observed daily data (7,
Tmax, rainfall and global solar radiation) were extracted for
the closest grid (50 x 50 km) from the MARS JRC archive
(MARS project http://mars.jrc.ec.europa.eu/). For the
future, time slices were centred over the 2030-2059
(+2°C) and 2070-2099 (+5°C) time periods, respectively.
The daily data (Tpin, Tmax, rainfall and global solar radia-
tion) were obtained from HadCM3 experiment for the A2
SRES IPCC (New 2005).

In order to overcome the problem of the coarse original
HadCM3 GCM resolution, a statistical downscaling pro-
cedure, based on the LARS Weather Generator (Semenov
and Barrow 1997; Semenov 2007), was adopted. In par-
ticular, for the present time, observed daily data, extracted
from MARS JRC archive, were used for the local cali-
bration of the LARS weather generator and for producing
synthetic daily weather data representing the Baseline
scenario. For the two future time slices, daily data Had-
CM3 were used to calculate the perturbing variables of
LARS-WG (monthly precipitation, temperature and solar
radiation changes, as well as changes in both the length of
the wet and dry series and changes in the standard

Fig. 1 The Capitanata area (from http://www.cartografico.puglia.it)
with the box showing the grid cell utilized in this study. The point
indicates the experimental farm where the models were calibrated and

deviation of temperature) and were also used for producing
synthetic daily weather data representing +2°C (Anom-
aly_2) and +5°C (Anomaly_5) future scenarios.

Mean monthly maximum and minimum temperatures,
solar radiation and rainfall of Baseline (1975-2005) and
future climate scenarios (Anomaly_2 and Anomaly_5) are
shown in the Fig. 2. Compared to the Baseline scenario,
mean annual T,,,, was projected to increase by 2.3 and
5.5°C in Anomaly_2 and Anomaly_5, respectively. A
similar trend was also observed for the mean annual T,;,,
with rising values about 1.7 and 4.2°C in Anomaly_2 and
Anomaly_5, respectively. Instead, for rainfall, a 10.4 and
20.9% mean reduction in annual rainfall was predicted for
Anomaly_2 and Anomaly_5 scenarios.

Crop simulation models

The CERES-Wheat and CROPGRO models, both included
in the Decision Support System for Agrotechnology
Transfer (DSSAT) version 4.0 software program (Jones
et al. 2003), were used in this study to perform crop yield
simulations of winter durum wheat and tomato, respec-
tively. The two cropping system models were previously
calibrated and validated in the test area for winter durum
wheat (cv. Simeto; Rinaldi 2001) and tomato (cv. PS 1296;
Rinaldi et al. 2007). The calibration and validation of the
models were carried out in a CRA-SCA Experimental
Farm in Foggia, Italy (41°26'N, 15°30'E, 90 m above sea

validated. The area around Foggia represents irrigated or nor irrigated
arable lands mostly cultivated with winter wheat and vegetables
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Fig. 2 Monthly averages of air 100
temperature (maximum and

minimum), solar radiation and

rainfall of the three scenarios: 80 -
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level), on a representative soil of the study area, which has
a clay-loam texture with an alluvial origin, as classified by
the Soil Taxonomy-USDA as a fine, mesic, Typic Chro-
moxerert (Soil Survey Staff 1992). Soil properties, used as
input for the models, are provided in Table 1.

CERES and CROPGRO are considered the two primary
crop models in the DSSAT software package and represent
the most physiologically based agronomic models avail-
able in recent times. Above all, they represent dynamic
simulation models that simulate the impacts of weather,
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soil properties, genotype and management on daily crop
phenological development and growth, as well as on the
dynamics of soil water and nitrogen. Both models calculate
potential biomass accumulation as the product of radiation
use efficiency and intercepted photosynthetically active
radiation (PAR). The percentage of incoming PAR inter-
cepted by the canopy is an exponential function of leaf area
index (LAI).

To run CERES and CROPGRO models, minimum
inputs are required and these include weather, soil
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Table 1 Soil properties used as input for DSSAT models

Soil layer (cm) SLLL SDUL SSAT SRGF SBDM SLOC SLCL SLSI SLNI SLHW
0-20 0.24 0.42 0.55 1.00 1.04 1.50 48.5 38.7 0.13 8.4
21-40 0.24 0.42 0.55 0.80 1.17 1.50 48.5 38.7 0.13 8.4
41-60 0.24 0.42 0.56 0.20 1.27 1.04 54.4 345 0.10 8.5
61-80 0.20 0.36 0.56 0.10 1.30 0.93 54.4 371 0.07 8.5
81-130 0.20 0.36 0.56 0.05 1.30 0.93 544 37.1 0.07 8.5

SLLL soil water at lower limit (Cm3/cm3), SDUL soil water at drained upper limit (Cm3/cm3), SSAT soil water at saturated upper limit (cm3lcm3),
SRGF root growth factor (—), SBDM soil bulk density, moist (g/cm3), SLOC soil organic carbon (%), SLCL clay (%), SLSI silt (%), SLNI total

soil nitrogen (%), SLHW soil pH in water

properties, plant characteristics and experimental data. The
minimum daily weather dataset requirements of the model
are solar radiation (MJ m~2 d™ "), rainfall (mm) and T,
and T, (°C).

In our study, the 50 km x 50 km daily weather data
obtained from the LARS Weather Generator (Tiin, Tmaxs
rainfall and solar radiation) were used as input variables for
the crop models (DSSAT) for the three different climate
scenarios (Baseline, Anomaly_2 and Anomaly_5). In order
to consider the CO, fertilization effect, three increasing
atmospheric concentrations were selected: 360, 550 and
700 ppm for the 1975-2005 period (Baseline), Anomaly_2
and Anomaly_5, respectively.

Adaptation strategies

To evaluate the effect of agronomical adaptation strategies
(irrigation in interaction with nitrogen fertilization) under
future climate change, different management scenarios
were compared for the two crops. For winter durum wheat
(cv. Simeto), the following treatments were applied: (1)
rainfed; (2) automatic irrigation using a sprinkler method,
programmed to operate when 10% of the available crop
water (CAW) in the upper 0.5 m of the soil depth is
depleted (IRR10); (3) 60 kg of N ha™! (Low N), and (4)
120 kg of N ha~! (High N). For both nitrogen treatments,
N fertilization was scheduled in two equal applications,
before sowing with ammonium phosphate and as a top
dressing with ammonium nitrate.

For tomato (hybrid PS 1,296, globe-shaped fruits), four
irrigation scenarios in interaction with two N fertilization
treatments were applied. To start the automatic irrigation,
as a drip method, the thresholds of CAW were fixed to 20
(IRR20), 40 (IRR40), 60 (IRR60) and 80% (IRRS80).
Similarly, for winter durum wheat, “Low N” and “High
N” fertilization regimes were considered, with 100 and
200 kg ha™', distributed in two applications, at pre-trans-
planting and top dressing using ammonium phosphate and
ammonium nitrate, respectively.

In both crop simulations, identical initial soil moisture
conditions (60% of crop available soil water) were used.

The harvest date was also simulated by the model at crop
maturity. In addition, the simulation option was set for
using the Priestley and Taylor method in order to estimate
potential evapotranspiration. Fixed sowing dates for both
crops and the three climate scenarios were imposed (26th
November [330 DOY] for winter durum wheat, 30th April
[120 DOY] for planting tomato). Crop management
options adopted in this study were relative to those gen-
erally practiced by the local farmers in the study area.

Assessment of uncertainties

As regards the climate change scenarios inferred from
GCMs, uncertainties are associated with imperfect
knowledge and/or representation of physical processes,
limitations due to the numerical approximation of the
model’s equations, simplifications and assumptions in the
models and/or approaches, internal model variability, and
inter-model or inter-method differences in the simulation
of climate response to given forcing. Reducing the wide
range of uncertainty inherent in projections of global and
regional climate change will require major advances in our
scientific understanding on the subject in the years to come.
Projections about the probability, frequency and severity of
extreme weather events should be carefully evaluated
(Mall et al. 2006).

In this paper, uncertainties in model estimates, attrib-
utable to different climate scenarios and agronomic prac-
tices related to nitrogen fertilization and irrigation, were
assessed by analysis of variance using the GLM procedure
of the Statistical Analysis System, SAS Institute (1996).

Results
Winter durum wheat responses
Phenology

Under the two future climate scenarios, higher tempera-
tures induced a reduction in the phenological cycle of
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winter durum wheat. This reduction was higher in the
vegetative cycle (i.e. sowing-anthesis phase: up to —30
days under Anomaly_5 scenario), whereas in the repro-
ductive cycle (i.e. anthesis-maturity phase) reductions were
negligible (up to 3-4 days). Consequently, the seasonal
length reduction determined a decrease in seasonal
evapotranspiration (—8 and —21% under Anomaly_2 and
Anomaly_5, respectively), which, however, was a very
small effect of daily water requirement (Table 2).

Crop biomass

The effects of climate change, irrigation and N fertilization
on the principle crop biomass parameters were reported in
Table 3. The statistical analysis showed that the three
effects, and their respective interactions, were highly sig-
nificant, with the exception of those for “Climate x Nitro-
gen” and “Climate x Nitrogen x Irrigation.”

Climate change Changes in temperature, precipitation
and CO, atmospheric concentration were predicted to
increase in grain yield of about 10% under Anomaly_2
scenario and a reduction of about 8% under Anomaly_5
scenario. The same trends were observed for the other
biomass parameters (total dry matter, grain number, LAI)
(Table 3).

Nitrogen applications Nitrogen fertilization showed that
High N treatment (120 kg ha™") significantly increased all
biomass parameters (from +33% for biomass to +44% for
LAI) (Table 3). However, High N also resulted in a con-
comitant increase in the variability of inter-annual yield.

Irrigation treatment Irrigation significantly increased all
biomass parameters (from +12% for LAI to +75% for
total biomass). In addition, irrigation had a strong effect not
only on the mean grain yields, but also on the inter-annual
variability of grain yields with reductions ranging from 40
to 10% (Table 3).

Interaction “Nitrogen x Climate” To better understand
the importance of irrigation, the irrigation efficiency (IE)
was calculated according to the following equations:

IE — 100 Vimgated — Yrinfed 0
Yrainfed

IE significantly decreased from Baseline to the future
scenarios, regardless of nitrogen levels (Table 4).

Interaction “Nitrogen x Irrigation x Climate” When all
effects (interaction “Nitrogen x Irrigation x Climate”)
were considered, the highest grain yield was obtained under
non-limiting conditions for water and nitrogen (High N
level and IRR10) under both present and future climate
scenarios (Fig. 3). Grain yields under Anomaly_2 scenario
were similar or slightly higher (but not significantly) than
those obtained when compared to the Baseline one. On the
contrary, at higher input levels, the Anomaly_5 scenario
showed a significant yield reduction of more than 20%.
These trends in grain yields for the different scenarios,
irrigation levels and N treatments were explained by the
very similar trends of the number of kernels per m?>
(Fig. 4). This demonstrated that the expected increase in
temperature and reduction in precipitation during flowering
and grain development (i.e. from the end of April to
middle May, Fig. 2) had strong negative effects on durum
wheat yields.

Tomato responses
Phenology

The length of both vegetative and reproductive tomato
phenological cycles was rather strongly affected by climate
change. The Anomaly_5 scenario was characterized by a
greater shortening of the cycle than the Anomaly_2 sce-
nario with reduction of about 14 versus 5 days and 10
versus 8 days in the vegetative and reproductive cycles,
respectively (Table 5). These reductions in the length of
the phenological cycles counterbalanced the increase in
evaporative demand of the atmosphere due to the warmer
conditions, thus the seasonal evapotranspiration was very
similar in all the three climate scenarios. Daily water
requirement, however, showed an increment of approxi-
mately 10 and 30% under the Anomaly_2 and Anomaly_5
scenarios, respectively (Table 5).

Table 2 Averages of cycle length, seasonal and daily evapotranspiration of durum wheat simulated by CERES-Wheat model as a function of

climate scenarios

Climate scenarios Season length (day)

Seasonal ETp (mm) Daily ETp (mm d™h

Sowing-anthesis

Anthesis-maturity

Baseline 152.8 45.1
Anomaly_2 140.7 47.0
Anomaly_5 122.3 48.5

484.7 2.40
446.1 2.33
391.3 2.24

@ Springer
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Table 3 Averages and standard deviations of durum wheat yield simulated by CERES-Wheat model as a function of climate scenarios, nitrogen

fertilization and irrigation management

Grain yield Total dry matter Grain number 10° LAI
(tha™" (tha™" (N°m™?) (em® em™?)
Climate effect
Baseline 4.32 + 1.09 11.81 £2.92 9.93 £ 255 215+ 0.54
Anomaly_2 4.79 £+ 0.98 13.42 £+ 2.61 11.11 £ 2.26 2.12 £ 0.41
Anomaly_5 3.99 £ 095 11.79 £ 2.50 931 £2.18 1.78 £ 0.26
Nitrogen effect
N_Low 3.73 £ 0.82 10.60 £ 2.29 8.61 £+ 1.89 1.61 £ 0.29
N_High 5.01 + 1.20 14.09 + 3.06 11.63 £ 2.77 231 £0.52
Irrigation effect
Rainfed 3.66 £ 1.53 8.97 £ 4.21 8.55 £ 3.57 1.90 £ 0.61
IRR10 5.08 £ 0.49 15.71 £ 1.15 11.69 £ 1.09 2.13 £0.20
Climate (C) XS sk sk EEE
Nitogen (N) skoksk Hoksk koksk Hsksk
Irrigation (I) skoksk Hsksk skoksk Heksk
C x N n.s. n.s. n.s. n.s.
C X I sksesk sekok sksksk sekok
N X I skskesk sk sksgsk sk
CxNxI n.s. n.s. n.s n.s

Significance of main effects and their interactions are reported
n.s. not significant
ek P < 0.001

Table 4 Irrigation efficiency of durum wheat simulated by CERES-
Wheat model under climate scenarios

Climate scenarios Low N High N
Baseline 52 65
Anomaly_2 30 37
Anomaly_5 24 27

Crop biomass

All the biomass parameters analysed revealed that the
effects of climate change, irrigation and N application, as
well as their respective interactions, were highly significant
(Table 6).

Climate change Under the future climate scenarios, the
model simulated negative effects on tomato yield (a
decrease in fruit dry matter of approximately 10 and 26%
in the Anomaly_2 and Anomaly_5 scenarios, respectively).
Similar trends were also observed for the harvest index
(HI) and total dry matter. However, this latter parameter
was much less reduced compared to the Baseline (—2 and
—5% under Anomaly_2 and Anomaly_5, respectively).
Moreover, due to rising temperature that determined more
favourable conditions for vegetative growth than fruit
growth, the maximum leaf area index (LAl.x) was

predicted to increase from 3.4 (Baseline) to 3.7 (Anom-
aly_5) under future scenarios.

Nitrogen applications As predicted, increasing N fertil-
izer levels significantly improved tomato yields. In par-
ticular, the High N level (200 kg ha™') significantly
increased fruit yield, total dry matter, HI and LAI,,,,, values
(+48, +32, +10 and +31%, respectively), in comparison
with the values obtained with the low N level (Table 6).

Irrigation treatment The maximum effect of irrigation
treatments was obtained with IRR40 and IRR60 with yields
of around 7 t ha~' and total dry biomass around 16 t ha™".
A further increase in the amount of added water did not
produce any increase in yields, but actually resulted in a
decrease (fruit yield of 6.6 t ha™!) (Table 6).

Interaction “Climate x Nitrogen x Irrigation” Figure 5
showed the effects of the interaction “Climate x Nitro-
gen x Irrigation” on tomato fruit yield. The response
functions with increasing irrigation volumes were different
in the three scenarios. In the Baseline scenario, the yield
response to increasing water supply was almost linear and
become curvilinear in the two future scenarios. A curvi-
linear trend in the yield response curves for future sce-
narios, more evident for Anomaly_5, can be attributed to a

@ Springer
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Fig. 3 Effects of irrigation and
N fertilization on simulated
grain dry matter yield of winter
durum wheat under climate
change scenarios. The bars
represent the standard
deviations

Fig. 4 Effects of irrigation and
N fertilization on simulated
grain number yield of wheat
under climate change scenarios.
The bars represent the standard
deviations

Table 5 Averages of cycle
length, seasonal and daily
evapotranspiration of tomato
simulated by CROPGRO model
as a function of climate
scenarios

lowering of the threshold, compared to the Baseline sce-
nario. The lowering of a threshold beyond a certain point
means that other factors became the main limiting factor of
crop growth (e.g. high temperature shortening of crop cycle

@ Springer
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Climate scenarios Season length (day) Seasonal ETp Daily ETp
, ) (mm) (mm d~")
Planting- Flowering-
flowering maturity
Baseline 43.5 78.0 710.4 5.85
Anomaly_2 384 69.5 697.4 6.46
Anomaly_5 29.6 68.0 741.8 7.60

and photosynthetic activity). Moreover, the negative yield
trend for CAW higher than 60%, under future scenarios can
be explained by the reduction of crop water uptake that
determined conditions of wet soil and losses of water by
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Tal?le.6 Averages and standgrd Climate scenarios Fruit dry matter Total dry matter HI LAI (m*> m™?)

deviations of tomato production t ha’l) (t ha’l)

simulated by CROPGRO model

as a fqnctiop of c]imat(.e. . Climate effect

scenarios, nitrogen fertilization o7

and irrigation management Baseline 7.65 £ 0.40 16.75 £ 0.76 0.45 £+ 0.02 3.45 £ 0.52
Anomaly_2 6.93 £+ 0.49 16.41 £ 0.78 0.42 £+ 0.02 3.53 £ 0.59
Anomaly_5 5.63 £ 0.87 15.94 £ 0.83 0.35 £+ 0.06 3.71 + 0.58
Nitrogen effect
N_Low 5.44 £ 048 14.12 £ 0.70 0.39 £ 0.03 3.09 £+ 0.47
N_High 8.04 + 0.70 18.62 + 0.88 0.43 £ 0.04 4.04 £ 0.66
Irrigation effect
IRR20 6.09 £ 0.81 15.61 £ 1.30 0.39 £ 0.06 3.28 £ 0.95
IRR40 7.08 £ 0.44 16.30 £ 0.65 0.43 £+ 0.02 2.60 £ 0.46
IRR60 7.13 £ 043 16.57 £ 0.54 0.43 £+ 0.02 3.18 £ 0.28
IRR80 6.65 £ 0.67 16.99 £ 0.67 0.39 £+ 0.04 5.19 £ 0.55
Nitogen (N) skoksk koksk skoksk skokosk
Irrigation (I) skoksk skoksk skoksk skoksk
C X N skoksk skoksk skoksk skoksk

Significance of main effects and CxI ook otk ek ok

their interactions are reported

n.s. not significant
C X N X I skekek skskk skeskck skeskeosk

ek p < 0.001

drainage. The linear component of the equations, reported
in Fig. 5, increased significantly from the scenario in the
Baseline to the Anomaly_2 and Anomaly_5 scenarios,
respectively (for High Nitrogen condition 14.1, 123.7 and
240.6 kg ha '% "', respectively). This increase was
attributable to the response to increased potential evapo-
transpiration characterizing the three scenarios. Similar HI
relationships, in function of irrigation scheduling, were
obtained (data not shown), indicating that both heat and
water stresses influenced the translocation of assimilates to
the tomato fruit.

As regards the irrigation quantity in relation to the
irrigation scheduling, the seasonal irrigation depth
increased linearly with increasing irrigation threshold,
reaching values between 400 and 600 mm (Fig. 6).
Meanwhile, the relationship between water use efficiency
of the fruit dry matter (WUE) and irrigation scheduling
indicated that there was a significant deviation of linearity
between WUE and irrigation supplies. This was particu-
larly evident for Anomaly_5, followed by Anomaly_2
(Fig. 7). Even in this case, 40 and 60% of CAW were
respectively demonstrated to be the best irrigation treat-
ments in order to achieve the maximum values of WUE
under different climate scenarios.

Finally, the relationship between fruit yield and total
applied water (precipitation and irrigation) and then
between fruit yield and irrigation water are shown in
Figs. 8 and 9, respectively. In the first case, the response
functions were demonstrated to move progressively

downwards from the Baseline scenario to Anomaly_S5,
indicating a progressive yield reduction due to expected
climate change. Analysing the tomato yield in function of
irrigation (Fig. 9), it is evident that the response functions
moved, not only downwards, but also to the right, thereby
indicating both yield reductions and a significant increase
in irrigation requirement. In particular, in Anomlay_2, with
irrigation depths of 450-500 mm, it was possible to obtain
the same fruit yield as that shown for the Baseline. How-
ever, under Anomaly_5, the fruit yield was significantly
lower than that obtained in the Baseline, even at 550 mm.

Discussion
Winter durum wheat

The simulations for winter durum wheat showed that, for
an increase of 42°C, the positive fertilization effect of
increasing CO, concentration on durum wheat yields was
greater than the negative effects due to rising temperature
and declining rainfall. These results were in agreement
with those reported in the FAR-IPCC report (IPCC 2007b).
The latter report indicated how +2°C may represent a
threshold level, up to which the effects of climate change
will be minimal in many areas of the globe for many
agricultural crops. Similar results were also obtained in
many other studies. Attri and Rathore (2003) reported
different wheat genotype responses under climate change
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Fig. 5 Relationship between fruit dry matter yield
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Fig. 9 Fruit total dry matter yield as a function of irrigation amount,
when low (a) and high (b) N fertilizers were applied under the three
climate change scenarios. The lines represent the linear or curvilinear

in rainfed and irrigated conditions. In that study, it was
shown that for temperature increases up to +2.0-2.5°C, the
yield responses were still positive, whereas for increases of
3°C or the more positive effects of elevated CO,, the wheat
yield was completed overcome by the negative climate
effects. Tubiello et al. (2000) showed that for the same
study area (i.e. Foggia Province), wheat yields decreased
by 30-50% as a result of a 4°C increase in temperature.
Additionally, in a study carried out by Ferrise et al. (2011)
for the entire Mediterranean basin, the projected warmer
and drier climate is predicted to increase the risk of yield
losses especially for temperature increases exceeding 2°C.

However, such findings were focused on the effect on
wheat yields, mostly determined by temperature, rainfall
and CO, concentration without considering the importance
of taking into account the interactions with agronomical
practices, such as nitrogen fertilization and irrigation, that
can modify the crop response to climate change. This
behaviour was in agreement with that reported by El
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Afandi et al. (2010), for the middle Egypt area under A2-
B2 climate change scenarios, in which the adoption of
correct irrigation scheduling may be used to reduce the
negative impact on heat yields due to higher temperature
and lower rainfall.

Tomato

The simulations for tomato showed that for both future
climate scenarios (i.e. +2°C and +5°C), the positive fer-
tilization effect of increasing CO, concentration was not
sufficient to overcome the negative effects determined by
increasing temperature and reducing rainfall. These results
also highlighted that summer crops, including tomato, may
be strongly affected by climate change that in this very
important agricultural area of Italy. Unfortunately, studies
on the response of tomato to climate change are very
limited. However, the studies carried out by Dane et al.
(1991) and Tshiala and Olwoch (2010) showed how high
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temperature may be considered the primary cause of sig-
nificant losses in tomato yield and quality (Dane et al.
1991). In particular, Tshiala and Olwoch (2010) reported
that temperatures exceeding 25°C were likely to reduce
tomato yield. Assuming a non-linear yield response to air
temperature, for a ~ 1°C rise in temperature above 25°C,
tomato yields may decline by about 10%.

This trend, with an higher impact of climate change on
summer crops than on winter crops, was also found in
studies conducted on other crops in Mediterranean coun-
tries, such as legumes, sunflower (Giannakopoulos et al.
2009; Moriondo et al. 2010, 2011a) and soybean (Mori-
ondo et al. 2010).

The modification of present management strategies (e.g.
irrigation scheduling) showed that an increase in the fre-
quency of irrigation treatments (i.e. start the automatic
irrigation when soil reached 40 and 60% of crop available
water) may reduce the negative effect of climate change on
tomato yields. At the same time, however, the results
showed that under future climate scenarios tomato yields
will be limited more by high temperature than by water
availability. In particular, under both future climate sce-
narios it was predicted that any further addition of water
above that provided by the irrigation treatment IRR40
would not produce any increase in tomato yields since high
temperature was the limiting factor shortening both crop
cycle and photosynthetic activity.

Conclusions

This simulation study has provided details relating to the
responses of crops under climate change and also how
management practices may be used to maximize the crop
yield optimizing the application quantities and the time of
application during the crop cycle.

The simulation results of the CERES-Wheat and
CROPGRO models in one of the most important agricul-
tural areas of Italy (i.e. Capitanata, Apulia Region) led to
the conclusion that climate change could negatively affect
yields of winter durum wheat and especially those of
tomato. The differences in crop responses between the two
crops depend on the interaction between crop phenology
and climate conditions. In particular, in autumn—winter
crops, such as durum wheat, a shorting in phenology would
restrict the crop-growing cycle to the wet seasons in order
to avoid the extremely high temperatures predicted in the
future scenarios for the summer months. Moreover, in the
future scenarios, the phenological cycle of spring crops
would occur in a period of the year (from April until
August) that will be characterized by higher variability in
minimum and maximum temperatures compared to Base-
line scenario (data not shown).

@ Springer

These negative effects of climate change could be
attenuated by the application of adaptation strategies, such
as the management techniques of irrigation and nitrogen
fertilization. However, the climatic conditions of the most
pessimistic scenario, Anomaly_5, dramatically reduced the
possibilities of adaptation for the cultivation of tomato more
markedly than those observed for winter durum wheat.

Limiting the global mean temperature change of 2°C
(above pre-industrial levels) may permit the application of
appropriate adaption strategies in order to reduce the neg-
ative effects of climate change on crop productivity to
acceptable levels, particularly for the spring—summer
crops, such as tomato that appears to be more sensitive to
climate change than the winter durum wheat in southern
Italy. For a temperature change of around 5°C, environ-
mental conditions are likely to exceed the adaptation
capacity of the investigated crop cultivars and, at least for
tomato cultivation in southern Italy, it would not be pos-
sible to restore the yield level of the Baseline. However,
this conclusion does not take into account the possible and
wished-for genetic progress that could expand the plasticity
of the plants by increasing their ability to adapt to high
temperatures and CO, concentrations.
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