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The setting up of innovative irrigation water management might contribute to the mitigation of negative issues related 
to climate change. Our hypothesis was that globe artichoke irrigated with a traditionally drip system could be converted 
to an innovative water management system based on precisión irrigation techniques and on evaporative cooling appli-
cation in order to improve crop physiological status with positive impacts on earliness, total heads yield and water sav
ing. Over two experiments carried out at plot- and field-scale, two irrigation management systems, differing in type and 
application time, were compared: (i) conventional, and (ii) canopy-cooling. Plant physiological status at a weekly sam-
pling interval and the head atrophy incidence (as the ratio of the total primary heads collected) were monitored. We 
also recorded and determined heads production, and yield components. In both experiments, throughout the applica
tion period of evaporative cooling (three months), canopy-cooling showed the lowest valué of leaf temperature and the 
highest photosynthesis valúes compared with the conventional one (+3 °C and —30%, respectively). The physiological 
advantage gained by the crop with evaporative cooling has led to a higher production both in terms of total yield 
(+30%), and in terms of harvested first order heads that from an economic viewpoint are the most profitable for 
farmers. At farm-scale, the canopy-cooling treatment resulted in a higher earliness (35 days) and water productivity 
(+36%) compared with conventional one. Our findings show that by combining evaporative cooling practice with pre
cisión irrigation technique the heads yield can be optimized also leading to a relevant water saving (—34%). Moreover, 
the study proved that canopy-cooling set up might be a winning strategy in order to mitígate climatic changes and heat 
stress conditions. 



1. Introduction 

Climate change and extreme weather events, such as prolonged 
droughts combined with increasingly frequent heat waves, raised the 
interest about the need to put in place new mitigation strategies 
(Dono et al., 2013a, 2013b; 1PCC, 2014). Extreme high-temperature 
events strongly impact on growth and development of crops (Fahad 
et al., 2017). The significance of the impact of high temperatures and 
heat waves on crops varies from species to species and in any case is 
closely connected to the combination of both high temperature and in-
creased water vapor demand (Hatfield and Prueger, 2011). Indeed, the 
extreme high temperature determines an increase in the water vapor 
demand that lead to a higher leaf transpiration rate, and to stomatal clo-
sure; this results in a raise of leaf temperature and a decline of net pho-
tosynthesis rate (Hatfield and Prueger, 2015). Specifically, extreme high 
temperature may affect the functionality of the C02 photosynthetic en-
zyme causing a decline in carboxylation an increase in oxygenase activ-
ity and also in photorespiration at the expense of photosynthesis (Ara 
et al 2013) Frequency and lasting of heat stress have to be properly 
accounted for when the objective is to study plant response to this 
tvDe of abiotic stresses (Driedonks et al 2016) Indeed the studv of 
this ODen-field condition is an imDortant challenge 

since asunderlinedbvother studies fe e Koscielnvetal 20181 theoD-
tions to modifv microclimate at the canoüv level are scarce However it 
is widelv recosnized that hish valué asricultural 

c p p f n r e 

such as horti-
one are hiehlv dvnamic and more willine to invest in npw tprh-

noloeies and in Drecision aericulture (Balafoutis et al 2017' Schriiver 
etal 2016'Shoii 20171 Atthisresard both Drecisión irrisation tech-
ninués and water'ranonv-rooline are w'ell-known nrartires that mieht 
renresent once combined a winnine solution in order to tackle the 
ahnvp-mp'ntinnpd ÍSSUPS fHnustnn pf al ?01R- Mpsias and Tarrnfp 
901 SI Prprkinn irricratinn has hppn thp snhiprt n'f a crrpat aHvanrp in rp-
sparrli in thp last dpradp hnth in nnpn-fiplH and in crrppnhnnsp rnndi-
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tions, and it is likely the most recognized and apphcable practice/ 
technology aimed to foster water saving through increasing of water 
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use and irrigation efficiency (Montesano et al., 2015; Pascual-Seva 
et al., 2016; West and Kovacs, 2017). Furthermore, water canopy-
cooling is to date an agronomic practice mostly confined to particular 
situations as orchards or little fruit fields (Evans, 2004), vineyards 
(Caravia et al., 2017) and controlled environments (Leyva et al., 2015; 
Max et al., 2009). Water canopy-cooling takes place because the water 
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evaporative process requires energy (Taíz et al., 2015). Many open-
_ , , , . , , , . , r . . 
field horticultural crops cultivated in températe environments are ín-
tensively grown dunng the spnng-summer months, from the end of 
March onwards, and some of them are susceptible to heat stress 
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level, anowing tne crop to Denent or a Detter pnysioiogicaí status witn 
positive impact on crop proauction. in some ivieaiterranean áreas, as 
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tural crop (Martin et al., 201b, Nouraei et al., 201», sninonara et al., 
201 /) being largely appreciated all over the world ror the nutritional, 
neaos \Ui venere er ai., zuuDa, ui venere er ai., zuuy, ivineo er ai., 
2015; Spanu et al., 2018). The globe artichoke growth eyele can be 
poliannual or annual accoraing to tne vanetal-type, tne suitaDility oí 
the growing área, the adopted agronomic technique, and the market re-
quirements (Calabrese, 2009). Indeed, the early tlowenng artichoke is 
grown with the torced technique (De Menna et al., 2016; Ledda etal., 
2013), namely by forcing the vegetative organs (offshoots) to start 
growing at a time wnen ^tne summer onej tney snouio De oormant ac-
cording to their natural growing eyele (Pisanu et al., 2009). The primary 
purpose of adopting the forcing technique is to meet the market 

requirement for early productions, also ensuring to farmers higher in-
comes (Sgroi et al., 2015). The climate change perspective, where ex
treme weather events, such as hot waves, last several days, puts 
farmers in front of new and serious challenges to face in order to guar-
antee food security (Bita and Gerats, 2013). In the case of globe arti-
choke, the challenge is double due to its susceptibility to heat stress, 
especially during the early stages of growth and during the hottest 
hours of the day, and to low efficieney in irrigation water use during 
the summer months. Studies carried out on globe artichoke crop, until 
today, were aimed to study new methods to cope with the head atrophy 
incidence by combining various aspeets of crop management (Kocer 
and Eser, 2005; Ledda etal., 2003; Mauro etal., 2008) rather than deeply 
investígate water management in order to improve the general physio-
logical status of the crop. However, due to the interaction of múltiple 
factors, there is no single conclusión regarding the effect of evaporative 
cooling on crop physiological status, yield and water productivity, espe
cially under current climate change scenarios. Henee investigation at 
different sepile and in more focused of innovative water manaíie-
ment strategies also on the basis of new technologies would allow 
the acauisition of adeauate results in terms of vield and water Droduc-
tivitv Thus the aim of the Dresent new water 

management svstem suitable to be extended to a sreat number of 
croDS able to ensure mitigation against heat stress and able to increase 
the Droductivitv and the water savine We hvüothesized that the ühvs-
ioloeical status of the artichoke croü would benefit from an adiustment 
nf thp rannnv mirrnrlimatp rpsnltiníJ in inrrpaspd harvpstiníJ parlinpss 

and heads vield and in the decline of the onset of DhvsioDatholosies 
caused bv hish temDerature valúes 

2. Material and methods 

Two experiments were carried out, the first, during which the sys-
tem was developed and set up, was conducted at the plot-scale, the sec-
ond experiment was implemented within the framework of a H2020 
project (http://maslowaten.eu/) and enabled us to replícate, improve 
and valídate the water management at a real scale in a prívate horticul-
tural farm as project Italian demonstrator. 

2.1. Plot-scale experiment 

The plot-scale experiment was conducted during 2010-2011 and 
2011-2012 growing seasons at two different locations in Southern 
Italy (Sardinia). A trial was set up at the experimental station of the 
University of Sassari in Ottava (40° N, 8° E, 81 m asi) and the other 
one was carried out at a prívate farm located in the globe artichoke 
productive district of Cabras (39° N, 8° E, 3 m asi). The site of Ottava is 
characterized by médium deep soils (Eutric and Leptic Cambisols; 
WRB, 2014) with a clay-loam texture, a high limestone content 
(>40%), and a water retention capacity of 30%. The site of Cabras is 
characterized by soils of ancient floods origin (classified as Haplic 
Luvisols and Gleyic Luvisols; WRB, 2014), deep over 100-120 cm, with 
a clay-loam texture, and a water retention capacity of 33%. The climate 
of the Sardinia región is Mediterranean (Kottek et al., 2006) character
ized by fall-winter rains (535 mm and 581 at Ottava and Cabras respec-
tively) and summer droughts. The annual mean temperature trends are 
in the range 10 "C-11.9 °C in lanuary and 23.1-24.8 °C in August at 
Ottava and Cabras respectively. 

2.1.1. Experimental design and treatment description 
For both sites and growing seasons, the experiment was set up ac-

cording to a randomized block design with three replications. A 6 m 
wide unsampled zone was maintained among plots (5 m wide and 
15 m long, 75 plants) and blocks to avoid interactions between treat-
ments. Conventional (CV) drip irrigation and canopy-cooled (CC) irriga
tion treatments were compared. The CV treatment was managed, 
according to local farming practice, with a drip irrigation system (drip 
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flow rate of 5 L linear m_1) placed along the plant rows and covering 
the entire experimental field (about 1100 m2) and without any 
canopy-cooling application. In the CC treatment the cooling was ob-
tained through misted irrigation by using a mini-sprinkler system 
with emitters spaced every 5 m and a flow rate of 30 L-h_1. Canopy-
cooling treatment was initiated after 48 days (lOth leaf visible) from 
planting and it was suspended at 105 days after planting. Canopy-
cooling was managed as follows: no application when the air máximum 
temperature between 11:00 h and 17:00 h was below 25 °C; cooling ap
plication when the air máximum temperature was above 25 °C with 
15 min of irrigation applied two times per hour. 

2.1.2. Crop and irrigation management 
The preparation of the soil for the planting of the crop took place by 

plowing. Tillage operations varied between sites according to the phys-
ical composition of the soil. Semi-dormant offshoots of globe artichoke 
cv. Spinoso sardo were hand-planted within the last 10 days of July; at 
a planting density of 1 plant m~2 (plants spaced 1.2 m between rows 
and 0.7 m within rows), in both sites and for both growing seasons. 
The entire experimental field was irrigated with a specific volume of 
water determined by the rate of evapotranspiration (ETc) according to 
Doorenbos and Pruitt (1977) and crop coefficients applied according 
to Alien et al. (1998). The evaporation and meteorological data were 
provided by the University of Sassari weather stations, located on site 
or immediately adjacent to the experimental field. The irrigation 
water was calculated to reach 100% of available soil water for a soil 
depth of 0 to 40 cm at each irrigation. After this procedure in both 
sites on average 5500 m3 • ha - 1 and 6490 m3 • ha - 1 of water was distrib-
uted over 2010-2011 and 2011 -2012 seasons. Pest and disease control 
and fertilization schedule followed the regional recommendations. Av-
eraged across growing seasons total N P and K applied by fertirrigation 
were 340 406 and 604 kg ha - 1 respectively Plots were maintained 
weed free bv mechanical means The harvest lasted from 8 November 
to 11 March in 2010-2011 and from 3 November to 14 March in 
2011-2012 

2.1.3. Physiological parameters 
Artichoke plant physiological status (transpiration rate, stomatal 

conductance, leaf temperature, and net photosynthesis) was monitored 

by an infrared gas analyser (C1RAS-2, PP-Systems, Hertfordshire, UK) at 
weekly interval on a sample of 15 plants per plot. Measurements were 
conducted on clear days (photosynthetically active radiation in the 
range 1000-1800 umol m~2 s_1) and on two young healthy non-
damaged leaves per plant. In the CC treatment gas exchange measure
ments were carried out once the water-drop evaporated from the can-
opy surface (about 10 min after canopy-cooling treatment). 

2.1.4.Headsyield 
Globe artichoke heads were harvested at commercial stage (stage D, 

Foury, 1967) at a ten-day interval on 30 plants per plot. The unit head 
weight and diameter, and the number of heads per plant were deter
mined. The percentage of atrophic heads was expressed over the num
ber of productive plants. 

2.1.5. Statistical analysis 
All raw data were checked for normality of distribution using the 

Kolmogorov-Smirnov test prior to statistical analysis. Atrophy data 
were log-transformed to fit a normal distribution and back transformed 
means valué are reported. Data were analyzed with the SAS M1XED 
(SAS, 1996) procedure with treatment considered as fixed effect, and lo-
cation, year, block and their interactions considered as random effects. 
Means were separated by Tukey's honest significant difference test. All 
differences were considered significant at the 0.05 probability level. 

22. Farm-experiment 

Farm-experiment was carried out during 2017-2018 growing sea-
son in a prívate farm located in the globe artichoke district of Coros 
(Uri, 40° N, 8° E, 128 m asi) in the north-west of Sardinia. 

The soil is of alluvial origin (Haplic Luvisols and Gleyic Luvisols; 
WRB, 2014), fíat to moderately hilly, predominantly with clay-loam tex-
ture, and with water retention capacity ranging between 25 and 28% 
(on a dry basis). The área has a typical Mediterranean climate; mild, 
with an average annual humidity of 65%. The mean annual precipitation 
is approximately 715 mm primarily concentrated in autumn. The mean 
temperature valúes range from 10 °C in January, to 26 °C in August. 
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Fig. 1. Rainfall (grey bar) máximum (blacklíne) and mínimum (dottedlíne) air temperature atlO-day interval at the experimental site ofOttava (a), and Cabras (b) during the July-March 
períod in 2010-2011 and 2011-2012 growing seasons. 



Fig. 2. Rainfall (grey bar) máximum (black line) and mínimum (dotted line) air 
temperature at 10-day interval at the farm of Uri during the June-March period in 
2017-2018 growíng season. 

22.1. Treatments description and crop management 
The conventional management (CV) of globe artichoke with drip ir-

rigation and with any canopy cooling treatment was compared with an 
alternative management with application ofcanopy-cooling (CC) effect 
treatment. 

Irrigation was applied from planting (at the end of June) to Novem-
ber when the first rainfalls occurred. The two managements (conven
tional and canopy-cooling) were applied in two different sectors of 
the same field in east-west rows (experimental unit sector size: 
2500 m2). 

Indeed, as stated by Gómez and Gómez (1984) and as others have 
done before (Archontoulis et al., 2011), for practical reasons (inter-
plot interference, and irrigation systems set-up) no attempt was made 
to include in a common experimental layout the two treatments. 

In CV treatment, irrigation was supplied using a drip system with 
drip tape placed adjacent to the row of the plants, with emitters spaced 
every 35 cm and a flow rate of 5 L-h_1. The CV irrigation was managed 
during the entire artichoke cycle by the farmer according to its skill and 
previous experiences, without any technological support. In CC treat
ment a low pressure micro-sprinkler irrigation system was installed, 
and a combination of feed-forward and feedback strategy based on 
weather and soil moisture measurements was used. After a soil spatial 
variability study, the entire farm was divided in different irrigation sec
tors. Irrigation and canopy-cooling were managed for each irrigation 
sector by a central control unit wireless communicating with a weather 
station, wireless transceiver modules for irrigation valves control and 
with soil moisture sensors placed at 10,20 and 30 cm depth in each sec
tor. During the entire period of the experiment, the central control unit 
operated in a fully autonomous manner compensating weather 

conditions without any external information or forecast. After planting, 
daily irrigation for soil moisture restoration began when the soil mois
ture in the first 10 cm fell below 35% of the available water, and stopped 
when the soil moisture at 30 cm was such to avoid deep percolation 
caused by over irrigation. Daily cooling irrigation started at 45 days 
after planting and ended at 105 days after planting and it was applied 
during the day-time hours when air temperatures reached valúes over 
25 °C with an average daily duration of about 6 h. The management 
has been designed to allow a rotation of the cooling events among sec
tors and each cooling-event occurred in each sector with a 15-minute of 
duration. The duration of each cooling event was chosen taking into ac-
count the time it takes the plant to enter under working pressure, about 
1-2 min, and to uniformly wet the entire canopy. The choice was also 
made by assessing the time need by leaf surface to go from wet to dry 
and then back to wet. In both sectors to reflect the traditional forcing 
technique after soil preparation by plowing and harrowing planting 
occurred in late-Iune with 10-cm-long semi-dormant offshoots of 
Spinoso sardo artichoke varietal type A 0 70 m row spacins was 
adopted to clchicVG a ülant densitv of 9500 plants ha - 1 Pest and disease 
controls and fertilization were carried out according to the farmer ordi-
narv management Total N P and K (150 80 and 100 k2 ha ^ resDec-
tivelvl were aDülied in four sülit doses at Dlantine mid-SeDtember late-
November and late-Februarv Weeds were controlled bv mechanical 

22.2. Physiological parameters 
Rainfall and environmental data were provided by the on farm 

weather station. Long-term weather data of Uri were acquired by the 
Sardinia Región Agrometeorological Service. Artichoke plant physiolog
ical status (transpiration rate, stomatal conductance, leaf temperature, 
and net photosynthesis) was monitored by an infrared gas analyser 
(C1RAS-2, PP-Systems, Hertfordshire, UK) at weekly interval in cloudless 
condition. Over each experimental unit, plant physiological measure
ments were carried out along small transects between rows by monitor-
ing a range of 18 to 24 plants. The choice of the number of the sample 
was affected by the need to perform measurements in the máximum 
photosynthetic active radiation range (between 12:00 h and 14:00 h, 
and in the range 1000-1800 umol m~2 s_1) in order to ensure 
uniformity and avoid uncertainty due to a different day-hour and to a 
different range of photosynthetic active radiation. Two young fully 
expanded and sunlit leaves per plant were selected for gas-exchange 
measurements 

Table 1 
Mean valué (¿standard error) of physiological parameters of globe artichoke crop in response to canopy-cooling and conventional treatments (plot-scale experiment) (number of 
replícates = 3). 

Factors Transpiration rate mmol H20 m 2 s 1 Leaf temperature °C Net photosynthesis î mol C02 m
 2 s 1 Stomatal conductance mol H2C m s 

Year 
2010-2011 3.58 ± 2.6 25.5 ± 2.0 4.53 ± 0.4 0.38 ± 0.1 
2011-2012 3.30 ± 2.5 24.1 ±1 .8 4.43 ± 0.5 0.35 ± 0.2 

Site 
Ottava 3.22 ± 1.5 b 24.6 ±1 .6 4.54 ± 0.4 0.40 ± 0.2 
Cabras 3.67 ± 1.1 a 25.1 ±1 .6 4.42 ± 0.4 0.40 ± 0.1 

Treatment 
Canopy-cooling 3.86 ± 1.1 a 23.3 ± 1.7 b 4.91 ± 0.5 a 0.57 ± 0.2 a 
Conventional 3.02 ± 0.7 b 26.3 ±1 .4 a 4.04 ± 0.5 h 0.22 ± 0.1 b 

Analysís of varíance Df P> F P> F P>F P>F 

Year 0.3850 0.2394 0.5928 0.3111 
Site <0.0001 0.1447 0.5330 0.6036 
Treatment <0.0001 <0.0001 <0.0001 <0.0001 
Year x site 0.3490 0.3900 0.4235 0.1526 
Year x treatment 0.3921 0.1060 0.1138 0.6799 
Site x treatment 0.2393 0.0163 0.1584 0.0009 
Year x site x treatment 1 0.9673 0.9906 0.2875 0.0871 

Means wíthín a column followed by different letters are sígníficantly different according to the Tukey's test (P < 0.05). 
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2.2.3. Heads yield 
Artichoke heads were harvested every 5 to 7 days from 29 Sep-

tember 2017 to 31 March 2018 and sampling áreas consisted of 20 
plants per treatment. During each harvest date, heads were counted 
and sorted by order (I, II and III order, respectively). Marketable yield 

(kg-ha - 1) , and average head size (grams head - 1) were also 
recorded. The heads collected during the first six harvesting dates 
were considered as early harvest to indícate yield earliness. The 
number of atrophic heads was recorded as already stated for plot-
scale experiment. 
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Table 2 
Mean valué (¿standard error) of morphologícal and yíeld characteristícs of globe artichoke heads and atrophy íncídence duríng 2010-2011 and 2011 -2012 growing seasons, at Ottava 
and Cabras sites and over two treatments (canopy-coolíng and conventíonal) (number of replícates = 3). 

Factors Total head number (plant ) Unít head weíght (g) Heads díameter (cm) Head atrophy (%) 

Year 
2010-2011 
2011-2012 

Site 
Ottava 
Cabras 

Treatment 
Canopy-coolíng 
Conventíonal 

Analysís of varíance 

6.8 ± 0.4 
7.0 ± 0.4 

7.8 ± 0.3 a 
6.9 ± 0.3 b 

7.2 ± 0.3 a 
5.9 ± 0.2 b 

Df 

144.7 ±1 .7 6.5 ± 0.5 4.1 ± 0.2 b 
142.8 ±1 .3 6.5 ± 0.5 9.3 ± 0.5 a 

140.8 ± 1.6 b 6.8 ± 0.6 a 6.1 ± 0.2 b 
146.0 ±1 .5 a 6.2 ± 0.6 b 7.3 ± 0.2 a 

138.8 ± 1.3 b 6.3 ± 0.4 b 4.9 ± 0.2 b 
148.0 ± 1.3 a 6.7 ± 0.4 a 8.5 ± 0.4 a 

P> F P> F P> F P> F 

0.1089 0.7308 0.5075 <0.0001 
<0.000~ 0.0004 <0.0001 <0.0001 
<0.000~ <0.0001 0.0015 <0.0001 
0.6839 0.2022 0.0234 0.0010 
0.2259 0.6279 0.3842 0.0626 
<0.000~ 0.6063 0.0923 0.7313 
0.4170 0.2709 0.3842 0.8759 

Year 
Site 
Treatment 
Year x site 
Year x treatment 
Site x treatment 
Year x site x treatment 

Means within a column followed by different letters are significantly different according to theTukey's test (P< 0.05). 

22 A. Water productivity (WP) calculation 
The WP was calculated as the transformation efficiency of water 

through the cultivation system into yield, as the ratio of total yield of 
heads to the total volume of irrigation water consumed by the system 
(Pereira et al., 2012; De Pascale et al., 2011). 

22.5. Statistical analysis 
For the field-scale experiment, results are expressed as the mean ± 

standard error of three replicates. Normality of data distribution and ho-
mogeneity of variance were confirmed by the Kolmogorov-Smirnov 
test and Levene test, respectively. Atrophy data were log transformed 
to meet assumptions of normality, and means back-transformed for 
reporting. The Student's t-test was performed for each monitoring 
(physiological parameters) and harvesting date to find significant dif-
ferences (P < 0.05) between treatments. All analyses were performed 
with SAS software package. 

3. Results 

3.1. Meteorological trena 

3.1.1. Plot-scale experiment 
Fig. 1 reports the meteorological trendof the first (2010—2011) and 

the second (2011—2012) growing season at two sites (Ottava and 

Cabras). At the Ottava site (Fig. la), compared to the 50-year long 
term (1958-2008) precipitation trend (470 mm during a globe arti
choke growing season from last ten-day of July to March), 
2010-2011 growing season was in line with the long-term trend 
with a slightly 20% higher precipitation (561 mm), while 
2011 -2012 was a drier growing season with 30% less precipitation 
(321 mm) than the long-term average and 60% higher number of 
dry days with respect to the climatic description for this región 
(Emberger et al., 1962). The air temperatures decreased fromjuly 
onwards. In the period of investigation, the average yearly tempera-
ture was 16.4 °C, temperatures lower than 5 °C were recorded in 
February 2012 only, and máximum valúes over 30 °C were quite 
frequent in July and August (Fig. la). At the Cabras site during the 
two growing seasons total mean rainfall was 468 mm per season 
(Fig. Ib) and was in line with the long-term average (467 mm). 
During the experimental period rainfall was mostly concentrated 
(94%) from October to March with November the most rainy 
month (173 mm on average) The Fciiny period w¿is characterized 
bv máximum air temperatures ransins from around 14 1 °C (lanuarv 
and Februarv) to 24 7 °C (October) and mínimum from 3 7 °C (Febru-
arv) to 13 0 °C (October) Durins the drv Deriod the máximum 
monthlv temperatures were reached in lulv (31 1 °C] and Aueust 
(31 4 °C) while the minimum temnera ture was rearhed in 
SeDtember 
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Fig. 5. Total head number per plant (a) affected by site x treatment ínteractíon (P < 0.0001), and atrophy (b), calculated as a percentage of íncídence on the total productíve plants, 
ínfluenced by year x site ínteractíon (P < 0.01). Different letters within each treatment (Fig. 5a) and year (Fig. 5b) indícate significant dífference between sites according to Tukey's 
test (Number of replícates = 3). 



Table 3 
Mean valué (¿standard error) for days from plantíng to first harvest, number of early heads per plant, number of early marketable heads, and percentage of heads atrophy for the com
pared treatments during experiment at farm-scale (Size of groups = 20). 

Treatments Days to first harvest (n.) Head number (plant 1) Marketable heads (n. ha 1) Head atrophy (%) 

Canopy-cooling 
Conventional 

94 ± 2.3 b 
130 ±1.8 a 

3.3 ± 0.07 a 
0.6 ± 0.04 b 

4731 ±182 a 
629 ± 67 b 

3.4 ± 0.01 b 
6.1 ± 0.01 a 

Means within a column followed by different letters are significantly different according to the Student t-test (P < 0.05). 

3.1.2. Farm-scale experiment 
In Fig. 2 is reported the thermo-pluviometric trend for the 

2017-2018 growing season on the Uri site (last ten-day of June-end 
of March). The seasonal thermo-pluviometric trend deviated from the 
typical averages of the historical series (1954-2008) both for the máxi
mum temperature ( + 1.3 °C) and for the total rainfall ( — 137 mm). 
These differences were more pronounced during the summer months, 
in fact from the end of June (the period during which artichoke planting 
took place) to September the average temperature was 3 °C higher than 
the historical average. 

3.2. Plant physiological status 

3.2.1. Plot-scale experiment 
Transpiration rate was significantly influenced by site and slightly in-

creased by treatments resulting higher in the CC treatment than in the 
conventional one (Table 1). Leaf temperature varied systematically over 
treatments and was consistently higher in the conventional treatment 
than in the canopy-cooling one in both sites (Table 1 and Fig. 3a). A sim
ilar pattern to leaf temperature was also observed for stomatal conduc-
tance. Indeed, also stomatal conductance was significantly affected by 
the site x treatment interaction, where stomatal conductance was higher 
in canopy-cooling treatment in both sites (Table 1 and Fig. 3b). Moreover, 
the presence of the climatic-control by cooling application resulted in a 
significant increase (P < 0.0001) in net photosynthesis (Table 1). 

3.2.2. Farm-scale experiment 
Throughout the period of physiological monitoring, climatic-

conditioning significantly increased net photosynthesis compared 
with drip-irrigated treatment and remained higher throughout the en-
tire period of monitoring (Fig. 4), indeed net photosynthesis was signif
icantly higher at conventional treatment than canopy-cooling only 
when measured at 52 days after planting (DAP), (Fig. 4). Transpiration 
rate was significantly higher at canopy-cooling treatment than at con
ventional when measured 99,113,121 and 129 DAP, but transpiration 
rate was not significantly different between treatments during most of 
the monitoring period (Fig. 4). During the same dates of sampling listed 
for transpiration rate, also, stomatal conductance significantly increased 
at canopy-cooling treatment, but no other significant differences were 
recorded between treatments that showed almost similar valúes 
throughout the monitoring period (Fig. 4). As the growth season 
progressed and the drip-irrigated plants went out the stress (86 DAP), 
the leaf temperature lined up to that of climatic-conditioned system. 
Throughout the sampling period the peak of differences occurred be
tween 52 and 86 DAP From 86 DAP onwards the leaf temperature 
valúes were similar for both treatments and no statically significant dif-
ference between them were detected 

3.3. Heads yield and atrophy incidence 

3.3.1. Plot-scale experiment 
Treatments and site statistically affected the total number of head 

per plant (significant site x treatment interaction, Table 2 and Fig. 5a). 
The site of Ottava showed the highest number of heads plant -1 for 
both treatments (Fig. 5a), and consistently, a lower unit head weight 
(Table 2) and a lower incidence of head atrophy (Fig. 5b). Atrophy inci
dence confirmed to be highly affected by environmental climatic condi-
tion (year x site interaction significant at P < 0.01, Fig. 5b) and also by 
microclimatic conditions (Table 2). Indeed, atrophy resulted around 
one-fold higher in conventional treatment where the canopy tempera-
ture was not lowered. 

3.32. Farm-scale experiment 
In canopy-cooling treatment the harvest began earlier as 

compared to the control treatment (Table 3). This earliness was in 
the range of 35 days. Moreover, comparing treatments, canopy-
cooling had a significantly higher head number per plant, and early 
marketable heads number (Table 3). Conventional treatment 
showed an incidence of atrophic heads nearly twofold with respect 
to canopy-cooling treatment. 

Total heads cumulated at the end of the harvest was significantly 
higher for climatic-conditioned plants with respect to conventional 
ones (7.4 vs 4.5, respectively, Table 4). 

At late growing stages, the heads weight resulted slightly higher for 
conventional treatment (Table 4). 

Combining all harvest dates, the differences in number of heads 
collected per hectare were higher than 60% in canopy-cooling than 
conventional treatment. 

Both treatments also influenced the heads partitioning among 
orders and the number of heads collected for each order. 

The number of first head order collected was significantly af
fected by canopy-cooling application during the first three months 
of the growing cycle (Fig. 6). The number of second and third 
heads order was higher at canopy-cooled treatment if compared to 
the conventional one, for almost the entire lasting of the growing 
cycle. 

Compared to CV treatment, CC treatment did not significantly re
duce the water volume used over the entire irrigation season 
(Table 5). However, canopy-cooling system showed a statistically 
higher WP (+36%) than CV. In particular, with WP obtained in the 
CV treatment (Table 5), 3870 m3 of additional irrigation water 
would be needed to obtain the yield obtained in the CC treatment. 
Therefore, the highest WP of the CC treatment also resulted in a 
34% water saving. 

Table 4 
Mean valué (¿standard error) for days from planting to last harvest date, number of heads per plant, unit head weight and total marketable heads for the compared treatments during 
experiment at farm-scale (Size of groups = 20). 

Treatments Length of harvest period (n.) Total head number (plant 1) Unit head weight (g) Total marketable heads (n. ha 1) 

Canopy-cooling 
Conventional 

184 i 5.1 a 
149 i 2.5 b 

7.4 ± 0.03 a 
4.5 ± 0.01 b 

115 ±22.1 a 
122 i 17.4 b 

54,285 ±1023 a 
33,677 ± 702 b 

Means within a column followed by different letters are significantly different according to the Student t-test (P < 0.05). 



Fig, 6. Effect of treatments on number ofheads ranked per order (lst, 2nd, and 3rd, respectívely) during monítoríngfrom3rd of November (129 DAP) to 31st of March 2018 (278 DAP). Asterisks indícate statístícally sígníficant dífFerence between 
treatments at P < 0.05 level accordíng to the Student's í-test (síze of groups = 20). 



4. Discussion 

In the context of climate change, high temperature extreme events 
are Usted among the primary abiotic stresses that negatively affect 
crop growth and yield and the plant response to this stress varies ac-
cording to the length, size of the temperature raise, and crop stage at 
which the stress occurs (Awasthi et al., 2015). Evaporative cooling is 
considered as one of the best practice able to low temperature at leaf 
and canopy level. Air temperature in the optimal range for plant photo-
synthesis is crucial for ensuring crop growth and yield. In the current 
paper, the aim was to develop an alternative water management ap-
proach adaptable to other horticultural species. Specifically, we hypoth-
esized that the decrease of canopy temperature, by applying 
evaporative cooling, leads to a better physiological status (i.e. increasing 
stomatal aperture and also photosynthetic activity) and, as conse-
quence a higher productivity and earliness even when heat stress oc-
curred. The treatments were differentiated and applied for the entire 
lasting of the floral transition stage. Indeed it is recognized on the 
basis of previous studies that this period is the most vulnerable to 
heat stress of the entire slobe artichoke srowins cvcle 

4.1. Plant physiological status 

Optimal air and canopy temperatures are important prerequisite to 
ensure the photosynthetic capacity of the crops, as by interfering in veg-
etative development can adversely impact crops reproductive phase 
(Mahan and Burke, 2015). The range of temperature valúes that may 
cause injuries to the crop changes with species, phenological stages, 
and organ or involved tissue (Mathur et al., 2014). The analysis of the 
thermal trend of 2010-11 and 2011-12 growing seasons showed that 
in both experimental sites, during the period of floral transition, average 
and máximum temperatures have been recorded above 19 and 25 °C, 
respectively. These valúes are considered as critical temperature thresh-
old for globe artichoke and also the main trigger to the onset of inflores-
cence abortion (Bianco and Calabrese, 2009; Di Venere et al., 2005b). 
Our results showed that when growing season thermal trend are consis-
tent with the long-term series, the leaf temperature greatly depend on 
treatment and on site specific climatic conditions. Indeed, the analysis 
of historical trend revealed that Cabras is at least 2 °C hotter than Ottava 
explaining also the highest incidence of flower abortion in that site That 
is clearly reflected in the 3 °C higher average máximum temperatures 
recorded at Cabras site durins lulv and Ausust months (for both the 
studv vears) comüared to Ottava site Desüite 2011-2012 and 
2010-2011 srowins seasons mean air temüerature between lanuarv 
and SeDtember 2017 was 0 47° ± 0 08 °C hisher than the lons-term se
ries In the Mediterranean basin a heatwave (Pprkins and Alexander 
20131 that lasted several consecutive da\/s in parlv AníJiist Ipd tn t p m -

Deratúre records in Italv (World Weather Attribution 20171 At farm-
scale durins the first stases (51-86 DAP1 of the slobe artichoke srowins 
cvcle'f Ausust-mid-SeDtember 20171 we observed that canonv-coolins 
w a s pffprtivp in s isnif icanr lv r e d u c i n s r a n o n v t p m n p r a t u r p w h i c h 

a s rppd w i t h t hp f ind inss nf C h a m h p r s and Innps f ? 0 1 5 l and I J r rpsn-

Pprpira pfa l f ?013 l This mnf i rmpd nur initial hvnnthps is t ha t ann lv in s 

wa tp r wi th r n n l i n s pffprt r an mnHifv and imnrnvp t hp mi r rn r l ima tp a t 

r a n n n v IPVPI This imnlipd a hpt tpr m i r r n r l i m a t p a t r a n n n v IPVPI psnp-
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cially when the critical stage of floral transition occurred. After the full 
estabhshment of the plant canopy during the middle and later growth 
stages of monitonng (from mid-September to first 10-day of 

November), the leaf temperature in the CC treatment did not signifi-
cantly differ from CV (86-129 DAP), because of the lower air tempera-
ture caused by the progressing of the season. Indeed, the amount and 
duration of sunlight decreased from mid-September to November by 
about 53% and 3 h, respectively. Many studies assessed that evaporative 
cooling significantly reduced vapor pressure déficit, thereby increasing 
the stomatal conductance and the net photosynthesis, and fostering 
crop growth and development (Liu and Kang, 2006; Zhang et al., 
2017). Similarly, we found that the canopy cooling treatment clearly in-
creased net photosynthesis during the entire lasting of crop monitoring 
compared with CV. The results achieved in CC treatment were consis-
tent with other reports carried out at different environments and on dif-
ferent crops that showed a systematic increase in photosynthesis 
process and the related stomatal conductance and transpiration rate. 
This occurred once leaf canopy temperature was lowered as a conse-
quence of evaporative cooling application (Feng et al., 2018; Jenni 
etal. 2008). At farm-scale during the first stages of the globe artichoke 
growing eyele (lune-August 2017) we observed decrease in net photo
synthesis stomatal conductance and transpiration rate in CV non-
cooled treatment siso after the heat wave period We observed differ-
ences in net Dhotosvnthesis between treatments Dersistins after the 
warm Deriod ended also imülvins a nesative resDonse in earliness and 
overall the entire Droductivitv for CV treatment Dossiblv sisnifvins sis-
nificant thermal damaee to the ühotosvnthetic caüacitv In this treat
ment accordine to Chaves et al (20161 the resultine association of 
larsp influx of absorbable enerev with insufficient loss of heat n rnhahlv 

lead to leaf overheatins and to an under resulation of Dhotosvnthesis 
Different exülanations at these findinss were siven both at environ-
m p n t ímicroe l imat ie l and n lan t (nhvs io los ica l l IPVPI At microcl imat ic 

IPVPI i m n l e m p n t i n s snrinklpr i r r isat ion for a fpw minufps w h p n máx i 

m u m tpmnpra tu rp valups raisp ahnvp a rpr ta in rr i t i ral valup has thp ad-

vantaejp tn dprrpasp v a n n r nrpssnrp dpfirit npar thp r a n n n v and thp risk 

nf t hp hpa t strpss d n p tn Inwpr rplativp h n m i d i t v and h i s h p r t p m n p r a -
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tures in the canopy (Lakatos and Zyromski, 2012; Parchomchuk and 
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Mehenuk, 1996). At plant physiological level, stomata closure is partic-
ularly associated with an increased vapor pressure déficit (Bunce, 
2003). Urban et al. (2017) reported máximum stomatal conductance ín-
creasing with temperature raising when water vapor pressure déficit 
remains constant. Therefore, the CC treatment was able to modify the 

• • • • J J i • • r, r 

plants thermal status, evidenced by lower valúes of leaf temperature, 
according to the assessments of Farquhar and Sharkey (1982) and 
Chaves et al. (2016), and to avoid the midday depression of photosyn-
thetic apparatus as already stated by Yokoyama et al. (2018) on tomato. 

, i . • r i . r . . . . • . 

Indeed, the analysis of the results of the physiological parameters might 
also be directly traced back to the water status of the crop. In the CV 
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auctance ana íess transpiration, wnicn resuitea in poor coonng or tne 
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aelay in tne development or artichoke plants (lower photosynthetic ca-
paciry ana nigner iear aenyaranonj, aunng rne nrsr srages or me grow
ing eyele, to a reduced root and shoot growth caused by heat or water 
stress, or both stresses in combination. Furthermore, Archontoulis 

Table 5 
Mean valué (¿standard error) for head yield and írrígatíon water productivity (WP) for each treatment at farm-scale (Size of groups = 20). 

Treatments Seasonal water volume (m3 ha 1) Heads yield (kg ha í) WP(kgm 3) 

Canopy-coolíng 
Conventíonal 

5880 ± 1 4 3 
6050 ± 1 0 5 

6242 ± I l l a 
4109 ± 87 b 

1.06 ±0.01 a 
0.68 ± 0.01 b 

Means wíthín a column followed by different letters are significantly different according to the Student í-test (P < 0.05). 
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(2011), working on different Mediterranean crops (e.g. Cynara 
cardunculus var. altilis), claimed that a decrease in temperature (from 
26 °C to 20 °C) and in vapor pressure déficit, denotes lower C losses 
and higher C gain, due to absence of midday depression of the photo-
synthetic apparatus. 

42. Earliness, headsyield and water productivity 

In globe artichoke, as in many other vegetable crops, earliness of 
production is a very important agronomic trait. The attainment of pre-
cocious yield can increase the profit because the local production can 
enter in the market when best prices are reached (Cravero et al., 
2010; Martínez-Esplá et al., 2017; Riahi et al., 2017). In the case of 
plot-experiment treatments did not significantly affect crop earliness 
(data not shown). This finding is consistent with similar studies 
reviewed by Leskovar and Xu (2013) where different type and regime 
of water management did not affect artichoke earliness. By contrast at 
farm-scale, in 2017-2018 growing season, canopy cooling strongly af-
fected artichoke earliness. This means that at plot-scale even if 
canopy-cooling affected canopy microclimatic conditions with positive 
effect on plant physiological status, the leaf-to-air temperature delta 
was not such high and long-lasting to adversely affect and delay the 
growth and development of the artichoke. Our results demonstrated 
for globe artichoke that when weather conditions during the develop
ment of heads were fairly similar to historical weather trends 
(2010-2011 and 2011-2012 growing seasons) earliness did not vary 
according to different water management svstems or site Indeed 
when the máximum temperature during the summer months greatlv 
exceeded the lons-term máximum temüerature valúes (heat wave dur-
ine summer 20171 we observed that elobe artichoke earliness was de-
Dendent Drimarilv on management of the croü In general the 

Droductive results of the Dresent studv are in aereement with those re-
Dorted in other studies that have hiehliehted the Dositive effects on croü 
vields that can be obtained throush irrisation usins also evaDorative 
coolins (lenni et al 2008' Greer 2017- Pelletier et al 20161 

The effects of heat stress on yield could be attributed to a reduced 
number of heads, rather than reduced individual head weight, suggest-
ing that increased flower abortion incidence in response to heat stress 
occurred, but only when plants were at floral transition or at the begin-
ning of head development during the heat stress. The latter hypothesis 
also explains the highest head unit weight found in Cabras and in CV 
treatment where the highest number of atrophic flower heads was ob
served in conventional treatment, thus fostering a higher unit head 
weight. The same pattern was also observed in 2017 at farm-scale 
where higher incidence of flower abortion leads to lower number of 
heads per plant and to a significantly higher unit head weight. Other 
studies confirm a positive correlation between water application and 
yield, mainly due to improvements of head number per plant instead 
of unit head weight (Macuá et al., 2005; Mansour et al., 2005). More-
over, from a market perspective, a lower head unit weight would not 
penalised the farmer income firstly because the lower percentage of 
atrophic heads achieved in canopy-cooling treatment would allow the 

farmer 
earn more 

being the primar/ marketable heads more profitable 
and secondlv because the slobe artichoke heads are traditionallv 
marketed as number of heads instead of unit head weisht 

Most of the studies conducted in the Mediterranean áreas indícate 
that localized drip irrigation is more efficient to improve artichoke 
yield and water use efficieney than other irrigation systems (Leskovar 
and Xu, 2013). However, it has been widely recognized that precisión ir
rigation can significantly increase the water productivity (Kang et al., 
2017; Levidowetal.,2014). By contrast, in our study, canopy cooling ap-
plied with precisión irrigation techniques by controlling air temperature 
and also available soil water content, improved water saving, as well as 
providing a favorable microclimate at canopy level. Under farm-scale 
experiment, the irrigation water productivity was higher in canopy-
cooling treatment because irrigation water volumes being equal led to 

significantly higher artichoke yield. Overall, these results show 
that, also in environmental limiting conditions, producers could opt 
for a significant saving in water supply to the crop in order to 
maximize and stabilize over seasons the crop yield, to obtain 
satisfactory yields and ensure, at the same time, a better 
environmental-friendly management of water. Besides the 
improvement of yield increasing effect, the economic benefit effect 
of canopy cooling is another factor need to be considered. In this 
research, the most important output valué was the earliest head 
production, the market of which would ensure the highest income, 
of the entire growing season, to the farmers. 

5. Conclusions 

In case greenhouse gas emissions continué to increase in the atmo-
sphere, a summer as well as that occurred in 2017 might be perennial 
in the Euro-Mediterranean región by the middle of the current century. 
Our findings demónstrate the importance of considering increased oc-
currence of extreme events as an element of climate change, as stresses 
such as elevated temperature cause distinct effects when experienced at 
different times (phenological stages) or with differing severity. The 
water management system set up and validated in our experiments sig
nificantly affected crop physiological parameters, earliness of harvest, 
yield components and WP. 

• The stomatal conductance and net photosynthesis were increased by 
the canopy-cooling treatment and showed significant differences dur
ing the period of floral transition. 

• Earliness of harvest and number of primary heads were also improved 
by the canopy-cooling system; in conventional water management 
treatment the yield components were affected with a significant re-
duction in number of heads per plant. 

• As regards water productivity, canopy-cooling management pre-
sented the highest valué, with a promising result regarding the reduc-
tion in irrigation water (—34%) to support the head yield. 

The evidence indicates that canopy-cooling water management 
might be an appropriate irrigation system to account for under heat 
stress events in future climate change scenarios. 

The evidence indicates that canopy-cooling irrigation strategy might 
be an effective and high potential crop management option in order to 
adapt Mediterranean open field horticultural systems to future climate 
changes scenarios. 

Acknowledgments 

The authors are grateful to Mr. Salvatore Chergia, Mr. Roberto 
Simula, Mrs. Pasqualina Garroni and Mr. Giovanni Simula for hosting 
the triáis in their farms. The assistance of technicians of the experimen
tal station is also gratefully acknowledged. 

Funding 

This work was supported by the European Union's Horizon 2020 Re
search and Innovation programme [MASLOWATEN, grant number 
640771, 2015]. 

The authors declare that no conflict interests exist. 

Author contributions 

PAD wrote the manuscript, collected and analyzed the data. APC and 
GS performed the experiment, and collected the data. SS, GT and LN re-
vised the manuscript. LL conceived and designed the experiments, ana
lyzed the data, wrote and revised the manuscript. All authors read and 
approved the final manuscript. 



References 

Alien, R.G., Pereira, LS., Raes, D., Smith, M, 1998. Crop Evapotranspíratíon. Guidelines for Com-
putíng Crop Water Requirements. FAO Irrígatíon and Draínage. Paper No. 56. FAO, Rome. 

Ara, N., Yang, J., Hu, Z., Zhang, M., 2013. Determinatíon of heat tolerance of ínterspecífic 
(Cucúrbita máxima x Cucúrbita moschata) ínbred líne of squash 'Maxchata' and íts 
párents through photosynthetíc response. Tar. Bíl. Der. 19,188-197. https://doi.org/ 
10.1501 /TarimbíLOOOOOO 1244. 

Archontoulís, S.V., 2011. Analysís of Growth Dynamics of Medíterranean Bíoenergy Crops. 
Ph.D Thesís. Wageníngen Uníversíty, Wageníngen, the Netherlands, p. 235. 

Archontoulís, S.V., Vos, J., Yin, X., Bastíaans, L, Danalatos, N.G., Struík, P.C, 2011. Temporal 
dynamícs of líght and nítrogen vertical dístríbutíons ín canopíes of sunflower, kenaf 
and Cynara. Fíeld Crop Res. 122,186-198. https://doi.Org/10.1016/j.fcr.2011.03.008. 

Awasthí, R., Bhandarí, K., Nayya, H., 2015. Temperature stress and redox homeostasís ín 
agrícultural crops. Front. Envíron. Scí. 3, 1-24. https://d0i.0rg/l 0.3389/ 
fenvs.2015.00011. 

Balafoutis, A., Beck, B., Fountas, S., Vangeyte, J., van der Wal, T., Soto, I., Gómez-Barbero, M., 
Barnes, A., Eory, V., 2017. Precisión agriculture technologíes posítívely contríbutíng to 
GHG emíssíons mítígatíon, farm productívíty and economícs. Sustaín. For. 9,1339. 
https://doi.org/10.3390/su9081339. 

Bíanco, V.V., Calabrese, N., 2009. Carcíofo ín Puglía. In: Calabrese, N. (Ed.), II carcíofo e íl 
cardo. Bayer Crop Science Inc., Bologna, p. 105. 

Bita, CE., Gerats, T., 2013. Plant tolerance to hígh temperature ín a changíng envíronment: 
scíentífic fundamentáis and productíon of heat stress-tolerant crops. Front Plant Scí. 
4, 273. https://doi.org/10.3389/fpls.2013.00273. 

Bunce, JA., 2003. Effects of watervapor pressure dífference on leaf gas exchange ín potato 
and sorghum at ambient and elevated carbón dioxide under field conditions. Field 
Crop Res. 82, 37-47. https://d0i.0rg/l0.1016/S0378-4290(03)00004-2. 

Calabrese, N., 2009. Impíanto. In: Calabrese, N. (Ed.), II carcíofo e íl cardo. Bayer Crop Sci
ence Inc., Bologna, p. 167. 

Camejo, D., Rodríguez, P., Morales, M.A., Dell'Amíco, J.M., Torrecillas, A., Alarcon, J.J., 2005. 
Hígh temperature effects on photosynthetíc actívíty of two tomato cultivars wíth dif-
ferent heat susceptíbílíty. J. Plant Physíol. 162, 281-289. https://doi.0rg/lO.lOl6/j. 
jplph.2004.07.014. 

Caravía, L, Pagay, V., Collíns, C, Tyerman, S.D., 2017. Application of sprínkler coolíng 
wíthín the bunch zone duríng rípeníng of Cabernet Sauvígnon berries to reduce the 
ímpact of hígh temperature. Aust J. Grape Wíne Res. 23, 48-57. https://doi.org/ 
10.11 ll/ajgw.12255. 

Cavaíuolo, M., Cocetta, G., Spadafora, N.D., Müller, C.T., Rogers, H.J., Ferrante, A., 2017. 
Gene expressíon analysís of rocket salad under pre- harvest and postharvest stresses: 
a transcriptomíe resource for Diplotaxis tenuifolia. PLoS One 12, e0178119. https://doí. 
org/10.1371/journal.pone.0178119. 

Chambers, U., Jones, V.P., 2015. Effect of over-tree evaporatíve coolíng ín orchards on mí-
croclímate and aecuracy of ínsect model predíctíons. Envíron. Entomol. 44, 
1627-1633. https://d0i.0rg/l0.1093/ee/nwl37. 

Chaves, M.M., Costa, J.M., Zarrouk, O., Pínheíro, C, Lopes, C.M., Pereira, J.S., 2016. Control-
líng stomatal aperture ín semí-arid regíons - the dílemma of savíng water or beíng 
cool? Plant Scí. 251, 54-64. https://doi.Org/10.1016/j.plantsci.2016.06.015. 

Chergía, A.P., 2013. Studío deí príncípalí fattorí che ínfluenzano l'ínsorgenza deH'atrofia 
del capolíno ín carcíofo Spínoso Sardo. Ph.D Thesís. Uníversíty of Sassarí, Sassarí, 
Italy, p. 56. 

Cravero, V., Martín, E., López Anido, F., Coíntry, E., 2010. Stabílíty through years ín a non-
balanced tríal of globe artíchoke varíetal types. Scí. Hortíc. 126, 73-79. https://doí. 
org/10.1016/j.scíenta.2010.07.012. 

De Menna, F., Malagníno, R.A., Víttuarí, M., Molarí, G., Seddaíu, G., Delígíos, P.A., Solínas, S., 
Ledda, L., 2016. Potentíal bíogas productíon from artíchoke byproducts ín Sardínía, 
Italy. Energy 9,92. https://doi.org/10.3390/en9020092. 

Di Venere, D., Linsalata, V., Pace, B., Bíanco, V.V., Perríno, P., 2005a. Polyphenol and ínulín 
contení ín a collectíon of artíchoke. Acta Hortíc. (681), 453-459 https://doi.org/ 
10.17660/ActaHortíc.2005.681.63. 

Di Venere, D., Linsalata, V., Calabrese, N., Píeralíce, M., Bíanco, V.V., Lattanzío, V., 2005b. 
Morphologícal and bíochemícal changes duríng development of artíchoke buds. 
Acta Hortíc 681,437-443. https://doi.org/10.17660/ActaHortic.2005.681.61. 

Di Venere, D., Maíaní, G., Míccadeí, S., 2009. Composti bíoattiví. In: Calabrese, N. (Ed.), II 
carcíofo e íl cardo. Bayer Crop Science Inc., Bologna, pp. 60-69. 

Dono, G., Cortignaní, R., Doro, L., Gíraldo, L, Ledda, L, Pasquí, M., Roggero, P.P., 2013a. An 
íntegrated assessment of the ímpacts of changíng clímate variabílíty on agrícultural 
productívíty and profitabílíty ín an írrígated Medíterranean catchment Water 
Resour. Manag. 27, 3607-3622. https://doi.org/10.1007/sll269-013-0367-3. 

Dono, G., Cortignaní, R., Doro, L., Gíraldo, L., Ledda, L., Pasquí, M., Roggero, P.P., 2013b. 
Adapting to uncertaínty assocíated wíth short-term clímate variabílíty changes ín ír
rígated Medíterranean farmíng systems. Agrie. Syst. 117, 1-12. https://doi.org/ 
10.1016/j.agsy .2013.01.005. 

Doorenbos, J., Pruítt, W.O.,1977. Crop Water Requirements. FAO Irrígatíon and Draínage. 
Paper No. 24FAO, Rome. 

Driedonks, N., Rieu, L, Vriezen, W.H., 2016. Breedíng for plant heat tolerance at vegeta uve 
and reproductíve stages. Sex. Plant Reprod. 29, 67-79. https://doi.org/10.1007/ 
s00497-016-0275-9. 

El-Bassíony, A.M., Ghoname, AAA., El-Awadí, M.E., Fawzy, Z.F., Gruda, N., 2012. Amelíora-
tíve effects of Brassínosteroíds on growth and productívíty of snap beans grown 
under hígh temperature. Gesunde Pflanz. 64, 175-182. https://doi.org/10.1007/ 
si 0343-012-0286-x. 

Emberger, L, Gaussen, G., Kassas, M., De Phílíppís, A., 1962. Bíoclímatic Map of the Med
íterranean Región. UNESCO-FAO, París. 

Evans, R.G., 2004. Energy balance of apples under evaporatíve coolíng. Trans. ASAE 47, 
1029-1037. 

Fahad, S., Bajwa, A.A., Nazír, U., Anjum, S.A., Farooq, A., Zohaib, A., Sadía, S., Nasím, W., 
Adkins, S., Saud, S., Ihsan, M.Z., Alharby, H., Wu, C, Wang, D., Huang, J., 2017. Crop 
productíon under drought and heat stress: plant responses and management options. 
Front Plant Scí. 8,1147. https://doi.org/10.3389/fpls.2017.01147. 

Farquhar, G.D., Sharkey, T.D., 1982. Stomatal conductance and photosynthesís. Annu. Rev. 
PlantPhysíol. 33, 317-345. https://doi.org/10.1146/annurev.pp.33.060182.001533. 

Feng, Y., Weí, J., Zhang, G., Sun, X., Wang, W., Wu, C, Tang, M., Gan, Z., Xu, X., Chen, S., 
Wang, Y., 2018. Effects of coolíng measures on 'Níjísseíkí' pear (Pyrus pyrifolia) tree 
growth and fruít qualíty ín the hot clímate. Scí. Hortíc. 238, 318-324. https://doí. 
org/10.1016/j.scíenta.2018.05.002. 

Foury, C, 1967. Étude de la bíologíe florale de Tartíchaut (Cynara scolymus L.); applícation 
a la sélectíon, lére partie: données sur la bíologíe florale. Ann. Amélíor Plantes 17, 
357-373. 

Giménez, C, Gallardo, M., Thompson, R.B., 2005. Plant - Water Relatíons. Encyclopedía of 
Soíls ín the Envíronment, pp. 231-238 https://doi.org/10.1016/B0-12-348530-4/ 
00459-8. 

Gómez, KA, Gómez, A.A., 1984. Statistical Procedures for Agrícultural Research, second 
ed. John Wíley & Sons, New York, USA. 

Greer, D.H., 2017. Responses of bíomass accumulation, photosynthesís and the net carbón 
budget to hígh canopy temperatures of Vitis vinifera, L cv. Semillone vines grown ín 
field conditions. Envíron. Exp. Bot 138, 10-20. https://doi.0rg/lO.llll/j.l 365-
3040.2011.02471 x. 

Hatfield, J.L., Prueger.J.H., 2011. In: Yadav, S.S., Redden, R.J., Hatfield, J.L., Lotze-Campen, 
H., Hall, A.E. (Eds.), Agroecology: Implícations for Plant Response to Clímate Change. 
Wíley-Blackwell, West Sussex, UK, pp. 27-43. 

Hatfield, J.L, Prueger, J.H., 2015. Temperature extremes: effect on plant growth and devel
opment WeatherClímExtrem. 10,4-10. https://doi.0rg/lO.lOl6/j.wace.2Oi5.O8.OOl. 

Houston, L., Capalbo, S., Seavert, C, Dalton, M., Bryla, D., Sagílí, R., 2018. Specíalty fruít pro
ductíon ín the Pacific Northwest: adaptation strategíes for a changíng clímate. Clím. 
Chang. 146,159-171. https://doi.org/10.1007/sl0584-017-1951-y. 

Iglesias, A., Garrote, L., 2015. Adaptation strategíes for agrícultural water management 
under clímate change ín Europe. Agrie. Water Manag. 155,113-124. https://doí. 
org/10.1016/j.agwat2015.03.014. 

IPCC, 2014. Clímate Change 2014: Synthesís Report. Contribution of Working Groups I, II 
and III to the 5th Assessment Report of the Intergovernmental Panel on Clímate 
Change (Eds.). IPCC, Geneva, Swítzerland, p. 151. 

Jenní, S., Dubuc, J.F., Desrosíers, J.C., Stewart, KA., 2008. Coolíng the canopy wíth sprínlder 
irrígatíon to reduce típburn ín endíve. Acta Hortíc. (792), 379-384 https://doi.org/ 
10.17660/ActaHortíc2008.792.44. 

Kang, S., Hao, X., Du, T., Tong, L., Su, X., Lu, H., Lí, X., Huo, Z., Lí, S., Díng, R., 2017. Improving 
agrícultural water productívíty to ensure food security ín China under changíng enví
ronment: from research to practíce. Agrie. Water Manag. 179, 5-17. https://doi.org/ 
10.1016/j.agwat2016.05.007. 

Kocer, G., Eser, B., 2005. Atrophíc head formation and earlíness ín globe artíchoke produc
tíon. Acta Hortíc (681), 163-168 https://doi.org/10.17660/ActaHortic2005.681.17. 

Koscíelny, C.B., Gardner, S.W., Duncan, R.W., 2018. ímpact of hígh temperature on heter-
osís and general combíníng abílíty ín spríng cañóla (Brassica napus L.). Fíeld Crop Res. 
221, 61-70. https://doi.Org/10.1016/j.fcr.2018.02.014. 

Kottek, M., Grieser, J., Beck, C, Rudolf, B., Rubel, F., 2006. World map of the Kóppen-Geíger 
clímate classíficatión updated. Meteorol. Z. 15, 259-263. https://doi.org/10.1127/ 
0941-2948/2006/0130. 

Lakatos, L., Zyromskí, A., 2012. Possíbílíty for modífication of mícroclímate ín orchards by 
usíng evaporatíve coolíng irrígatíon. J. Water Land Dev. 16, 29-34. https://doi.org/ 
10.2478/vl0025-012-0021-0. 

Ledda, L., Muroní, S., Marras, G.F., 2003. Effetto deH'írrígazíone clímatizzante e della 
tipología dell'ovolo sull'atrofia del capolíno ín carcíofo - Spínoso sardo: rísultatí 
prelímínari. XXXV Proceedíngs of the Italían Socíety for Agronomy, Naples, Septem-
ber 16-18. 

Ledda, L., Delígíos, P.A., Farcí, R., Sulas, L., 2013. Bíomass supply for energetic purpose from 
some Cardueae specíes grown ín Medíterranean farmíng systems. Ind. Crop. Prod. 7, 
218-226. https://doi.0rg/lO.lOl6/j.indcrop. 2013.03.013. 

Leskovar, D.I., Xu, C, 2013. Irrígatíon strategíes and water use efficíeney of globe 
artíchoke. Acta Hortíc. (983), 261-267 https://doi.org/10.17660/ 
ActaHortíc.2013.983.36. 

Levídow, L., Zacearía, D., Maía, R., Vivas, E., Todorovíc, M., Scardígno, A., 2014. Improving 
water-efficíent irrígatíon: prospeets and dífficultíes of ínnovative practíces. Agrie. 
Water Manag. 146, 84-94. https://doi.Org/10.1016/j.agwat2014.07.012. 

Leyva, R., Constan-Aguílar, C, Sánchez-Rodríguez, E., Romero-Gamez, M., Soríano, T., 
2015. Coolíng systems ín screenhouses: effect on mícroclímate, productívíty and 
plant response ín a tomato crop. Bíosyst Eng. 129, 100-111. https://doi.org/ 
10.1016/j.bíosystemseng.2014.09.018. 

Liu, H.-J., Kang, Y., 2006. Regulating field mícroclímate usíng sprínkler misting under hot-
dry wíndy conditions. Bíosyst. Eng. 95, 349-358. https://d0i.0rg/l 0.1016/j. 
bíosystemseng.2006.07.010. 

Macuá, J.I., Lahoz, L, Garníca, J., 2005. The ínfluence of irrígatíon water quantities on the 
productíon and qualíty of the 'Blanca de Tudela' artíchoke. Acta Hortíc. (681), 
257-262 https://doi.org/10.17660/ActaHortic2005.681.33. 

Mahan, J.R., Burke, J.J., 2015. Active management of plant canopy temperature as a tool for 
modífyíng plant metabolíc actívíty. Am. J. Plant Scí. 6, 249-259. https://doi.org/ 
10.4236/ajps.2015.61028. 

Mansour, M., Mougou, R., Mougou, A., 2005. Effect of several modes of irrígatíon and 
fertigation on artíchoke crop. Acta Hortíc (681), 127-134 https://doi.org/10.17660/ 
ActaHortíc.2005.681.12. 

Martín, E.A., Cravero, V.P., López Anido, F.S., Coíntry, E.L, 2016. QTLs detection and map-
píng for yíeld-related traíts ín globe artíchoke. Scí. Hortíc 202,156-164. https://doí. 
org/10.1016/j.scíenta.2016.02.033. 

https://doi.org/
https://doi.Org/10.1016/j.fcr.2011.03.008
https://doi.org/10.3389/
https://doi.org/10.3390/su9081339
https://doi.org/10.3389/fpls.2013.00273
https://d0i.0rg/l
https://d0i.0rg/l0.1016/S0378-4290(03)00004-2
https://doi.0rg/lO.lOl6/j
https://doi.org/
https://do�
https://d0i.0rg/l0.1093/ee/nwl37
https://doi.Org/10.1016/j.planteci.2016.06.015
https://do�
https://doi.org/10.3390/en9020092
https://doi.org/
https://doi.org/10.17660/ActaHortic.2005.681.61
https://doi.org/10.1007/sll269-013-0367-3
https://doi.org/
https://doi.org/10.1007/
https://doi.org/10.1007/
https://doi.org/10.3389/fpls.2017.01147
https://doi.org/10.1146/annurev.pp.33.060182.001533
https://doi
https://doi.org/10.1016/B0-12-348530%5e1/
https://doi.0rg/lO.llll/j.l
https://doi.Org/10.1016/j.wace.2015.08.001
https://doi.org/10.1007/sl0584-017-1951-y
https://doi
https://doi.org/
https://doi.org/
https://doi.org/10.17660/ActaHortic2005.681.17
https://doi.Org/10.1016/j.fcr.2018.02.014
https://doi.0rg/lO.lOl6/j.fcr.2Ol8.O2.Oi4
https://doi.org/10.1127/
https://doi.org/
https://doi.0rg/lO.lOl6/j.indcrop
https://doi.org/10.17660/
https://doi.Org/10.1016/j.agwat2014.07.012
https://doi.org/
https://doi.0rg/lO.lOl6/j
https://doi.org/10.17660/ActaHortic2005.681.33
https://doi.org/
https://doi.org/10.17660/
https://doi


Martínez-Esplá, A., Valero, D., Martínez-Romero, D., Castillo, S., Giménez, M.J., García-
Pastor, M.E., Serrano, M., Zapata, P.J., 2017. Preharvest applícatíon of methyl 
jasmonate as an elícítor ímproves the yíeld and phenolíc contení of artíchoke. 
J. Agrie. Food Chem. 65, 9247-9254. https://doi.org/10.1021/acs.jafc.7b03447. 

Mathur, S., Agrawal, D., Jajoo, A., 2014. Photosynthesís: response to hígh temperature 
stress. J. Photochem. Photobíol. B 137, 116-126. https://d0i.0rg/l 0.1016/j. 
jphotobíol.2014.01.010. 

Mauro, R., Di Nícola, M., Longo, A.M.G., Mauromícale, G., 2008. The effeets of míst írríga-
tíon on bíologícal and productíve behavíour of globe artíchoke. In: Santíní, A., et al. 
(Eds.), Irrígatíon ín Medíterranean Agriculture: Challenges and Innovatíon for the 
Next Decades. CIHEAM, Barí, pp. 41 -46. 

Max, J.F.J., Horst, W.J., Mutwíwa, U.N., 2009. Effeets of greenhouse coolíng method on 
growth, fruít yíeld and qualíty of tomato (Solanum lycopersicum L) ín a tropical clí-
mate. Scí. Hortíc. 122,179-186. https://doi.Org/10.1016/j.scienta.2009.05.007. 

Míleo, A.M., Di Venere, D., Abbruzzese, C, Míccadeí, S., 2015. Long term exposure to poly-
phenol of artíchoke (Cynara scolymus L) exerts ínductíon of senescence dríven 
growth arrest ín the MDA-MB231 human breast cáncer cell líne. Oxídatíve Med. 
Cell. Longev., 363827 https://doi.org/10.1155/2015/363827. 

Montesano, F.F., Serio, F., Mínínní, C, Sígnore, A., Párente, A., Santamaría, P., 2015. 
Tensíometer-based irrígatíon management of subírrígated soílless tomato: effeets of 
substrate matríc potentíal control on crop performance. Front. Plant Scí. 6,1150. 
https://d0i.0rg/l 0.3389/fpls.2015.01150. 

Nouraeí, S., Rahímmalek, M., Saeídí, G., 2018. Varíatíon ín polyphenolíc composítíon, an-
tíoxídants and physíologícal characteristíes of globe artíchoke (Cynara cardunculus 
var. scolymus Hayek L) as affected by drought stress. Scí. Hortíc. 233, 378-385. 
https://d0i.0rg/l 0.1016/j.scíenta.2017.12.060. 

Parchomchuk, P., Meheríuk, M., 1996. Orchard coolíng wíth pulsed overtree irrígatíon to 
prevent solar ínjury and ímprove fruít qualíty of'Jonagold' apples. Hortscíence 31, 
802-804. 

De Pascale, S., Dalla Costa, L, Vallone, S., Barbíeri, G., Maggío, A., 2011. Increasíng water 
use efficíeney ín vegetable crop production: from plant to irrígatíon system efficíeney. 
HortTechnology 21,301-308. 

Pascual-Seva, N., San Bautista, A., López-Galarza, S., Maroto, J.V., Pascual, B., 2016. Re
sponse of dríp-írrigated chufa (Cyperus esculentus L. var. sativus Boeck.) to dífferent 
plantíng configuratíons: yíeld and irrígatíon water-use efficíeney. Agrie. Water 
Manag. 170,140-147. https://doi.Org/10.1016/j.agwat2016.01.021. 

Pelletíer, V., Pepín, S., Gallíchand, J., Carón, J., 2016. Reducíng cranberry heat stress and 
mídday depressíon wíth evaporatíve coolíng. Scí. Hortíc. 198,445-453. https://doí. 
org/10.1016/j.scíenta.2015.12.028. 

Pereíra, L.S., Cordery, I., Iacovídes, I., 2012. Improved índícators of water use performance 
and productívity for sustaínable water conservatíon and savíng. Agrie. Water Manag. 
108,39-51. https://doi.Org/10.1016/j.agwat.2011.08.022. 

Perkíns, S.E., Alexander, L.V., 2013. On the measurement of heat waves. J. Clím. 156, 
4500-4517. https://doi.Org/10.1175/JCLI-D-12-00383.l. 

Písanu, A.B., Muntoní, M., Ledda, L, 2009. Carcíofo ín Sardegna. In: Calabrese, N. (Ed.), II 
carcíofo e íl cardo. Bayer Crop Science Inc., Bologna, pp. 124-135. 

Ríahí, J., Nícoletto, C, Bouzaeín, G., Sambo, P., Khalfallah, K.K., 2017. Effect of vegetatíve 
propagatíon materials on globe artíchoke production ín semí-arid developíng coun-
tríes: agronomíc, marketable and qualítatíve traíts. Agronomy 7,65. https://doi.org/ 
10.3390/agronomy7040065. 

SAS (System for Míxed Models), 1996. SAS Inst, Cary, NC. 
Schrijver, R., Poppe, K., Daheím, C, 2016. Precisión agriculture and the future of farmíng ín 

Europe. Scíentífic Foresíght Unít (STOA), European Parlíamentary Research Service, 
European ParlíamentAvailable at:. http://www.ep.europa.eu/stoa/10.2861/020809. 

Sgroí, F., Fodera, M., Di Trapaní, A.M., Tudísco, A., Testa, R., 2015. Profitabílíty of artíchoke 
growíng ín the Medíterranean área. Hortscíence 50,1349-1352. 

Shínohara, T., 2008. Development of Management Practíces for Artíchoke Production ín 
Southwest Texas. M.Sc. Thesís. Texas A&M Uníversíty, Texas, USA, p. 149. 

Shínohara, T., Martín, E.A., Leskovar, D.I., 2017. Ethylene regulators ínfluence germínatíon 
and root growth of globe artíchoke seedlíngs exposed to heat stress condítíons. Seed 
Scí. Technol. 45,167-178. https://doi.Org/10.15258/sst2017.45.l.07. 

Shojí, N., 2017. Precisión Agriculture Creates New Business Opportunítíes. Mitsui Global 
Strategíc Studíes Instítute, Monthly Report, June 2017. 

Spanu, E., Delígíos, P.A., Azara, E., Delogu, G., Ledda, L., 2018. Effeets of alternatíve croppíng 
systems on globe artíchoke qualítatíve traíts. J. Scí. Food Agrie. 98, 1079-1087. 
https://doi.org/10.1002/jsfa.8558. 

Taíz, L, Zeíger, E., Moller, I.M., Murphy, A., 2015. Plant Physíology and Development síxth 
ed. Sínauer Associates Inc. Publíshers, Sunderland, MA. 

Urban, J., Ingwers, M., McGuíre, MA., Teskey, R.O., 2017. Stomatal conductance íncreases 
wíth risíng temperature. Plant Sígnal. Behav. 12, el356534. https://doi.org/10.1080/ 
15592324.2017.1356534. 

Urrego-Pereíra, Y.F., Martínez-Cob, A., Fernández, V., Cavero, J., 2013. Daytíme sprínkler ir
rígatíon effeets on net photosynthesís of maíze and alfalfa. Agron. J. 105,1515-1528. 
https://d0i.0rg/l 0.2134/agronj2013.0119. 

West, G.H., Kovacs, K., 2017. Addressíng groundwater declines wíth precisión agriculture: 
an economíc comparíson of monítoríng methods for varíable-rate irrígatíon. Water 9, 
28. https://doi.org/10.3390/w9010028. 

World Weather Attríbutíon, 2017. Euro-Medíterranean Heat - Summer 2017. Available 
at:. https://wwa.climatecentral.org/analyses/euro-mediterranean-heat-summer-
2017/. 

WRB (World Reference Base for Soíl Resources), 2014. International Soíl Classíficatíon 
System for Namíng Soíls and Creatíng Legends for Soíl Maps. World Soíl Resources 
Reports No 106. FAO, Rome. 

Yokoyama, G., Yasutake, D., Kítano, M., 2018. A prelímínary experiment on the effeets of 
leaf wettíng on gas exchange ín tomato leaves. Envíron. Control. Bíol. 56,13-16. 
https://doi.org/10.2525/ecb.56.13. 

Zhang, D., Du, Q,, Zhang, Z., Jíao, X., Song, X., Lí, J., 2017. Vapour pressure déficit control ín 
relatíon to water transport and water productívity ín greenhouse tomato production 
during summer. Scí. Rep. 7,43461. https://doi.org/10.1038/srep43461. 

https://doi.org/10.1021/acs.jafc.7b03447
https://doi.0rg/lO.lOl6/j
https://doi.Org/10.1016/j.scienta.2009.05.007
https://doi.org/10.1155/2015/363827
https://d0i.0rg/l
https://d0i.0rg/l
https://doi.Org/10.1016/j.agwat2016.01.021
https://doi
https://doi.0rg/lO.lOl6/j.agwat.2Oll.O8.O22
https://doi.Org/10.1175/JCLI-D-12-00383.l
https://doi.org/
http://www.ep.europa.eu/stoa/10.2861/020809
https://doi.Org/10.15258/sst2017.45.l.07
https://doi.org/10.1002/jsfa.8558
https://doi.org/10.1080/
https://d0i.0rg/l
https://doi.org/10.3390/w9010028
https://wwa.climatecentral.org/analyses/euro-mediterranean-heat-summer
https://doi.org/10.2525/ecb.56.13
https://doi.org/10.1038/srep43461

