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Abstract: The yield and quality of horticultural crops mainly depend on genotype, environmental
conditions, and cultivation management. Abiotic stresses, such as adverse environmental conditions,
can strongly reduce crop performance, with crop yield losses ranging from 50% to 70%. The most
common abiotic stresses are represented by cold, heat, drought, flooding, salinity, nutrient deficiency,
and high and low light intensities, including ultraviolet radiation. These abiotic stresses affect multiple
physiological and biochemical processes in plants. The ability of plants to face these stresses depends
on their adaptation aptitude, and tolerant plants may express different strategies to adapt to or avoid
the negative effects of abiotic stresses. At the physiological level, photosynthetic activity and light-use
efficiency of plants may be modulated to enhance tolerance against the stress. At the biochemical
level, several antioxidant systems can be activated, and many enzymes may produce stress-related
metabolites to help avoid cellular damage, including such compounds as proline, glycine betaine,
amino acids, etc. This special issue gathers eight papers; three are reviews and five are research papers.
Two reviews are focused on the application of appropriate agronomic strategies for counteracting the
negative effects of abiotic stresses. The third review is based on ornamental plant production under
drought stress conditions and the effect on their ornamental quality. The research papers report the
effect of climate change on crop development, yield, and quality. Abiotic stresses have been proven
to reduce crop performance and yield. Research studies are essential for understanding the key
adaptation strategies of plants that can be exploited for improving the crop stress tolerance.

Keywords: agronomic tools; dormancy; drought; ornamental; salinity

1. Introduction

Environmental stresses are the main factor limiting production in agricultural systems. Abiotic
stresses, such as adverse environmental conditions, can strongly increase crop yield losses (Figure 1),
ranging from 50% to 70% [1]. Climate change is often mentioned as one of the future challenges that
the agricultural sector must face. An increase in temperature is considered the crucial factor that will
reduce water quantity and quality. The availability of this natural resource affects the lives of human
beings, as well as agricultural yields. Fresh water is an essential resource for ecosystems and humanity.
The use of water is under increasing pressure in many parts of the word, particularly for agriculture,
which is by far the largest water-use sector, accounting for around 70% of the water withdrawal
worldwide [2]. Climate change requires a more sustainable management of water resources. However,
in several agricultural areas, excessive rain can also induce flooding, with negative effects on crop
development and production. In these areas it is important to select suitable crops and control soil
water though appropriate agronomic management strategies.

Besides high temperatures, low temperatures can also represent a problem for many macrothermal
species that are grown in spring, or fruit trees that have their bloom period in the early spring (such

Horticulturae 2019, 5, 67; doi:10.3390/horticulturae5040067 www.mdpi.com/journal/horticulturae1
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as peaches or almonds). Cold stress can induce chilling injury and damage flowers or leaves with
subsequent significant yield losses.

High or low irradiance can also have direct impacts on crop biomass and produce quality since
photosynthesis and respiration are tightly correlated with temperature, light intensity, and quality.

Inadequate crop nutrition can induce excesses or lack of some essential elements, with effects
on growth, yield, or quality of the produce depending on the species. The excess of heavy metals or
xenobiotic compounds can also represent a limiting factor in different urban and agricultural areas.
This special issue collects state of the art studies of the effects of abiotic stresses on agricultural crops
and ornamental plants in Mediterranean areas. In particular, a compendium of agronomic strategies
has been described and re-evaluated for improving crop tolerance in the short term [3,4].

Figure 1. Potential abiotic stresses that can compromise crop yield and produce quality.

2. Controlled Abiotic Stress Management for the Agriculture Production

The agricultural market is constantly oriented to produce the most common crops year-round, or
to exploit the lower market availability of some products in early spring or late winter for getting the
highest prices. The out-of-season production is often performed in greenhouses and requires high
energy consumption. Therefore, suboptimal temperatures or light conditions can represent important
factors to manage for avoiding crop damage and excessive production costs. Experimental work was
performed in bedding plant production in greenhouses during winter, with exposure to low-energy
conditions characterized by reduced temperature and light conditions for a two-week period over a
growing cycle of eight weeks. Results showed negative effects on flowering and plant growth by the
addition of a two-week low-energy exposure. In particular, flowering was delayed, and reductions in
flower number, plant size, and biomass were observed. The most affected crops where those that were
cold-sensitive, such as impatiens [5]. Further, studies should be carried out on cold tolerant species
and in non-flowering species.

Environmental parameters have direct effects on crop performance in different seasons and
different nutrient availability. Cultivation carried out with two different lettuce cultivars in different
seasons and with different nutrient availabilities showed that suboptimal growing conditions limit
nutrient utilization and have effects on biomass accumulation. Secondary metabolites, which can
contribute to the antioxidant capacity of lettuce, were affected by the seasons by effects on both
composition of different flavonoids and in their total concentrations [6]. Considering the overall results,
higher nutrient solution concentrations should be used in spring for maximizing yield and quality
in lettuce.
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The yield of crops is directly correlated with photosynthesis and the main factors involved in
this physiological process. Water is an essential element of photosynthesis, and its availability can be
directly correlated with yield and quality. Prediction models have been developed for estimating yield
in different stress conditions. In this special issue, a prediction model based on evapotranspiration has
been used for estimating the yield of apple under water deficit conditions [7]. The model was studied
for apple yield estimation under three cultivation regimens: conventional irrigation, partial root zone
drying, and continuous deficit irrigation. Results showed that the model worked well for vigorous
cultivars such as ‘Fuji’, while it did not perform well for cultivars like ‘Gala’ that are not able to limit
water losses by closing stomates. In pepper, it was demonstrated that salinity and water availability
affected the yield and quality at harvest and during postharvest storage [8].

The adaptation of crops to stressful conditions can be achieved through the selection of a suitable
genotype with specific traits. Genetic improvement programs can be used for enhancing tolerance to
the different stresses, but require long periods of work. In the short term, agronomic strategies can be
adopted for reducing stress intensity to the crops. A compendium of old and new agronomic tools has
been reported in this special issue. For each stress, specific agronomic strategies have been described
for lowering their negative effects and allow crops to cope with the stressful conditions [3,4].

3. Cold Stress and Bud Dormancy Transition

Abiotic stresses may also be utilized in some species for synchronization with the seasonal
change. In many fruit tree species, cold stress and the accumulation of cold units are essential
for bud differentiation. In this special issue endodormancy of almond and a putative regulatory
gene, the Dormancy Associated MADS-Box (DAM), has been studied [9]. Since it is well known that
temperature trends affect bud dormancy, in this study the expression of PdDAM6 was compared in
warmer and colder seasons. Results indicated that the endodormancy to ecodormancy transition
involved a transcriptional reprogramming, in which genes acting on dormancy maintenance would be
downregulated. In almond, the expression of PdDAM6 seemed to play a crucial role.

4. Drought Stress and Ornamental Plants

The quality of ornamental plants depends on their visual appearance, which is defined by such
factors as leaf color, size, number, and longevity. Abiotic stresses and in particular drought stress can
severely affect leaf morphology and physiology during adaptation to stressful environments. These
responses can have a direct impact on ornamental quality and subsequently on the commercial value
of the plants. A review included in this special issue describes the physiological, biochemical, and
morphological changes that ornamental plants can undergo under drought stress, and how these
influence quality [10]. The most common changes that can be observed on leaves are smaller size and
their orientation on the branch. Ornamental plant drought stress responses are important for their
selection in relationship to their area of utilization, such as urban or peri-urban areas.

5. Conclusions

Abiotic stresses have been proven to reduce crop performance and yield. However, mild
stresses can also have positive effects on the quality of produce, especially through the activation of
the phenylpropanoid pathway and the accumulation of bioactive compounds. These can improve
postharvest performance and enhance the nutritional quality of the produce, which is particularly
important for the consumer.

Abiotic stresses must be continuously studied with multidisciplinary approaches, from the basic
science for understanding crop responses, and their adaptation to the identification of practical
agronomic solutions for alleviating the stressful effects and preserving crop productivity.

Funding: This research received no external funding.

Acknowledgments: We gratefully acknowledge all the Authors that participate to this Special Issues.
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Received: 7 December 2018; Accepted: 23 January 2019; Published: 1 February 2019

Abstract: Heating and supplemental lighting are often provided during spring greenhouse
production of bedding plants, but energy inputs are a major production cost. Different energy-savings
strategies can be utilized, but effects on plant growth and flowering must be considered. We evaluated
the impact and timing of a two-week low-energy (reduced temperature and irradiance) interval
on flowering and growth of impatiens (Impatiens walleriana Hook.f. ‘Accent Orange’), pansy (Viola
× wittrockiana Gams. ‘Delta Premium Blue Blotch’), petunia (Petunia × hybrida Hort. Vilm.-Andr.
‘Dreams Pink’), and snapdragon (Antirrhinum majus L. ‘Montego Violet’). Flowering was delayed 7
to 10 days when the low-energy exposure occurred before flowering. Flower number was reduced
40–61% in impatiens, 33–35% in petunia (low-energy weeks 5–6 and weeks 7–8, respectively), and
35% in pansy (weeks 5–6). Petunia and impatiens dry mass gradually decreased as the low-energy
exposure occurred later in production; petunias were 26% (weeks 5–6) and 33% (weeks 7–8) smaller,
and impatiens were 20% to 31% smaller than ambient plants. Estimated energy savings were 14%
to 16% for the eight-week period, but only up to 7% from transplant to flowering. Growers can
consider including a two-week reduction in temperature and irradiance to reduce energy, provided
an additional week of production is scheduled.

Keywords: temperature; irradiance; ornamental plants; greenhouse production

1. Introduction

Greenhouse production of annual bedding plants for spring markets occurs in late winter and
early spring. Heating and supplemental lighting are often provided to offset low outdoor temperatures
and augment low solar irradiation intensity and duration. Consequently, energy inputs are a major
production cost for greenhouse-grown plants. In the United States, energy is the third largest expense
after labor and plant material, and it accounted for 9% of total production costs in the 2014 Census of
Horticultural Specialties [1]. Approximately 65% to 85% of total greenhouse energy consumption is for
heating [2].

Irradiance drives photosynthesis and primarily influences crop growth and dry weight gain.
Temperature primarily influences crop development, including rates of leaf unfolding, flower initiation,
and flower development. Together, light and temperature impact crop timing and quality. The ratio of
radiant energy (light) to thermal energy (temperature), or RRT, is one way to describe this [3]. A higher
RRT increases crop quality; for example, plants grown at lower temperatures and higher irradiance
(high RRT) will be of higher quality than plants grown at higher temperatures and lower irradiance
(low RRT). This ratio is an indicator of plant carbon balance, which becomes depleted under prolonged
exposure to high temperature and low irradiance [4]. For example, starch levels in rose (Rosa × hybrida

Horticulturae 2019, 5, 15; doi:10.3390/horticulturae5010015 www.mdpi.com/journal/horticulturae5
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‘Red Berlin’) were similar when plants were exposed to high temperature and high irradiance or low
temperature and low irradiance but were diminished under high temperature and low irradiance [4].

Crops need to meet both a target market date and minimum quality standards. Lighting and
temperature set points can be adjusted during production to address economic and environmental
concerns. Growers are continually looking for strategies to reduce energy consumption and costs
without sacrificing plant growth, quality, and/or finished time. Therefore, it is important to evaluate
different production strategies and determine when they may be feasible to implement. Surveys have
found 55% to 58% of responding U.S. growers have implemented conservation or energy efficient
practices [5,6]. Installing an energy or thermal screen is one strategy for reducing energy use [2], but
only 12% of respondents in one of the surveys had them [5]. Other viable production strategies for
reducing energy use include growing in unheated greenhouses or high tunnels [7], using root zone
heating [8], or using a reduced temperature to finish (RTF) [9].

Many growers maintain static air temperature set points, independent of ambient weather
conditions outside [10]. Allowing the greenhouse temperature to rise above the desired mean
daily temperature (MDT) when heating demand is low and fall below the desired MDT when
heating demand is high, but maintain the same MDT, is another strategy to reduce energy use [11].
These temperature integration strategies have been referred to as dynamic temperature control [2],
integrating temperature control [12], multi-day temperature setting [13], or dynamic photosynthetic
optimization [14]. While MDT remains the same, a wider range of acceptable temperature fluctuations
is allowed. This can be accomplished by increasing the daytime ventilation set point and decreasing
the nighttime heating set point, using a computer algorithm to maintain a rolling MDT and adjust
temperatures based on predicted weather patterns [15], or using a computer algorithm to adjust
greenhouse conditions based on photosynthetic optimization [14,16] or plant assimilate balance [13].
Temperatures need to remain within the linear range of plant development rate, between the base
temperature (Tbase; development rate = 0) and the optimum temperature (Topt; development rate is
maximal) for each species to minimize delays in development [17].

Dynamic temperature management can be integrated on a 24 h [11,18], multi-day [15], or weekly
basis [19,20]. It has been successful for roses [12,21], potted plants [18,22], and vegetables [19] when the
amplitude of the bandwidth was ≤ ±6 ◦C. One drawback, however, is that dynamic heating requires
a greenhouse environmental control computer with sophisticated software, and not all growers
have or can afford these systems [2]. For greenhouses without environmental control systems, an
energy-reduction alternative is to optimize the growing environment on days with a lower heating
requirement (i.e. warmer, sunnier, and or less windy) and reduce energy inputs (lower the temperature,
turn off supplemental lighting, and close the energy curtain) on days that require more heating. This
short-term reduction in temperature and irradiance was successful when implemented 1 to 2 days
per week, with reduced energy costs and minimal impact on plant growth and crop timing [23,24].
However, weather patterns often are cyclical on a longer time scale, and growers may contend with
days to weeks of continuous cloudy weather during winter and early spring. Condensing the low
temperature and irradiance exposure into a continuous time period rather than interspersed throughout
production may impact its successful implementation, even though it is for a similar total number of
days. Therefore, our objective was to evaluate the timing of a two-week reduction in temperature and
irradiance on plant growth and flowering of four popular annual bedding plant crops and estimate
potential cost savings using the Virtual Grower software program. We selected cold-tolerant [pansy
(Viola × wittrockiana Gams.) and snapdragon (Antirrhinum majus L.)], cold-intermediate [petunia
(Petunia × hybrida Hort. Vilm.-Andr.)], and cold-sensitive [impatiens (Impatiens walleriana Hook.f.)]
species, as categorized by their Tbase [25,26].

2. Materials and Methods

Seeds of impatiens ‘Accent Orange’, pansy ‘Delta Premium Blue Blotch’, petunia ‘Dreams Pink’,
and snapdragon ‘Montego Violet’ were sown on 15 December 2014 (replication 1) and 6 January
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2015 (replication 2) into 288-cell plug trays filled with a peat-based soilless substrate (LC-1; Sun Gro
Horticulture, Bellevue, WA). Trays were placed in a growth chamber (GR48; Environmental Growth
Chambers, Chagrin Falls, OH) set to provide 25 ◦C constant air temperature, 300 μmol·m−2·s−1

photosynthetic photon flux density (PPFD) from high-pressure sodium (HPS) lamps, and an 8 h
photoperiod. They were watered as needed, and provided 75 mg·L−1 N constant liquid feed of
20N–4.4P–16.6K (Jack’s 20-10-20; JR Peters, Inc., Allentown, PA, USA) at each irrigation once true
leaves emerged.

Two greenhouse environments were set up in identical compartments located within a
glass-glazed greenhouse (Toledo, OH, USA). The ambient compartment represented typical greenhouse
conditions during winter and early spring. Temperature set points were 22 ◦C day/18 ◦C
night. High-pressure sodium light fixtures (Sunlight Supply, Inc., Vancouver, WA, USA) provided
approximately 75 μmol·m−2·s−1 of supplemental irradiance from 1000-W bulbs (Osram Sylvania
Products, Inc., Manchester, NH, USA) when ambient PPFD at the benchtop was less than
300 μmol·m−2·s−1, and a constant 14 h photoperiod (0600-2000 HR) was maintained. The cool
compartment represented a cool, low light environment. Temperature set points were 13 ◦C day/10 ◦C
night. A spun-woven energy curtain was continuously closed, which reduced ambient irradiance
by approximately 50%, relative to ambient conditions. Day-extension lighting with HPS lamps was
provided when ambient irradiance was less than 10 μmol·m−2·s−1 PPFD to achieve a constant 14 h
photoperiod. Dataloggers (HOBO®Pro v2; Onset Applications, Bourne, MA, USA) in each environment
measured air temperature. Quantum sensors (Model QSO-S; Apogee Instruments, Logan, UT, USA)
were connected to a data logger (CR10X; Campbell Scientific, Logan, UT, USA) and mean PPFD was
recorded every 15 min.

On 20 January and 9 February 2015, plants were transplanted into 11.5 cm diameter round pots
filled with LC-1. They were irrigated as needed during the experiment. Plants were watered once
weekly with reverse-osmosis water and fertilized with 20N–4.4P–16.6K at an N concentration of
150 mg·L−1 at all other irrigation events. Electrical conductivity (EC) and pH of the substrate solution
was monitored every two weeks on three additional plants of each species grown continuously in
the ambient and cool, low light environments, using the Pour-Through technique, to ensure values
remained within the recommended ranges for all species [27].

Plants were moved from ambient conditions to the cool, low light environment for a two-week
interval during the eight-week duration of the experiment (i.e., weeks 1–2, weeks 3–4, weeks 5–6, or
weeks 7–8 in cool, low light, with the other 6 weeks in ambient conditions). Two additional treatments
included a continuous ambient control and a continuous cool, low light control. There were five plants
per species per treatment. Mean air temperatures and daily light integrals (DLIs) are provided in
Table 1.

Table 1. Mean air temperature (◦C) and daily light integral (DLI, mol·m−2·d−1) for each treatment.
Plants were grown in ambient conditions [22/18 ◦C air temperature, 14 h photoperiod, and ambient
irradiance +75 μmol·m−2·s−1 supplemental lighting from high-pressure sodium (HPS) lamps when
photosynthetic photon flux density (PPFD) was less than 300 μmol·m−2·s−1] and transferred to cool,
low light conditions (13/10 ◦C air temperature, ambient irradiance, and a 14 h photoperiod achieved by
providing 75 μmol·m−2·s−1 from HPS lamps when PPFD was less than 10 μmol·m−2·s−1) at 2-week
intervals during an 8-week production cycle.

Treatment
Target Mean

Temperature (◦C)
Mean Temperature (◦C) DLI (mol·m−2·d−1)

Replication 1 Replication 2 Replication 1 Replication 2

Ambient 20.3 20.3 ± 1.7 20.3 ± 1.7 10.7 ± 3.0 12.8 ± 3.4
Weeks 1–2 cool 18.2 18.3 18.7 10.2 11.6
Weeks 3–4 cool 18.2 18.5 18.3 9.7 11.3
Weeks 5–6 cool 18.2 18.5 18.6 9.4 10.9
Weeks 7–8 cool 18.2 18.5 18.4 8.9 10.7

Cool 11.8 12.9 ± 1.1 13.2 ± 1.4 6.1 ± 1.5 6.3 ± 1.9
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Flowering was checked daily, and date of first flower was recorded. Eight weeks after transplant,
flower number was counted. Relative chlorophyll content (CCM-200; Apogee Instruments, Inc., Logan,
UT) was measured on three recently mature leaves per plant, and the mean value was used for
statistical analysis. Plant height was measured from the substrate surface to the apex. Plant width was
measured at the widest point and perpendicular to the widest point, then the two measurements were
averaged. Above-ground plant tissue was removed, washed with 0.1 N HCl, rinsed with ultra-purified
(18 MΩ) water, dried in a forced-air oven at 60 ◦C for 3 days, and weighed for dry mass.

A virtual greenhouse was constructed to estimate daily heating and supplemental lighting costs for
each environment, using the USDA-ARS software program Virtual Grower 3.0.9 (USDA-ARS, Toledo,
OH, USA). Greenhouse dimensions, materials, and components were as described previously [24].
Total energy costs for each treatment were calculated (1) as the sum of daily energy costs for
the eight-week production duration, and (2) as the sum of daily energy costs from the start of
the experiment to mean date of the first flower, based on the temperature and supplemental
lighting schedules.

Data were analyzed as a randomized complete block design, with six treatments, five single-plant
replications per treatment, and repeated twice in time. A separate analysis was conducted for each
species. Data were analyzed in SAS (SAS 9.3; SAS Institute, Inc., Cary, NC, USA) using the GLM
procedure (PROC GLM) and mean separation was conducted with Tukey’s HSD at α = 0.05 for
significant treatment effects (P ≤ 0.05).

3. Results and Discussion

Length of production is a critical benchmark for greenhouse growers, as increased production
time reduces the number of crop cycles per season and increases the fixed costs allocated to each crop.
Flowering is important for quick sell-through at retail, and therefore, time to flower is an important
scheduling metric. Compared to control plants grown at ambient conditions, flowering was delayed
when plants were provided with a two-week low-energy interval early in production. This occurred
in all crops grown in the cool, low light environment in weeks 1–2 or weeks 3–4, and additionally in
petunia in weeks 5–6 (Table 2). The delay in flowering was 7 to 10 days. Ambient control plants began
flowering during week 5 of production (29 to 35 days after transplant); mean days to flower was 30, 32,
34, and 34 days in pansy, impatiens, snapdragon, and petunia, respectively. As such, the absence of
delayed flowering on plants exposed to the low-energy exposure in weeks 5–6 or weeks 7–8 occurred
because plants were budded or flowering before the start of the cool, low light exposure.

Continuous exposure to low-energy conditions delayed flowering by more than 3 weeks,
compared to ambient controls (Table 2). Incomplete flowering occurred in impatiens and snapdragon
by the end of the experiment, 8 weeks after transplant, and none of the petunias had flowered.
Minimum temperature (Tmin) values for flower development of 2.0 to 4.0 ◦C have been reported for
snapdragon, 2.8 to 5.5 ◦C for petunia, 4.1 ◦C for viola (Viola cornuta L. ‘Sorbet Plum Velvet’), and 7.2 ◦C
for impatiens ‘Blitz 3000 Deep Orange’ [25,26]. Although we used different cultivars in our study,
the 10 ◦C nighttime set point in the low-energy treatment was greater than the Tmin for all species.
Therefore, flowering would have eventually occurred, but the delay and variability of flowering does
not make continuous low-energy conditions a viable production strategy for most species.
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Delayed flowering with the low-energy exposure was primarily due to the lower overall
temperature. Increased days to flower in response to decreased temperature have been reported
for impatiens ‘Accent Red’, pansy ‘Delta Yellow Blotch’, petunia ‘Easy Wave Coral Pink’ and ‘Wave
Purple’, and snapdragon ‘Chimes White’, but not for impatiens ‘Super Elfin White’ [28–32]. For
example, a 23 days delay in flowering occurred in snapdragon ‘Chimes White’ when temperature
decreased from 20 to 10 ◦C [30]. In previous studies, time to flower for petunia ‘Easy Wave Coral
Pink’ and petunia ‘Wave Purple’ increased as MDT decreased from 26 to 14 ◦C, and time to flower for
pansy ‘Delta Yellow Blotch’ increased linearly as MDT decreased from 25.7 to 16.3 ◦C [28,29]. Finally,
a 3 to 4 days delay in flowering of impatiens ‘Super Elfin Lipstick’, petunia ‘Avalanche Pink’, and
pansy ‘Colossus Yellow Blotch’ was documented for each 1 ◦C reduction in temperature [33], which
is consistent with the 7 to 10 day delay in flowering we observed in our study when providing a
two-week low-energy exposure (overall mean temperature was 1.6 to 2.0 ◦C lower than the ambient
treatment; Table 1).

Decreased irradiance in the low-energy conditions may have also contributed to delayed flowering,
which has been reported for impatiens ‘Super Elfin White’, snapdragon ‘Rocket Rose’, pansy ‘Delta
Yellow Blotch’, and petunia ‘Snow Cloud’ [29,32,34]. Snapdragon ‘Rocket Rose’ flowering was delayed
21 days, and impatiens ‘Super Elfin White’ flowering was delayed 4 days, but only at high temperatures,
when DLI decreased from 21.8 to 10.5 mol·m−2·d−1 [32]. The influence of DLI on flowering is often
attributed to meristem heating by the increased irradiance intensity, and, therefore, is a temperature
effect as well [35].

The two-week low-energy exposure also decreased flower number and plant growth relative
to those grown at ambient conditions. Flower number in impatiens, pansy, and petunia, but not
snapdragon, decreased compared to ambient controls (Table 2). Impatiens was most sensitive, and
a two-week low-energy exposure at any point during production reduced flower number 40% to
61%. Pansy flower number was lower only in the weeks 5–6 exposure (35%), and petunia flower
number was lower only in the weeks 5–6 and weeks 7–8 exposures (33% and 35%, respectively).
Comparing across the four two-week low-energy treatments, timing did not influence impatiens,
pansy, or snapdragon flower number, although petunias in low-energy weeks 1–2 had more flowers
than the other low-energy intervals. This suggests implementation of a two-week low-energy exposure
would not affect flower number regardless of when it was applied during production. Snapdragon
inflorescence number was similar across the ambient control and four low-energy treatments (12 to
13 inflorescences), and higher than in the continuous low-energy treatment (<1 inflorescence; data
not shown).

Reduced flower number was likely due to both a delay in flowering and reduced net
photosynthesis in the low-energy environment. Light is a primary driver of photosynthesis, and
temperature influences the rates of enzymatic activity and carbon loss via photorespiration. A decrease
in petunia flower development rate as mean DLI decreased from 14 to 4 mol·m−2·d−1 has been
reported [28]. Likewise, petunia ‘Snow Cloud’ grown at temperatures ranging from 10 to 30 ◦C
flowered 3 to 23 days later at a given temperature when provided a DLI of 6 mol·m−2·d−1 rather
than 13 mol·m−2·d−1 [34]. A reduction in flower number was observed in petunia ‘Supertunia
Vista Bubblegum’ and ‘Supertunia Mini Strawberry Pink Veined’ grown 2 days or more per week in
low-energy conditions and in pansy ‘Matrix Blue Blotch’ grown 4 days per week or continuously in
low-energy conditions, compared to plants grown continuously in ambient conditions [24].

Relative chlorophyll content index (CCI) four weeks after transplant was generally lower in
plants exposed to low-energy conditions, i.e., the weeks 1–2, weeks 3–4, and continuous treatments
(Table 2). After eight weeks, relative CCI was not affected by the timing of the low-energy exposure,
when compared to ambient conditions. The continuous low-energy treatment had lower CCI values
for impatiens and petunia but not pansy or snapdragon (Table 2). This may be related to their cold
tolerance, as impatiens and petunia are more cold-sensitive than pansy and snapdragon [25,26]. The
reduction in relative CCI is likely a response to the lower temperature. In cotton (Gossypium hirsutum

10



Horticulturae 2019, 5, 15

L. var. Delta Pine 61), chlorophyll concentration decreased as temperature decreased [36]. Chlorophyll
concentration in tomato (Solanum lycopersicon L. cv. M-19) and pepper (Capsicum annuum L. cv. M-71)
decreased by almost half after a 12 days chilling (5 ◦C) treatment [37]. Although relative chlorophyll
content rather than total chlorophyll concentration was measured in this study, it is an accepted
proxy [38].

Plant height was unaffected by the timing of the low-energy exposure in impatiens and
petunia. Except for the weeks 7–8 low-energy exposure, which was similar to the ambient control,
snapdragon plant height increased with a two-week low-energy exposure (5% to 18% increase; Table 2).
We observed an increase in shoot height previously in dianthus ‘Telstar Pink’ as the number of days
per week in low-energy conditions increased [24]. Additionally, shoot height of some Kalanchoe species
increased as DLI decreased from 17.2 to 4.3 to mol·m−2·d−1 [39]. It appears a period of lower DLI
during the vegetative phase elicited a shade avoidance response in snapdragon. The timing of the
weeks 7–8 low-energy treatment occurred after flowering had begun, and therefore, did not affect
internode length nor cause elongation of the inflorescence peduncle.

Plant diameter generally was unaffected or smaller when the timing of the two-week low-energy
exposure occurred later in production. Snapdragon plant diameter was similar across all treatments
and pansy was smaller only when grown in continuous low-energy conditions (Table 2). Impatiens
and petunia plant diameters were smaller than the ambient controls when the two-week low-energy
interval occurred later in production, in weeks 3–4 or later or in weeks 5–6 or later, respectively.

Similar to plant height and width, pansy and snapdragon dry mass were smaller only in plants
grown continuously in the low-energy conditions (46% and 40%, respectively; Table 2). Petunia
and impatiens dry mass gradually decreased as the two-week low-energy exposure occurred later
in production. Petunias grown in weeks 5–6 or weeks 7–8 were 26% and 33% smaller, respectively,
than ambient controls. Any two-week low-energy exposure in impatiens, regardless of the timing,
reduced final dry mass (20% to 31%). The sensitivity of each species to dry mass accumulation
corresponds to their cold tolerance; pansy and snapdragon are considered cold-tolerant annuals,
petunia is a cold-intermediate species, and impatiens is a cold-sensitive species. The smaller plant size
and dry mass is likely the result of reduced photosynthesis at lower irradiance and temperature, which
reduced carbohydrate availability for growth. Previously, a decrease in plant dry mass of eight annual
bedding plants was observed as DLI decreased, including impatiens ‘Cajun Red’ and petunia ‘Apple
Blossom’ [40]. Additionally, pansy ‘Delta Yellow Blotch’ plant mass decreased in response to decreased
irradiance, and pansy ‘Universal Violet’ dry mass decreased as temperature decreased [29,41].

Estimated energy costs were calculated for two production durations. First, energy costs were
calculated for the total eight-week production period and relativized to energy costs in the ambient
environment. Energy costs in our greenhouse were 84% to 86% of ambient when the two-week
low-energy exposure was provided (Table 3). Energy costs increased slightly as the timing of the
low-energy period occurred later in production due to naturally increasing temperatures and irradiance
from late winter to early spring. The continuous low-energy environment had the lowest energy costs,
at 44% of ambient. The second energy calculation estimated energy costs from transplant to mean
date of the first flower for each species. This accounted for the lower per day cost in the low-energy
conditions but the extended time of production due to delayed flowering. More modest reductions
in energy costs occurred, ranging from a 7% reduction to a 17% increase in energy costs compared
to the ambient environment (Table 3). Energy costs for the continuous low-energy treatment were
not calculated due to the lack of 100% flowering after eight weeks. The estimated energy savings
of 4% to 6% when pansy, petunia, and snapdragon were grown in cool, low light conditions during
weeks 1–2 of production are slightly lower than the 8% to 18% energy savings reported for other
dynamic temperate integration strategies [11,12,16], but much less than the 19% to 46% savings
reported [14]. Additionally, snapdragons grown for two weeks in cool, low light conditions generally
exhibited the lowest relative energy costs of the four species evaluated, compared to plants grown in
ambient conditions, while impatiens generally had the highest relative energy costs. This corresponds
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to the plant growth and flowering data and is reflective of their classification as cold-tolerant and
cold-sensitive species, respectively.

Table 3. Percent energy costs, relative to ambient conditions, calculated in Virtual Grower 3.0.9 using
parameters specified [24]. Ambient conditions were 22/18 ◦C air temperature, 14 h photoperiod,
and ambient irradiance + 75 μmol·m−2·s−1 supplemental lighting from high-pressure sodium (HPS)
lamps when photosynthetic photon flux density (PPFD) was less than 300 μmol·m−2·s−1. Low-energy
conditions were 13/10 ◦C air temperature, ambient irradiance, and a 14 h photoperiod achieved by
providing 75 μmol·m−2·s−1 from HPS lamps when PPFD was less than 10 μmol·m−2·s−1. Impatiens
(Impatiens walleriana ‘Accent Orange’), pansy (Viola × wittrockiana ‘Delta Premium Blue Blotch’),
petunia (Petunia × hybrida ‘Dreams Pink’), and snapdragon (Antirrhinum majus ‘Montego Violet’) were
grown in ambient conditions (ambient), grown in ambient conditions and transferred to a low-energy
environment at two-week intervals during an eight-week production cycle, or grown continuously in
the low-energy environment (continuous).

Treatment
Relative Cumulative

Energy Cost z
Relative Cumulative Energy Cost at Flowering y

Impatiens Pansy Petunia Snapdragon

Ambient 100% 100% 100% 100% 100%
Weeks 1–2 cool 84% 103% 96% 94% 95%
Weeks 3–4 cool 86% 101% 98% 98% 93%
Weeks 5–6 cool 86% 99% 102% 99% 97%
Weeks 7–8 cool 88% 117% 106% 94% 100%

Continuous 44% - x - - -
z Total energy costs after 8 weeks, reported as a relative percent compared to plants grown continuously in ambient
conditions; y Energy costs were calculated from transplant to flowering and reported as a relative percent compared
to plants grown continuously in ambient conditions; x Not all plants had flowered after 8 weeks, and therefore
energy costs were not calculated.

One of our objectives was to evaluate the effectiveness of a two-week low-energy interval as a
strategy to reduce energy costs for greenhouse production of spring bedding plants. In all species,
flowering was the most sensitive and was delayed in all species if the low-energy exposure was
applied before flowering. The timing of the two-week low energy exposure influenced the severity
of the impact on plant growth. It minimally affected pansy and snapdragon, regardless of when the
two-week interval was applied. Petunia was more impacted when the interval was applied in the
second half of production, and impatiens dry mass was affected regardless of the week. Therefore,
depending on species and target plant size, the timing of the low-energy exposure could be shifted
earlier in production to have a minimal impact on plant size and dry mass, or later in production
to have a more pronounced effect on final plant size. For example, shifting the exposure later in
production may provide a non-chemical strategy for growth regulation of species and cultivars with a
vigorous plant habit.

Additionally, we wanted to evaluate the possibility of applying the intermittent short-term
reduction in temperature and irradiance as a continuous two-week exposure rather than for 1 to 2
days per week, as reported previously [24], to better align with weather patterns and energy demands.
Overall mean temperature and DLI for a crop will be similar when the cumulative duration of
low-energy conditions is the same, whether provided continuously for a period of time or intermittently
throughout production. Therefore, it stands to reason flowering time would be similar if crops
are able to integrate temperature throughout the period of flower initiation and development, as
long as temperatures remain between Tmin and Topt. In our study, pansy, petunia, and snapdragon
grown in low-energy conditions for 2 days per week flowered within 2 days of plants exposed to
low-energy conditions for a two-week period in weeks 1–2, weeks 3–4, or weeks 4–6 (data not shown).
A comparison was not made with impatiens due to insufficient seedling number for the intermittent
low-energy treatments.

In conclusion, flowering and plant growth were negatively impacted by the addition of a two-week
low-energy exposure, resulting in delayed flowering, fewer flowers, and reduced plant size, mass,
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and relative chlorophyll content. Cold-sensitive crops, like impatiens, will be most severely impacted.
Results from this study indicate the inclusion of a two-week low-energy exposure would decrease
energy costs over an eight-week period but have a nominal reduction or even increase in overall
energy consumption from transplant to flowering due to delays in flowering. Therefore, it could
be worthwhile for growers to consider a short-term intermittent reduction in temperature and DLI
to reduce heating costs, but only for cold-tolerant species like snapdragon and if an extra week of
production can be built into the production schedule.
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Abstract: Predicting apple yield in relation to tree water use is important for irrigation planning and
evaluation. The aim of the present study was to identify measurable variables related to tree water
use that could predict final fruit yield of apple trees under different strategies of deficit irrigation.
Adult ‘Gala’ and ‘Fuji’ apple trees were exposed to conventional irrigation (CI), delivering 100%
of crop evapotranspiration; partial root zone drying (PRD), delivering 50% of CI water only on
one alternated side of the root-zone; and continuous deficit irrigation (CDI), delivering 50% of CI
water on both sides of the root-zone. Integrals of soil (SWDint) and leaf (LWSDint) water deficit
along with growth and stomatal conductance (Gsint) were calculated across each season and used to
estimate total conductance (GStree) and transpiration (Trtree) per tree, transpiration efficiency on a
fruit (GRfruit/Tr) or tree (GRtrunk/Tr) growth basis, and transpiration productivity (Yield/Trtree). ‘Fuji’
trees had higher Yield/Trtree, but had lower GRtrunk/Tr and similar GRfruit/Tr compared to ‘Gala’
trees. In ‘Fuji’, CDI reduced yield, trunk growth, leaf hydration, and gas exchange, while in ‘Gala’, it
did not reduce yield and gas exchange. In ‘Fuji’, a linear combination of GRtrunk/Tr, GRfruit/Tr, and
Gstree contributed to predicting yield, with GRfruit/Tr explaining nearly 78% of the model variability.
In ‘Gala’, a linear combination of LWSDint and Gstree contributed to predicting yield, with Gstree

explaining over 79% of the model variability. These results indicate that measuring tree water status
or water use may help predict final apple yields only in those cultivars like ‘Gala’ that cannot limit
dehydration by closing stomates because of carbon starvation. In more vigorous cultivars like ‘Fuji’,
transpiration efficiency based on fruit growth can be a powerful predictor of final yields.

Keywords: leaf water saturation deficit; partial root zone drying; stomatal conductance; transpiration
efficiency; transpiration productivity

1. Introduction

On cultivated land, it is estimated that environmental stresses significantly limit agricultural
production, and global climate changes are constantly increasing such limitations. Environmental
stress tolerance is therefore a critical concern for horticulturists if they hope to increase fruit production
as population increases. In particular, plant tissue dehydration (drought stress) may cause direct and
indirect decreases in fruit quantity and quality. Indeed, drought may also affect photosynthesis and
nutrient uptake causing indirect yield reductions.

A great share of the annual precipitation is lost to evapotranspiration (ET, from 70% up to 90%
in arid areas) [1]. This fact proves the importance of adequately estimating the ET component of
the hydrologic cycle in predicting on-farm irrigation water management and irrigation planning [2],
especially if we consider that without ET there is no production [3]. In particular, the transpiration to
ET coefficients have been widely used for precise and efficient irrigation management [4].

Crop yield is determined by both available water quantity and plant water use efficiency [5]. At the
physiological level, water use efficiency (WUE) can be defined as the ratio between photosynthesis
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and transpiration, also defined as transpiration efficiency or instantaneous WUE. This WUE is quite
difficult to monitor at the whole tree scale, and even more at the orchard level. For horticultural
evaluations, WUE can be more easily expressed as fruit yield per unit of irrigation water, or irrigation
water productivity (IWP). Recently, many studies have focused on IWP as being directly related to
the increase of WUE [6]. In this study, the use of transpiration efficiency or productivity based on the
ratios between relative trunk or fruit growth and transpiration rate as well as the ratio between fruit
yield and total tree transpiration is proposed.

Several factors can cause variations of WUE in plants, e.g., air humidity, the different carboxylation
mechanism of C3 and C4 plants and, in the long period, the losses due to respiration and assimilate
partitioning. Indeed, it has been widely demonstrated that it is possible to improve plant carbohydrate
distribution towards reproductive structures, such as fruits, by keeping the plants in a state of mild
water deficit, in this way controlling the excessive vegetative growth [7]. This concept has represented
in the last decades the basis for a long list of trials investigating the outcomes of what was called
“regulated deficit irrigation” (RDI) by Chalmers et al. [8] or “controlled deficit irrigation” by English [9]
and [10]. As a matter of fact, trials conducted on several crops showed that IWP tends to increase with
deficit compared to conventional irrigation [11,12].

Increasing IWP has been more successful in trees than in field crops for several reasons [13]. Fruit
quality, for example, strongly affects crop value, but is not associated with biomass production and
water use. In addition, tree fruit growth may not be sensitive to water deficit in certain periods and
developmental stages [14]. This, in combination with low volume/high frequency irrigation systems,
gives the best opportunities to manage fruit trees under controlled water deficit.

A specific deficit irrigation practice that has received particular attention in the last decades and
seems to achieve significant water savings with limited information inputs from the grower is partial
root zone drying (PRD) [15,16]. With PRD, one half of the root system is cyclically left to dry; roots in
drying soil produce chemical signals (abscisic acid, cytokinins, pH changes), which are translocated
to the shoots [17] where they induce partial stomatal closure, reduce transpiration, and ultimately
increase WUE [15]. Thanks to the well-watered half of the root zone, the effect on plant water potential
is minimal [18] and other metabolic and physiological processes associated to water stress are not
affected [15,19]. This deficit irrigation technique has produced positive outcomes in a number of fruit
species, and in apple, numerous PRD studies have reported significant increases of IWP and even
yields similar to those of full irrigated trees [16].

For the reasons above, understanding the transpiration mechanisms of plants and the factors
affecting final crop yield under water deficit becomes a priority. Green plants have indeed many
structures and control devices, which allow them to function efficiently even in rapidly changing
environments. At the leaf level, transpiration is controlled by physiological and structural factors
with stomatal aperture and conductance assuming a primary role [20]. Stomatal conductance (gs)
responds to several factors, such as light, CO2 concentration, vapor pressure deficit, leaf temperature,
leaf abscisic acid, and soil water potential. This latter factor influences gs by a hormonal signal (abscisic
acid) originating in the roots, a sort of biological switch when drought occurs [21].

The prediction of apple yield in relation to water requirement or ET is important for irrigation
planning and evaluation. Considerable research has led to the development of simple models for
predicting mostly yield of field crops from evapotranspiration during the growing season [22–24].
The aim of the present study was to identify measurable variables related to tree water use that
could serve for the development of a model to predict final fruit yield of apple trees under deficit
irrigation. The same yield predicting variables and models could be useful for fine tuning of deficit
irrigation management.

2. Materials and Methods

Data of the present study are further calculations and analysis of measurements reported in Lo
Bianco and Francaviglia [25]. The study was conducted in 2008 and 2009 near Caltavuturo (37◦49′ N
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and 850 m a.s.l.), in central Sicily. Plant material consisted of eight-year-old ‘Gala’ and ‘Fuji’ apple
trees on M.9 rootstock, trained to a central leader, and spaced at 4 m between rows and 1.5 m within
rows. Soil type was a sandy clay loam (53.3% sand, 17.6% silt, and 29.1% clay) with pH 7.3 and 1.8%
active carbonates, and soil water potential around −17 kPa at field capacity. With the exception of
irrigation, all trees received the same cultural practices.

In the field, two nearby rows (one with 36 ‘Gala’ trees, the other with 36 ‘Fuji’ trees) were selected
and divided into four blocks, each including three trees per irrigation treatment. Contiguous irrigation
treatments on the same row were separated by two buffer trees. In June, three irrigation treatments
were imposed: (1) conventional irrigation (CI), delivering 100% of crop evapotranspiration (ETc); (2)
PRD, where trees received 50% of CI water only on one alternated side of the root zone; (3) continuous
deficit irrigation (CDI), where trees received 50% of CI water on both sides of the root zone. Wet and
dry sides of PRD trees were alternated every 2–3 weeks when soil water potential in the dry side
reached values of approximately −100 to −150 kPa.

Weather parameters were monitored with a μMetos weather station (Pessl, Austria) positioned
within the experimental plot and used to determine reference evapotranspiration (ET0) according to
the FAO Penman–Monteith method and crop evapotranspiration (Etc) [26].

Instantaneous vapor pressure deficit (VPD) was calculated from canopy air temperature (in ◦C)
and relative humidity (in %) measured on the same dates and at the same time as stomatal conductance.

Soil water potential was monitored continuously with six Watermark sensors (Irrometer Co.,
Riverside, CA, USA) directly connected to the weather station. In drip irrigated apple trees, most
of the active roots are within the first 60 cm of soil depth. For this reason, Watermark sensors were
positioned at a fixed depth of 40 cm and a distance of about 80 cm from emitters and 1 m from the tree
trunk in opposite sides of the root-zone. Integrals of soil water deficit (SWDint) across each irrigation
season and treatment were calculated as:

SWDint = Σ(1..t)|(SWDi − SWDFC)|, (1)

where t is the number of days in the irrigation season, SWDi are average daily measures of soil water
potential, and SWDFC is soil water potential at field capacity. SWDint was used as an indication of soil
water deficit accumulated in the root-zone of each treatment during the irrigation periods.

Every two weeks during the irrigation period, at mid-morning two mature, sun-exposed leaves
per tree were collected and transported in ice to the laboratory for determination of fresh weight (FW),
turgid weight (TW) after rehydrating leaves for 24 h at 8 ◦C in the dark, and dry weight (DW) after
drying leaves at 60 ◦C to constant weight. Leaf relative water content (RWC) was calculated as [(FW −
DW)/(TW − DW)] × 100. Leaf water saturation deficit (LWSD) was calculated as 1 − (RWC/100) and
integrated across the irrigation period using the equation proposed by García-Tejero et al. [27] and
modified from Myers [28]:

LWSDint = Σ(1..t)|LWDi+1 × (ni+1 − ni) +
1
2

(LWDi − LWDi+1) × (ni+1 − ni)|, (2)

where t is the number of sampling days, LWDi and LWDi+1 are leaf water deficit values measured
on two consecutive sampling days (i and i + 1), and ni+1 and ni the days corresponding to two serial
samplings. This variable is the integral of a proportion (0 to 1) and therefore can be considered unitless.

On the same dates, stomatal conductance (gs) was measured with an AP4 Delta-T porometer
(Delta-T Devices, Cambridge, UK) on two leaves similar to those used for RWC measurements.
Stomatal conductance was also integrated across the irrigation period according the following equation:

Gsint = Σ(1..t) |gi+1 × (ni+1 − ni) +
1
2

(gi − gi+1) × (ni+1 − ni)|, (3)
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where t is the number of sampling days, gi and gi+1 are leaf stomatal conductance values measured
on two consecutive sampling days (i and i + 1), and ni+1 and ni the days corresponding to two
serial measurements.

In each year, one fruit per tree was measured bi-weekly in size (height and width) with a digital
caliper. Relative seasonal fruit growth was calculated as the total increase in average diameter (mm)
divided by the initial diameter of the fruit (mm). Trunk circumference was measured at about 15 cm
above the graft union at the beginning and end of the two growing seasons. Trunk cross-section area
(TCSA) was derived from trunk circumference and taken as an indicator of apple tree size [29]. Tree
growth was calculated as the increase in TCSA divided by the initial TCSA. Total leaf area per tree
(LA) was destructively measured on a separate set of trees from the two cultivars and related to TCSA
by regression analysis. The function obtained was used to estimate LA from TCSA measurements in
the trees in trial.

Integrals of leaf transpiration (Tr) were derived from Gsint and VPD as follows:

Tr = Gsint × (VPD/101.3), (4)

Where 101.3 is the barometric pressure in kPa at sea level. Integrals of soil (SWDint) and leaf
(LWSDint) water deficit along with growth and stomatal conductance (Gsint) were calculated across each
season and used to estimate total conductance (GStree) and transpiration (Trtree) per tree, transpiration
efficiency on a fruit (GRfruit/Tr) or tree (GRtrunk/Tr) growth basis, and transpiration productivity
(Yield/Trtree). Transpiration efficiency on a per tree growth basis was estimated by dividing trunk
growth by Tr (Grtrunk/Tr), transpiration efficiency on a fruit growth basis was estimated by dividing
fruit growth by Tr (Grfruit/Tr), while transpiration productivity was obtained by dividing yield by
Trtree (Yield/Trtree). Transpiration productivity is a very useful measure which is more accurate than
IWP and more practical than instantaneous WUE as a trait for improving fruit productivity under
limited water resources. Total stomatal conductance per tree was estimated from Gsint and LA, while
total transpiration per tree was estimated from Tr and LA.

Data were tested for normal distribution and equal variances and analyzed by analysis of variance
and regression procedures using Systat and SigmaPlot software (Systat Software Inc., Richmond,
CA, USA). Least squares multiple linear regression with a backward stepwise technique was used to
find the best set of variables predicting final apple yield. Means were separated by Tukey’s multiple
comparison test at P < 0.05.

3. Results and Discussion

The relationship between TCSA and LA was described by a non-linear polynomial function, as
shown in Figure 1. Canopy and root system size have been linearly related to TCSA in apple [29,30].
In this study with eight-year-old apple trees, the non-linear relationship between TCSA and LA can be
explained by canopy size constraints imposed by planting density, tree training form, and pruning.
In other words, more vigorous trees (e.g., ‘Fuji’ trees) were pruned more heavily than weaker trees to
remain within the allotted space and avoid competition for light. In this way, canopy and leaf area
of trees with different TCSA are brought back to similar sizes determining the observed non-linear
relationship between TCSA and LA.
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Figure 1. Relationship between trunk cross-section area (TCSA) and total leaf area (LA) in eight-year-old
‘Gala’ and ‘Fuji’ apple trees grafted on M.9 rootstock, trained to a central leader, spaced at 4 × 1.5 m,
and grown near Caltavuturo, Sicily.

The imposed irrigation treatments effectively determined the expected differences in soil water
deficit. Indeed, on average of the two seasons, SWDint was four times higher in CDI (5.62 MPa) than in
CI (1.43 MPa) trees; despite the same irrigation volumes, PRD reported intermediate SWDint (4.61 MPa)
with 22% lower values than CDI trees. This has been attributed to greater wetted soil surface and
consequent soil evaporation in CDI than in PRD in previous studies [25,31,32].

As expected and regardless of irrigation strategy, ‘Fuji’ trees were bigger, had greater LA,
transpired more water, and yielded more fruit than ‘Gala’ trees, as shown in Tables 1 and 2. On the
other hand, transpiration efficiency in terms of whole tree growth was higher in ‘Gala’ than in ‘Fuji’
trees; specifically, ‘Gala’ trees had higher GRtrunk/Tr but similar GRfruit/Tr and lower Yield/Trtree

compared to ‘Fuji’ trees, as shown in Tables 1 and 2, suggesting that they partitioned assimilates mostly
to vegetative rather than fruit growth. This may be at least in part due to their smaller size and fewer
constraints to acquire soil resources and fill the allotted space compared to ‘Fuji’ trees.

The two apple cultivars responded differently to soil water deficit and irrigation strategy. In ‘Fuji’,
PRD maintained plant gas exchange, hydration levels, growth, and productivity similar to CI, while
CDI induced significant reductions of yield, tree growth, leaf hydration, and gas exchange, as shown
in Table 1. In contrast, no yield and gas exchange differences were observed in deficit irrigated ‘Gala’
trees, while CDI decreased leaf hydration levels and tree growth compared to both CI and PRD, as
shown in Table 2. Transpiration productivity was significantly increased by PRD mainly in ‘Fuji’ while
it was reduced by CDI in ‘Gala’. Given the milder soil and leaf water deficit induced by PRD compared
to CDI, the different responses of the two cultivars to irrigation may be associated with different
levels of water stress resistance, with ‘Gala’ exhibiting lower ability to limit dehydration than ‘Fuji’.
In other words, both cultivars tend to close stomates and transpire less as soil water deficit progresses,
minimizing symptoms of leaf dehydration (isohydric behavior). Yet, ‘Gala’ showed higher LWSDint

(significant leaf dehydration under both PRD and CDI) than ‘Fuji’ (leaf dehydration only under CDI).
This is at least in part due to the larger ‘Fuji’ root systems which were able to explore more and deeper
soil layers and acquire more water and nutrients than ‘Gala’ roots.
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Table 1. Yield, growth (GR), and water-use related variables in ‘Fuji’ apple trees under conventional
irrigation (CI), partial root zone drying (PRD), and continuous deficit irrigation (CDI).

CI PRD CDI

Yield (kg/tree) 36.3 ab z 39.4 a 33.5 b * y

Yield Efficiency (kg cm−2) 0.729 ab 0.853 a 0.607 b **

GRtrunk (cm2 cm−2) 0.051 a 0.052 a 0.037 b *

GRfruit (mm mm−1) 0.541 0.545 0.501 ns

Leaf Area (m2) 9.02 8.70 9.39 ns

Vapor Pressure Deficit (kPa) 158 159 159 ns

LWSDint
x 10.1 a 10.5 ab 11.1 b *

Gsint
w (mol m−2 s−1) 16.0 a 15.5 a 12.5 b **

Tr v (mol m−2 s−1) 25.6 a 24.9 a 20.0 b **

GRtrunk/Tr 0.022 0.023 0.019 ns

GRfruit/Tr 0.025 0.025 0.028 ns

Yield/Trtree 0.177 b 0.210 a 0.191 ab *

Trtree
u (mol s−1/tree) 229 216 188 ns

Gstree
u (mol s−1/tree) 143 136 118 ns

z Mean separation within rows by Tukey’s multiple comparison test at P < 0.05
y Level of statistical significance for irrigation factor from analysis of variance: ns, P > 0.05; *, P < 0.05; **, P <

0.01; ***, P < 0.001.
x LWSDint is leaf water saturation deficit integrated across the irrigation period.
w Gsint is stomatal conductance integrated across the irrigation period.
v Tr is transpiration integrated across the irrigation period.
u Seasonal integrals of total conductance (GStree) and transpiration (Trtree) per tree.
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Table 2. Yield, growth (GR), and water-use related variables in ‘Gala’ apple trees under conventional
irrigation (CI), partial root zone drying (PRD), and continuous deficit irrigation (CDI).

CI PRD CDI

Yield (kg/tree) 19.3 18.5 17.2 ns z

YieldEff (kg cm−2) 0.600 0.659 0.537 ns

GRtrunk (cm2 cm−2) 0.082 a y 0.071 a 0.053 b ***

GRfruit (mm mm−1) 0.545 0.568 0.563 ns

Leaf Area (m2) 6.69 6.31 6.95 ns

Vapor Pressure Deficit (kPa) 169 168 170 ns

LWSDint
x 7.53 a 8.28 ab 8.93 b *

Gsint
w (mol m−2 s−1) 13.9 12.9 12.4 ns

Tr v (mol m−2 s−1) 23.7 21.0 22.0 ns

GRtrunk/Tr 0.044 a 0.044 a 0.029 b *

Grfruit/Tr 0.028 0.033 0.028 ns

Yield/Trtree 0.141 ab 0.161 a 0.124 b *

Trtree
u (mol s−1/tree) 154 131 150 ns

Gstree
u (mol s−1/tree) 90.5 77.4 88.5 ns

z Level of statistical significance for irrigation factor from analysis of variance: ns, P > 0.05; *, P < 0.05; **, P <
0.01; ***, P < 0.001.

y Mean separation within rows by Tukey’s multiple comparison test at P < 0.05
x LWSDint is leaf water saturation deficit integrated across the irrigation period.
w Gsint is stomatal conductance integrated across the irrigation period.
v Tr is transpiration integrated across the irrigation period.
u Seasonal integrals of total conductance (GStree) and transpiration (Trtree) per tree.

In ‘Fuji’, a linear combination of GRtrunk/Tr, GRfruit/Tr, and Gstree contributed to predicting
yield of apple trees under soil water deficit, as shown in Table 3. In this cultivar, GRfruit/Tr was the
most important variable for predicting yield, explaining nearly 78% of the model variability, while
GRtrunk/Tr can be considered negligible as it explained only about 3% of the model variability, as
shown in Table 3. On the other hand, a linear combination of LWSDint and Gstree contributed to
predicting yield of ‘Gala’ apple trees under soil water deficit, as shown in Table 4. In this cultivar, Gstree

was the most important variable for predicting yield, explaining over 79% of the model variability, as
shown in Table 4. This difference between the two cultivars indicates that fruit yield of ‘Gala’ trees
was more sensitive to stomatal closure compared to ‘Fuji’ trees. This may be due to differences in tree
size and leaf water deficit levels. The increase of LWSDint over the control was indeed greater in ‘Gala’
(0.75 and 1.4 for PRD and CDI, respectively) than in ‘Fuji’ (0.4 and 1 for PRD and CDI, respectively).
The effect of tree water status on apple yield has been already documented, although other factors
like crop load may have stronger effects than water deficit on yield [33]. In addition, the larger ‘Fuji’
trees may have been less sensitive to stomatal closure than ‘Gala’ trees because of greater carbon
and water storage in permanent structures. In this regard, others have reported contrasting results
indicating positive or no effect of tree size and capacitance on water status [34,35], while there is little
doubt about the role of permanent structures as carbon reservoirs. In addition to carbon reserves
in permanent structures, differences in LA and photosynthetic rates as well as nutrient acquisition
may play a significant role in the response of the two cultivars. In the present study, differences in
tree size and carbon and water storage may also help explain the higher transpiration productivity
in ‘Fuji’ than in ‘Gala’ and the major contribution of Grfruit/Tr to yield prediction in ‘Fuji’. LWSDint

was a relatively weak yield predictor only in ‘Gala’, suggesting that even under soil water limiting
conditions, factors other than water (e.g., assimilation rate, nutrient status, flower fertility, pollination)
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are major determinants of apple fruit yield formation and a simple measurement of tree water status
may not serve as a solid yield predictor.

Table 3. Multiple linear regression model and parameters contributing to predict yield in ‘Fuji’ apple
trees under deficit irrigation.

Yield = 28.5 + (2774 × GRtrunk/Tr) − (295 × GRfruit/Tr) + (0.070 × Gstree)

N = 65 R = 0.554 R2 = 0.306 SE of Estimate = 8.85 P < 0.001

Parameters Coefficient SE t P % of SSreg

Constant 28.5 6.74 4.23 <0.001 -

GRtrunk/Tr z 2774 973 2.85 0.006 3.1

GRfruit/Tr y −295 118 −2.51 0.015 77.9

Gstree
x 0.070 0.031 2.26 0.027 19.0

z Trunk growth/transpiration.
y Fruit growth/transpiration.
x Seasonal integral of total conductance (Gs) per tree.

Table 4. Multiple linear regression model and parameters contributing to predict yield in ‘Gala’ apple
trees under deficit irrigation.

Yield = −0.019 + (1.35 × LWSDint) + (0.085 × Gstree)

N = 68 R = 0.410 R2 = 0.168 SE of Estimate = 6.33 P = 0.003

Parameters Coefficient SE t P % of SSreg

Constant −0.019 5.50 −0.003 0.997 -

LWSDint
z 1.35 0.52 2.59 0.012 20.5

Gstree
y 0.085 0.026 3.23 0.002 79.5

z LWSDint is leaf water saturation deficit integrated across the irrigation period.
y Seasonal integral of total conductance (Gs) per tree.

In conclusion, the more vigorous ‘Fuji’ trees were more efficient than ‘Gala’ trees under soil water
deficits in terms of yield and transpiration productivity. Our results indicate that measuring tree water
status or gas exchange may help predict final apple yields only in those trees and cultivars (like ‘Gala’
in this study) that are not able to limit dehydration by closing stomates because of carbon starvation.
In more vigorous trees and cultivars like ‘Fuji’, transpiration (or water use) efficiency towards fruit
growth seems to be a powerful predictor of final yields.
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Abstract: There are gaps in our knowledge of the effects of irrigation water quality and amount
on yield and postharvest quality of pepper fruit (Capsicum annuum L.). We studied the effects of
water quality and quantity treatments on pepper fruits during subsequent simulated storage and
shelf-life. Total yield decreased with increasing water salinity, but export-quality yield was not
significantly different in fruits irrigated with water of either 1.6 or 2.8 dS/m, but there was a 30–35%
reduction in export-quality yield following use of water at 4.5 dS/m. Water quantity hardly affected
either total or export-quality yield. Water quality but not quantity significantly affected fruit weight
loss after 14 days at 7 ◦C plus three days at 20 ◦C; irrigation with water at 2.8 dS/m gave the least
weight loss. Fruits were significantly firmer after irrigation with good-quality water than with salty
water. The saltier the water, the higher was the sugar content. Vitamin C content was not affected
by water quality or quantity, but water quality significantly affected antioxidant (AOX) content.
The highest AOX activity was found with commercial quality water, the lowest with salty water.
Pepper yield benefited by irrigation with fresh water (1.6 dS/m) and was not affected by water
quantity, but post-storage fruit quality was maintained better after use of moderately-saline water
(2.8 dS/m). Thus, irrigation water with salinity not exceeding 2.8 dS/m will not impair postharvest
quality, although the yield will be reduced at this salinity level.

Keywords: prolonged storage; salinity; shelf-life

1. Introduction

The amount of agricultural land destroyed by salt accumulation each year, worldwide, is estimated
to be 10 million ha [1]. Furthermore, this destruction rate could be accelerated by: climate change;
excessive use of groundwater; increasing use of low-quality water in irrigation; and the massive
introduction of irrigation associated with intensive farming. On the other hand, it has been confirmed
in many regions that the tendency to increase the efficiency of irrigation water use and to irrigate with
low-quality water, because of water scarcity, can lead to accumulation of salts in the soil. It is estimated
that by 2050, 50% of the world’s arable land will be affected by salinity [2].

During the last decade, salinity and drought were two of the major abiotic stresses in the Arava
Valley in the southern part of Israel. This region is predominantly arid and is affected by salinity because
of very low rainfall (<30 mm year−1), high evapotranspiration (3000 mm year−1), and groundwater
that is mostly saline, with an electrical conductivity (EC) about 2.8 dS/m. Moreover, the amount
of water available for irrigation is declining every year; salinity is gradually increasing and there
are underground water wells with more than 4 dS/m. Consequently, plant growth and yield can be
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negatively affected [3]. Azuma et al. [4] reported that the detrimental impact of salinity mainly affects
fruits rather than leaves and stems. Thus, high salinity and water scarcity in agricultural soils present
the most serious challenges faced by horticultural crops in southern Israel.

The major crop in the Arava Valley during the winter is sweet bell pepper (Capsicum annuum L.);
about 60% of the sweet bell pepper that is designated for export from Israel is grown in this
region during the fall and winter; the growth area is estimated at 2000 ha, with an average yield
of about 80–120 ton ha−1. Pepper plants are sensitive to drought stress and moderately sensitive
to salt stress [5,6]. Nevertheless, very little is known about the influence of water quantity and
quality on pepper fruit quality after harvest and prolonged storage. Therefore, the objective of the
present study was to evaluate, for two consecutive years, the effects of water quantity (i.e., irrigation
water), and quality (i.e., salinity) on pepper yield and fruit quality after prolonged storage and
shelf-life simulation.

2. Materials and Methods

2.1. Plant Materials and Physical Design

The study was performed at Yair experimental station (30◦46′45.3” N; 35◦14′31.1” E) in a 900 m2

greenhouse, situated in Israel’s Central Arava Valley, 130 m below mean sea level. The experiment
took place during the growing season 2015/2016, in which sweet red bell-pepper (Capsicum annuum L.,
cv. Cannon) was evaluated for yield, fruit quality and postharvest indicators. The local soil texture is
loamy sand, having sand, silt and clay percentages of 83, 8 and 9%, respectively [7]. Two row crops of
pepper seedlings were planted on 5 August 2015, in each bed and spaced 0.4 × 0.4 m. The distance
between each bed was 1.6 m, which yielded a planting density of 31,250 plants·ha−1. The experiments
were equipped with a pressure-compensated drip irrigation system (Netafim Ltd., Hatzerim, Israel),
consisting of one lateral for each crop row having an outer diameter of 0.017 m. The integrated drippers
were spaced 0.2 m and their discharge was 1.6 L h−1.

Prior to the planting, the greenhouse was enclosed with 25 mesh insect net, with an additional
net-shading on the roof which reduced the radiation by 30%. The net shade was removed 6 weeks
after the planting, followed by enclosing the greenhouse with translucent plastic (0.12 mm thick,
IR—Ginegar Plastic Ltd., Kibbutz Ginegar, Israel), 1 month later. A Spanish trellising method was
applied and common cultivation (leaf pruning, side shoots removal, vine-training and canopy-height
adjustment) and plant protection practices were used throughout the growing season [8]. Temperature
measurements records were downloaded from an adjacent Israeli Meteorological Services (IMS)
meteorological weather station.

2.2. Irrigation and Yield

The experimental design was randomized blocks (n = 4), with 20 plants in each replicate.
Three irrigation water salinities (EC 1, 2.8 and 4 dS·m−1) and 3 water application levels were applied
for each water quality (Table 1). Irrigation application levels were determined based on the long-term
(2002–2014) averages of potential evapotranspiration rates of bell peppers in the Arava region. Electrical
conductivity of 1 dS·m−1 was applied by blending local saline water (EC = 2.8 dS·m−1 with desalinated
water, while the highest salinity level (EC of 4.5 dS·m−1) was achieved by an equivalent addition of
sodium chloride and calcium chloride salts to the local saline water.
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Table 1. Irrigation water salinities and their specific application levels, since Day After Planting (DAP).
Fertilizer solution in irrigation water contained N as total nitrogen, P as P2O5 and K as K2O.

Electrical Conductivity of the Irrigation Water (dS·m−1)

1 2.8 4

Water Application Levels (% from ETp)
Fertilizer

Application

DAP ETp 70 100 150 100 150 200 100 200 300 N-P-K N

(mm·d−1) Daily Irrigation Water Depths (mm·d−1) (%) (mg·L−1)

0–35 1.3 0.91 1.3 1.95 1.3 1.95 2.6 1.3 2.6 3.9 6-6-6 50
36–51 3.3 2.31 3.3 4.95 3.3 4.95 6.6 3.3 6.6 9.9 6-6-6 50
52–62 2.7 1.89 2.7 4.05 2.7 4.05 5.4 2.7 5.4 8.1 7-3-7 120
63–94 2.5 1.75 2.5 3.75 2.5 3.75 5 2.5 5 7.5 7-3-7 150
95–104 1.7 1.19 1.7 2.55 1.7 2.55 3.4 1.7 3.4 5.1 7-3-7 100

105–114 1.2 0.84 1.2 1.8 1.2 1.8 2.4 1.2 2.4 3.6 7-3-7 100
115–124 1.2 0.84 1.2 1.8 1.2 1.8 2.4 1.2 2.4 3.6 7-3-7 100
125–134 0.8 0.56 0.8 1.2 0.8 1.2 1.6 0.8 1.6 2.4 4-2-6 100
135–144 0.8 0.56 0.8 1.2 0.8 1.2 1.6 0.8 1.6 2.4 4-2-6 100
145–154 1.1 0.77 1.1 1.65 1.1 1.65 2.2 1.1 2.2 3.3 4-2-6 100
155–164 1.3 0.91 1.3 1.95 1.3 1.95 2.6 1.3 2.6 3.9 4-2-6 100
165–194 2 1.4 2 3 2 3 4 2 4 6 4-2-6 100
195–224 3 2.1 3 4.5 3 4.5 6 3 6 9 4-2-6 100
225–243 4 2.8 4 6 4 6 8 4 8 12 4-2-6 100
244–272 5 3.5 5 7.5 5 7.5 10 5 10 15 4-2-6 100

Yield data included the cumulative weight of fruits (total yield) and that of defect-free fruits
(export-quality yield), from December through mid-March from all four repetitions per treatment.
Results are expressed in ton ha−1.

Petioles were sampled from newly fully-expanded leaves located at the 4th petiole from the apex.
Approximately 20–25 petioles were collected at random from each replicate. The samples were taken
between 8:00–10:00 am to minimize differences in cell turgidity of plants. The leaflets were stripped,
and the petioles placed in a zip-lock bag. One mL of freshly pressed sap was diluted with 50 mL
of distilled water. The solution was analyzed for chloride concentration by means of a standard
chloridometer instrument.

2.3. Postharvest Fruit Quality Parameters

The postharvest quality was determined once monthly, at the end of December, at the beginning of
February, and mid-March of each year; there were three harvests per year. Each harvest was collected
in four corrugated cartons, each containing 5 kg of export-quality pepper fruits. The fruits were of
uniform size of 180–200 g, at 85–90% maturity, with attached calyx and free of defects. Immediately
after harvest, fruits were rinsed and brushed in hot water as described by Fallik et al. [9]. Fruit-quality
parameters were evaluated immediately after each harvest and at the end of 14 days of storage at
7 ◦C and relative humidity (RH) of ~95%, followed by 3 days at 20 ◦C. Weight loss was expressed as
percentage loss from the initial weight of 10 fruits. Fruit flexibility was measured by placing the fruit
between two horizontal flat plates, the upper of which was loaded with a 2-kg weight, as described by
Fallik et al. [9]. A dial fixed to a graduated plate recorded the deformation of the fruit in millimeters.
Full deformation was measured 15 s after placing the load on the fruit, the weight was removed, and
the residual deformation was measured after a further 15 s. The residual deformation directly indicated
fruit elasticity: a fruit with 0–1.5 mm deformation was designated as very firm; with 1.6–3.0 mm
deformation as firm; with 3.1–4.5 mm deformation as soft; and with more than 4.6 mm deformation as
very soft. Total soluble solids (TSS) were measured in the five fruits that had been tested for firmness,
by squeezing juice out of the fruits and recording the readings on an Atago digital refractometer
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(Atago, Tokyo, Japan). A fruit was considered decayed if fungal mycelia appeared on the peel or calyx,
and decay was expressed as the percentage of decayed fruits in the carton.

The vitamin C content of the bell pepper fruits was determined with the HI3850 Ascorbic Acid
Test Kit (Hanna Instruments, Smithfield, RI, USA), which expresses measured quantities as milligrams
per 100 g. In accordance with the test kit instructions, 2 g of fresh bell pepper fruit was homogenized
with 10 mL of deionized water in a 50-mL vial at high speed for 1 min. The homogenate was passed
through filter paper and kept on ice pending mixing of a 1-mL aliquot of homogenate with 49 mL
deionized water in a beaker. Then 1 mL of HI3850A-0 reagent and four drops of starch as an indicator
were added, and HI3850C-0 reagent was added as 10-mL drops, which were counted until a persistent
blue color was developed when the beaker was swirled.

Antioxidant activity (AOX) was measured by using the discoloration method [10] based on
2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonate) (ABTS+) (Sigma-Aldrich, Rehovot, Israel) with slight
modification. In the present study, only hydrophilic fractions were isolated from 100 mg of freeze-dried
powder by stepwise extraction with acetate buffer, acetone, and hexane, and repeated partitioning
of water-soluble and -insoluble portions. Antioxidant activity was evaluated by discoloration of the
ABTS+ radical cation. The radical was generated in acetate buffer medium at pH 4.3 to facilitate the
activities of the hydrophilic antioxidants. The final reaction mixture contained 150 μmol of ABTS+

and 75 μmol of potassium persulfate (K2S2O8) in 249 mL of acetate buffer at pH 4.3. Incubation of
the reaction mixture at 45 ◦C for 1 h was sufficient to generate ABTS+. The resulting stock solution of
ABTS+ can be stored for up to 3 days at 4 ◦C without significant loss of properties. The discoloration
test was performed in a 96-well microplate by adding 3 μL of test sample to 300 μL of ABTS+ and
comparing the optical density at 734 nm after 15 min of incubation at room temperature, with that of
a blank sample. Final results were calculated by comparing the absorbance of the samples with that of
the standard (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) (Sigma-Aldrich).
The antioxidant activity in the samples was determined as Trolox equivalents (TE), according to
the formula

TE = (Asample − Ablank)/(Astandard − Ablank) × Cstandard

where A is the absorbance at 734 nm and C is the concentration of Trolox (mmol).
The TE antioxidant capacity (TEAC) per unit weight of plant tissue was calculated as follows:

TEAC (mmol TE/mg) = (TE × V)/(1000 × M)

in which V is the final extract volume and M is the amount of tissue extracted.
The contents of vitamin C and antioxidant activity were measured in 10 fruits taken from each

treatment, at each of the three harvests each year.

2.4. Statistical Analysis

The data shown here are the means of two consecutive experiments with three harvests each year;
the results were similar. The results were subjected to two-way analysis of variance (ANOVA) with JMP
11 version (SAS, Cary, NC, USA). The means were separated by using the Least Significance Difference
(LSD) test at p < 5%. Pairwise correlation analysis was carried out to determine the significance level
of the correlation between the parameters of interest.

3. Results

3.1. Yield and Chloride in Petiole

The better the water quality, the higher was the total cumulative yield during the growing season
(Figure 1); the total yield decreased as the water salinity increased. The average total yield with water
of EC 1.6 dS m−1 was about 128-ton ha−1; in water quality of 2.8 and 4.5 dS m−1 the average total
yield was 115- and 99-ton ha−1, respectively. The export-quality yields were not significantly different
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at both 1.6 and 2.8 dS m−1, with an average yield of 70- and 65-ton ha−1, respectively. Reductions of 35
and 30% in export-quality yield were observed when plants were irrigated with water at 4.5 dS m−1,
compared with those obtained at 1.6 and 2.8 dS m−1, respectively (Figure 1). Water quantity hardly
affected either total or export-quality yield, although there was a slight increase in total yield with
irrigation at 1.6–1.5 dS m−1 and a slight decrease in total yield at 4.5–2.0 or 4.5–3.0 dS m−1.

 

Figure 1. The influence of water quality (electrical conductivity (EC) of the irrigation—1.6, 2.8 and
4.5 dS m−1 EC) and water quantity on the cumulative total and export-quality yields of pepper
between December and mid-March. Means of columns with the same letter are not significantly
different (LSD; p < 0.05).

High chloride concentrations were reordered in petioles of peppers treated with low irrigation
levels (0.7 and 1). Numerically, at salinities of 1, 2.8 and 4.5 dS·m−1, the chloride concentrations were
150, 159 and 197.5 mg·L−1, respectively. A further increase in irrigation level reduced chloride content
in the petioles. However, no differences were observed between the two high water application levels
in each salinity treatment (Figure 2).

Figure 2. Chloride concentration in the petioles of pepper, treated with combinations of various
salinities and irrigation (Irr) levels. Measurements were conducted in December 2015. Error bars
indicate standard deviation (n = 4).

30



Horticulturae 2019, 5, 4

3.2. Fruit Quality

After 14 days at 7 ◦C and an additional three days at 20 ◦C, no significant differences between
the treatments were observed in percentage loss of fruit weight. However, water quality, but not
water quantity, affected fruit weight loss significantly (Table 2, F = 0.04). The better the water quality,
the higher the weight loss (an average of 4.03%), while fruit harvested from plants irrigated at EC
2.8 dS m−1 had the lowest weight loss (an average of 3.55%) (Table 2). Fruit were significantly firmer
(2.6 mm deformation) when irrigated with good quality water (1.6 dS m−1 EC), while irrigation
with very salty water (EC 4.5 dS m−1) gave soft fruits (3.09 mm deformation) (Table 2, F = 0.0058).
The TSS was significantly affected by the water quality (Table 1, F = 0.0003); the saltier the water,
the higher was the sugar content. The highest TSS content was found in the treatment of 4.5 EC − 3.0
(water salinity − amount of water. See Table 2) (8.72%), while the lowest content was found at
1.6 EC − 1.0 (water salinity − amount of water. See Table 2) (7.53%). No significant differences between
the treatments were observed in percentage of decay development, although the highest decay was
found in fruit irrigated with 1.6 dS m−1 EC (an average of 10.3% decayed fruit) and the lowest decay
was found in fruit irrigated with 4.5 dS m−1 EC (an average of 7.1%). Water quantities did not affect
all fruit quality parameters. No interaction between water quality and quantity was found in relation
to external and internal fruit quality shown in Table 2.

Table 2. The influence of water quality and irrigation water amount on pepper fruit quality after 14
days at 7 ◦C plus three days at 20 ◦C. Means of six harvests during two years.

Treatment
Water

Quality
Amount of

Water z
Weight

Loss (%) y
Flexibility

(mm) x TSS (%) w Decay (%)

1 1.6 0.7 4.13 a v 2.70 a 7.58 b 14.5 a
2 1.6 1.0 4.05 a 2.58 a 7.53 b 9.3 a
3 1.6 1.5 3.90 a 2.52 a 7.55 b 7.2 a
4 2.8 1.0 3.53 a 2.32 a 7.83 ab 7.5 a
5 2.8 1.5 3.53 a 2.17 a 8.13 ab 6.0 a
6 2.8 2.0 3.58 a 2.43 a 8.12 ab 8.5 a
7 4.5 1.0 3.87 a 3.12 a 8.05 ab 7.0 a
8 4.5 2.0 3.77 a 3.02 a 8.37 ab 7.2 a
9 4.5 3.0 3.62 a 3.13 a 8.72 a 7.2 a

LSD 0.31 0.40 0.32 5.61

Mean of water quality
1.6 4.03 a 2.60 ab 7.56 b 10.33 a
2.8 3.55 b 2.31 b 8.03 a 7.33 a
4.5 3.75 ab 3.09 a 8.38 a 7.11 a

LSD 0.18 0.23 0.19 3.24

Mean of amount of water
Low 3.84 a 2.71 a 7.82 a 9.67 a

Moderate 3.78 a 2.59 a 8.01 a 7.50 a
High 3.70 a 2.69 a 8.12 a 7.61 a

LSD 0.18 0.23 0.19 3.24

Analysis of Variance (F-Value)
WQ u 0.04 * 0.0058 *** 0.0003 *** 0.54 NS

AOW t 0.8 NS 0.86 NS 0.31 NS 0.75 NS
WA × AOW 0.97 NS 0.87 NS 0.61 NS 0.83 NS

z From evapo-transpiration; y Percentage loss from initial weight; x Deformation as measured in millimeters;
w Percentage of total soluble solids (Brix◦); v Values within each column followed by same letter(s) are not
significantly different according to least significance difference test * (p ≤ 0.05). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001; NS = non-significant at p ≤ 0.05; u Water quality (WQ); t Amount of water (AOW).

Vitamin C content was not affected by water quality or quantity, although fruits harvested
from plants irrigated with water at EC 2.8 dS m−1 had the highest average vitamin C content
(130 mg/100 g FW) compared with the other two water qualities (Table 3). Water quality significantly
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affected AOX content in the fruit after 14 days of storage and marketing simulation. The average AOX
activity in fruits harvested from plants irrigated at EC of 2.8 dS m−1 was 4.6 μM TE/g FW compared
with 4.1 and 4.0 μM TE/g FW in fruits irrigated at EC of 1.6 or 4.5 dS m−1, respectively. The highest
AOX activity was found in the 2.8 dS m−1 EC-1.5 treatment (4.8 μM TE/g FW), while the lowest
activity was found in the 4.5 dS m−1 EC-3.0 treatment (3.9 μM TE/g FW). An interaction was found in
AOX activity between the water quality and quantity (F = 0.02) (Table 3).

Table 3. Influence of water quality and irrigation water amount on fruit nutritional contents after
14 days at 7 ◦C plus three days at 20 ◦C. Means of six harvests over two years.

Treatment Water Quality Amount of Water Vitamin C (mg/100 g FW) AOX TEAC (μM TE/g FW)

1 1.6 0.7 121 a z 4.1 cd
2 1.6 1.0 124 a 4.1 cd
3 1.6 1.5 123 a 4.3 bcd
4 2.8 1.0 124 a 4.4 abc
5 2.8 1.5 133 a 4.8 a
6 2.8 2.0 133 a 4.6 ab
7 4.5 1.0 126 a 4.2 bcd
8 4.5 2.0 119 a 4.0 cd
9 4.5 3.0 118 a 3.9 d

LSD 10.6 0.13

Mean of water quality
1.6 123 a 4.1 b
2.8 130 a 4.6 a
4.5 121 a 4.0 b

LSD 6.13 0.08

Mean of water amount
Low 123 a 4.2 a

Middle 125 a 4.3 a
High 125 a 4.2 a

LSD 6.13 0.08

Analysis of Variance (F-Value)
WQ y 0.33 NS <0.0001 ****

AOW x 0.96 NS 0.76 NS
WA × AOW 0.81 NS 0.02 *

z Values within each column followed by same letter(s) are not significantly different according to least significance
difference test (p ≤ 0.05). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001; NS = non-significant at p ≤ 0.05.
y Water quality (WQ). x Amount of water (AOW).

In pepper fruit, the correlation coefficient indicated a significantly higher and positive relationship
between weight loss and decay development at p = 0.01. Weight loss had a significantly high and
negative relationship with vitamin C at p = 0.0001. Likewise, a negative and significantly higher
relationship was also noted between elasticity and decay incidence at p = 0.01 (Table 4).

Table 4. Correlation coefficients of weight loss (WL), elasticity (Firm), sugar content (TSS), decay,
vitamin C (VC) and antioxidant activity (AOX) in red pepper after 14 days at 7 ◦C plus three days
at 20 ◦C.

WL Firm TSS Decay VC

Firm −0.065
TSS −0.223 0.259

Decay 0.342 ∗∗ −0.310 ∗∗ 0.193
VC −0.471 ∗∗∗∗ 0.099 −0.014 −0.202

AOX −0.101 −0.195 0.076 −0.155 0.059

*, **, ***, and **** = significant at p = 0.05, 0.01, 0.001 and 0.0001 levels, respectively.
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4. Discussion

Salinity and water scarcity present crucial problems for many crop species in Mediterranean
countries where water resources are the main limiting factor. In these countries, the limited
water quantities available to farmers and increasing water salinity impair plant growth and yield,
which depend on water quantity and quality, and may vary according to the plant genotype [11,12].
Very little is known about the effect of water quantity on postharvest fruit quality, but the influence
of water salinity on fruit yield and quality is well-documented; most vegetable crops have a salinity
threshold at ≤2.5 dS/m [13]. Pepper plants are categorized as sensitive to moderately sensitive to
salinity, although Baath et al. [14] concluded that selected chili pepper cultivars can be irrigated with
water of salinity ≤3 dS/m, during at least one growing season.

We have found that water quality was more important than water quantity in determining total
and export-quality yields: high water quality (1.6 dS m−1) increased yield, whereas high salinity
(4.5 dS m−1) significantly decreased it; in both cases water quantity did not affect pepper yields.
The decrease in total yield caused by salinity was mainly due to decreases in fruit fresh weight
and not to the number of fruits per plant (data not shown). A high export quality fraction from
the total yield was found when the salinity increased from 1 to 2.8 dS·m−1. This can be explained
by the lower chloride levels measured in EC 2.8 dS·m−1. Previous studies found the same trend.
Rameshwaran et al. [15] reported that high salinity reduced pepper yield in two growing seasons
and Yasour et al. [16] reported that high water salinity reduced pepper plant biomass and fruit
yield in the Arava Valley in Israel. The reduction in total yield at high salinity can be attributed
to low water content in the fruit because of poor water uptake at high salt concentration, which
affects cell expansion in the growing fruit [17]. It is also possible that the decreased yield and poor
fruit quality associated with high salinity are caused by poor photosynthesis, which decreases CO2

availability as a result of diffusion limitations [18], and by decreased CO2 conductance in the stomata
and mesophyll [19]. Paranychianakis and Chartzoulakis [20] reported that salt accumulation in the
root zone caused development of osmotic stress and disrupted cell ion homeostasis, thereby affecting
total yield. However, Urrea-Lopez et al. [21] did not find that habanero pepper fruit yield parameters
were significantly affected by low photosynthetic activity associated with water salinity, probably
because of the fertilizers used in their experiment.

The best fruit quality, as judged by external and internal quality parameters, after prolonged
storage and shelf-life simulation, was found at a water of salinity 2.8 dS m−1. Navarro et al. [22]
reported that moderately saline water was beneficial when peppers were harvested at the red stage;
however, no significant differences in several quality parameters were observed between irrigation with
water of 1.6 dS m−1 and of 2.8 dS m−1. It might be that plants irrigated with fresh water (1.6 dS m−1)
had large canopies, which evaporated more water, thereby increasing canopy humidity, which would
increase postharvest decay development because of Botrytis infection (Table 1). At very high salinity
(4.5 dS m−1), fruit were softer and more flexible, probably because of severe disturbances in membrane
permeability, water channel activity, and stomatal conductance [23]. Salinity increased sugar levels in
several crops such as melons, grapes and oranges [24–26]; we have found that the saltier the water, the
higher the fruit TSS. The increase in the concentration of these sugars could be due, in part, to a loss of
water from the fruit, and/or in part to increased hydrolysis of sucrose, which would yield fructose and
glucose, in response to the high osmotic potential in the nutrient solution. The increase in glucose and
fructose concentrations could also be associated with an active osmotic adjustment [27]. The increase
in sugar level in fruits harvested from high-salinity treatments also could be attributed to the increase
in starch biosynthesis in developing fruits, which is believed to increase sink strength [28].

Phytonutrients such as vitamin C or AOX capacity are increasingly important aspects of fruit
quality because they are associated with benefits to consumer’s health [29], and pepper is considered
as one of the healthier fruits [30]. Antioxidant synthesis and accumulation in plants is generally
stimulated by biotic or abiotic stress such as salinity; they can protect plant organs from serious
oxidative damage to lipids, proteins, and nucleic acids [22]. In the present study, the vitamin C content
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was not affected by water quality or quantity, but the highest vitamin C concentration was measured in
water of EC 2.8 dS m−1. However, in fruits harvested from plants irrigated with water of EC 2.8 dS m−1,
AOX was significantly higher. These results may indicate that moderate salt treatment may significantly
improve the nutritional benefits of the fruit, with respect to prevention of free-radical-related diseases,
as reported by Navarro et al. [22]. On the other hand, Ehret et al. [31] reported that AOX in tomato
fruits responded more strongly to light and temperature than to water salinity.

In conclusion, pepper yield was increased by fresh water of good quality (EC 1.6 dS m−1) and
not by water quantity, whereas fruit quality after prolonged storage was better maintained in fruits
irrigated with moderately saline water, of EC 2.8 dS m−1. Therefore, if the water salinity does not
exceed 2.8 dS/m, postharvest quality will not be impaired, although the yield will be reduced at this
salinity level. However, if water quality continues to deteriorate and becomes saltier, both pepper
yield and postharvest quality will be significantly affected.
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Abstract: A study was conducted with green and red-leaf lettuce cultivars grown in a deep-water
culture production system. Plants were seeded in rockwool and germinated under greenhouse
conditions at 25/20 ◦C (day/night) for 21 days before transplanting. The experimental design was a
randomized complete block with a 2 × 3 factorial arrangement of cultivar and nutrient treatments that
consisted of six replications. Treatments consisted of two lettuce genotypes, (1) green (Winter Density)
and (2) red (Rhazes), and three nutrient treatments containing electroconductivity (EC) levels of
(1) 1.0; (2) 2.0; and (3) 4.0 mS·cm−1. After 50 days, plants were harvested, processed, and analyzed to
determine marketable yield, biomass, plant height, stem diameter, phenolics, and elemental nutrient
concentrations. An interaction between growing season and lettuce cultivar was the predominant
factor influencing yield, biomass, and quality. Nutrient solution EC treatment significantly affected
biomass and water content. EC treatments significantly impacted concentrations of 3-O-glucoside and
uptake of phosphorous, potassium, iron, boron, zinc, and molybdenum. Effects of growing season
and cultivar on leafy lettuce yield and quality were more pronounced than the effect of nutrient
solution EC treatment. Thus, greenhouse production of green and red-leaf lettuce cultivars in the
south-eastern United States should be conducted in the spring and fall growing seasons with elevated
nutrient solution EC of ≈4.0 mS·cm−1 to maximize yield and quality.

Keywords: electro-conductivity; polyphenols; phenolics; flavonoids

1. Introduction

In the United States, lettuce is a valuable vegetable crop and a staple food in the diet. Lettuce
contributes a notable amount of polyphenolic compounds, vitamins A, C, and E, calcium, and iron [1].
Due to its raw consumption in relatively large quantities, it provides an important source of dietary
antioxidants and possesses high radical scavenging activity, which is often credited with aiding in the
prevention of many chronic illnesses such as cancer and cardiovascular disease [2,3]. Lettuce is a
cool-season vegetable, which thrives in temperatures ranging from 7 to 24 ◦C. In the southern
United States, field production typically occurs in the fall and winter months, allowing growers
to take advantage of shorter days and cooler temperatures. However, the increasing consumer demand
for high quality, locally sourced produce and off-season availability has fueled the expansion of
greenhouse production over the past decade [4]. Due to the increased ability to precisely control the
greenhouse environment and maintain year-round production, lettuce yield and quality is greater,
compared to open field production per unit of space [5]. The high cost of greenhouse production
leaves little room for error and must be offset by high gross returns.
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Southern United States greenhouse growers have production advantages during the cool seasons,
such as milder temperature, greater light intensity, and reduced energy costs. Lettuce production
during late spring and summer often negatively affects yield and quality and threatens economic
returns [6]. In the south-east United States, adverse temperatures and long days largely limit warm
season production of lettuce. Consistent exposure to these supra-optimal conditions decreases
lettuce quality. For example, lettuce subjected to 13 h of daylight and temperatures above 24 ◦C
resulted in premature inflorescence initiation, otherwise known as bolting [7]. Crisphead lettuce
subjected to heat stress for a 3 or 5 day period, two weeks after heading resulted in 46% of mature
lettuce heads with rib discoloration [8]. Additionally, genotype determines the susceptibility of lettuce
to tipburn, but the incidence is heavily influenced by environment. An analysis of 125 harvests of
butterhead lettuce over a 3-year period found that high light intensity, fresh head mass, and elevated
temperature were the predominant variables positively correlated with tipburn incidence [9].

In closed greenhouse hydroponic cultivation systems, fertilizers are dissolved in water, and the
total amount of solutes in the solution are referred to as the electrical conductivity (EC). Numerous
studies have examined the effect of differing EC levels on lettuce production. Previous research
has indicated that increasing EC levels resulted in a reduction of lettuce yield and leaf nitrate in a
floating system but increased total phenolic compounds and antioxidant activity [10]. Additionally,
Scuderi et al. [11] found that increasing solution EC decreased lettuce yield and resulted in reduced leaf
nitrate content. Conversely, three lettuce varieties subjected to increasing EC treatments also resulted
in reduced total yield but showed no significant effect on leaf nitrate content. Moreover, increasing EC
levels resulted in notable increases in leaf phosphorous (P), zinc (Zn), manganese (Mn), and iron (Fe)
concentrations in greenhouse lettuce [12]. While lettuce is considered mildly sensitive to high EC levels,
research indicates that moderate EC is associated with the biosynthesis of secondary metabolites,
such as phenolic compounds [13]. Furthermore, red-leafed lettuce varieties are characterized by
higher phenolic content than green-leafed varieties. Kim et al. [14] reported that phenolic content and
antioxidants increased in romaine lettuce produced with long-term irrigation and relatively low EC
concentration. However, green and red-leafed baby lettuce grown with increasing EC levels contained
greater amounts of flavonoids, phenolic acids, and carotenoids in both varieties [15].

Information is lacking and inconclusive regarding the effects of environmental stress on
greenhouse lettuce by altering the EC of the plant nutrient solution. However, Fallovo et al. [16]
investigated the effect of macro and micronutrient proportions on lettuce yield and quality of
‘Green Salad Bowl’ during spring and summer production seasons. The results indicated that
marketable yield, leaf area index, and shoot biomass were unaffected by the nutrient solution,
and growing season played the most determinant role in plant yield and quality. A high amount of
calcium (Ca) did result in increased quality parameters, such as chlorophyll, glucose, fructose, and leaf
Ca concentrations. Moreover, green oakleaf lettuce produced during winter and summer seasons and
grown in increasing EC concentrations reached maturity more quickly during summer, and yield was
unaffected regardless of nutrient solution concentration [16]. More information is needed to determine
the relationship between nutrient solution EC concentrations and growing season on lettuce yield and
nutritional quality. Therefore, the purpose of this study was to determine the effect of increased nutrient
solution EC and growing season on lettuce plant height and stem diameter, biomass accumulation,
mineral nutrient uptake, yield, and polyphenolic content of green and red-leafed lettuce cultivars.

2. Materials and Methods

2.1. Plant Culture and Harvest

Three separate studies were conducted in the spring, summer, and fall of 2016 and 2017 to
examine the effects of season and nutrient solution concentrations on green and red leaf lettuce growth,
minerals nutrients, and secondary metabolites. Seeds of green-leaf, ‘Winter Density’ lettuce,
and red-leaf, ‘Rhazes’ lettuce, (Johnny’s Selected Seed, Waterville, ME, USA) were sown into rockwool
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(3.81 cm × 3.81 cm; Hummert Int., Earth City, MO, USA) and germinated in greenhouse conditions
(Verona, MS, USA; 34◦ N, 89◦ W) at 25/20 ◦C (day/night). The natural photoperiod and light
intensity were not enhanced with any supplemental lighting. Daily light intensity readings of
photosynthetic active radiation (PAR) were taken using the WatchDog 1000 Series plant growth micro
station (Spectrum Technologies, Aurora, IL, USA), while temperature and relative humidity were
monitored with a WatchDog A-Series data logger (Spectrum Technologies, Aurora, IL, USA). After 21
days (third leaf stage), three plantlets from each cultivar were transferred into a closed hydroponic
system composed of 36, 11-L Rubbermaid© Roughneck plastic storage containers (Rubbermaid,
Atlanta, GA, USA). Each tub was filled with 10-L of nutrient solution using a modified Hoagland
formulation [17]. Elemental concentrations of modified half-strength nutrient solution consisted of
(mg·L−1): N (105), P (91.5), K (117.3), Ca (80.2), Mg (24.6), S (32.0), Fe (1.0), B (0.25), Mo (0.005),
Cu (0.01), Mn (0.25), and Zn (0.025). The experimental design was a randomized complete block
in a 2 × 3 factorial arrangement of cultivar and EC treatments that consisted of six replications,
with individual tubs representing an experimental unit. Treatments consisted of two lettuce genotypes,
(1) green (Winter Density) and (2) red (Rhazes), and three nutrient treatments containing EC levels of
(1) 1.0 mS·cm−1; (2) 2.0 mS·cm−1; and (3) 4.0 mS·cm−1. Electroconductivity readings were measured
weekly with a portable pH/Conductivity meter (Accumet© AP85; Fisher Scientific, Hampton, NH,
USA), and growth solutions were changed every two weeks. Water was added to the containers to
maintain a 10 L level of nutrient solution to keep up with the transpiration losses by the lettuce plants.
After 50 days, lettuce plants were harvested by replication and treatment. Plants were separated into
roots and shoots, and the fresh weights and stem diameter were recorded. A 20–30 g subsample
of leaf tissue from three lettuce plants per treatment was retained to be freeze-dried (Labconco
Corp., Kansas City, MO, USA). The subsamples were taken from the first fully expanded leaf of the
lettuce plants. Freeze dried leaf tissue was then ground by mortar and pedestal, placed in an ultra-low
freezer (−80 ◦C) until further analyzed for nutritional quality. The remaining plant material and roots
were dried in a forced-air oven at 80 ◦C then weighed again to determine plant biomass production.
All subsamples for chemical analysis were taken from each cultivar and treatment (n = 3) from each of
the six replications.

2.2. Flavonoid Analysis

Flavonoid analysis was conducted according to Neugart et al. [18] and modified for the analysis
of lettuce by Becker et al. [19]. Freeze-dried lettuce leaf samples were ground using a mortar and
pestle for homogenous sub-samples. A 0.04 g sub-sample was extracted in a 2 mL microcentrifuge
tube by adding 1.0 mL of extraction solvent (60:37:3) consisting of methanol, de-ionized water,
and formic acid. The samples were then vortexed for 1 min and centrifuged at 12,000 rpm for 15 min.
After centrifugation, the samples were filtered through a 0.45 μm polytetrafluoroethylene (PTFE)
syringe filter and collected in a 2-mL high-performance liquid chromatography (HPLC) vial for analysis.
Separation parameters and flavonoid quantification were carried out with authentic standards using
an Agilent 1260 series HPLC with a multiple wavelength detector (Agilent Technologies, Willington,
DE, USA). Chromatographic separations were achieved using a 150 × 4.6 mm i.d., 2.6 μm analytical
scale Kinetex F5 reverse-phase column (Phenomenex, Torrance, CA, USA), which allows for effective
separation of chemically similar flavonoid compounds. The column was equipped with a Kinetex F5
12.5 × 4.6 mm i.d. guard cartridge and holder (Phenomenex), and it was maintained at 30 ◦C using
a thermostat column compartment. All separations were achieved using mobile gradient phase of
reverse osmosis (RO) water adjusted to pH 2.5 with trifluoroacetic acid and acetonitrile. Anthocyanin
analysis was similar to the flavonoid determination procedure with slight modifications. Briefly,
0.04 g of red lettuce sub-samples were extracted in a 2 mL microcentrifuge tube by adding 1.0 mL of
extraction solvent (50:40:10) consisting of water, methanol, and acetic acid. The samples were then
vortexed for 1 min and centrifuged at 12,000 rpm for 15 min. After centrifugation, the samples were
filtered through a 0.45 μm PTFE syringe filter and collected in a 2 mL HPLC vial for analysis.
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2.3. Mineral Composition

Nutrient analysis was conducted according to Barickman et al. [20] with slight modifications.
Briefly, a 0.5 g subsample of dried leaf tissue was combined with 10-mL of 70% HNO3, was digested in
a microwave digestion unit (Model: Ethos, Milestone Inc., Shelton, CT, USA). Leaves were collected
and dried for 48 h in a forced air oven (model large; Fisher Scientific, Atlanta, GA, USA) at 65 ◦C.
Dried samples were ground to homogeneity using liquid nitrogen, and a 0.5 g sub-sample was weighed
for analysis. Nutrient analysis was conducted using an inductively coupled plasma mass spectrometer
(ICP-MS; Agilent Technologies, Inc., Wilmington, DE, USA). The ICP-MS system was equipped
with an octopole collision/reaction cell, Agilent 7500 ICP-MS ChemStation software, a Micromist
nebulizer, a water-cooled quartz spray chamber, and a CETAC (ASX-510, CETAC Inc., Omaha, NE,
USA) auto-sampler. The instrument was optimized daily in terms of sensitivity (lithium: Li, yttrium: Y,
thallium: Tl), level of oxide, and doubly charged ion using a tuning solution containing 10 μg·L−1

of Li, Y, Tl, cerium (Ce), and cobalt (Co) in a 2% HNO3/0.5% HCl (v/v) matrix. Tissue nutrient
concentrations are expressed on a dry weight (DW) basis.

2.4. Statistical Analysis

Data were subjected to the GLIMMIXED procedure and mean separation using Tukey’s Honest
Significant Difference test (P ≤ 0.05) with SAS statistical software (Version 9.4; SAS Institute, Cary,
NC, USA).

3. Results

3.1. Season, Cultivar, and Treatment Effects on Plant Growth and Biomass Production

Cumulative light energy levels (Figure 1A–F) registered the highest average levels in the spring
and summer in both project years. Additionally, the summer growing season produced the greatest
day and nighttime average temperatures in 2016 (Figure 1A–C) and 2017 (Figure 1D–F).

Statistical analysis of the results indicated that there were no effects of year (2016 and 2017).
Thus, data from 2016 and 2017 were pooled and analyzed together for each lettuce plant parameter.
The growing season produced a significant effect on stem diameter (Figure 2), and the lettuce cultivar
impacted stem diameter (Figure 3).

The spring season produced plants with the greatest stem diameter and was statistically different
than lettuce plants produced in the summer and fall season. The stem diameters of lettuce produced
in the summer and fall were 32.9% and 21.3% smaller, respectively, when compared with lettuce plants
produced in the spring season. Green-leaf ‘Winter Density’ produced plants that averaged 13.11 mm
and averaged 28.5% larger stem diameter compared to red-leaf ‘Rhazes’ lettuce.

There were significant interactions between growing seasons and EC treatments for lettuce leaf
fresh mass (FM; Figure 4). The spring season produced the greatest leaf fresh mass and was significantly
more lettuce FM was produced with high and medium (4.0 and 2.0 mS·cm−1) EC treatments. There was
a 17.7% increase in leaf FM when comparing the spring season, high and medium EC treatments.
Conversely, there was a significant difference between spring high EC treatment leaf FM compared to
the summer and fall high EC treatments. Additionally, the summer and fall high EC treatment lettuce
leaf FM decreased 35.4% and 40.0%, respectively. Overall, there were significant decreases in lettuce leaf
FM as the seasons progressed and EC treatments were reduced. Also, there was a significant difference
between lettuce cultivars for leaf fresh mass. The green cultivar ‘Winter Density’ produced more fresh
mass compared to the red cultivar ‘Rhazes’ (Figure 5). When comparing the two lettuce cultivars,
there was a 42.6% decrease in lettuce fresh mass between ‘Winter Density’ and ‘Rhazes’.
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Figure 2. The effect of growing season on lettuce stem diameter. The standard error of the mean was:
stem diameter ± 0.28.
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Figure 3. The effect of cultivar on greenhouse lettuce stem diameter. The standard error of the mean
was: Stem diameter ± 0.23.
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Figure 5. The effect of cultivar on greenhouse lettuce fresh mass. The standard error of the mean was:
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There were no interactions between growing season, lettuce cultivar, and EC treatment for leaf
dry mass (DM), DM:fresh mass (FM) ratio, and leaf water content (Table 1). Lettuce plants that
were produced in the spring had significantly more leaf DM when compared to summer and fall
lettuce plants. For example, there was a decrease in leaf DM by 19.4% and 33.2% when comparing the
spring plants to summer and fall plants, respectively. The green-leafed lettuce cultivar ‘Winter Density’
produced 47.3% more leaf DM when compared to the red-leafed lettuce cultivar ‘Rhazes’. Additionally,
the high EC treatment produced the greatest leaf DM when compared to the medium and low EC
treatments by 14.6% and 18.0%, respectively. The ratio of DM:FM was also significantly different
for growing season, lettuce cultivar, and EC treatments. The summer growing season produced the
greatest difference between DM:FM with a 10.2% and 10.8% increase compared to the spring and
fall season, respectively. There were differences in cultivar and EC treatment DM:FM ratio. The leaf
water content also saw similar trends as leaf DM in response to cultivar and EC treatment differences.

Table 1. The effect of growing season, lettuce cultivar, and EC treatment on leaf dry mass (DM)
(g/plant), DM:fresh mass (FM) ratio, and lettuce leaf water content.

Treatments Leaf DM (g) DM:FM (g) a Leaf Water %

Spring 12.37 a 0.0413 b 95.86 a
Summer 9.97 b 0.0460 a 95.41 b

Fall 8.26 c 0.0410 b 95.92 a
Winter Density 13.36 a 0.0444 a 95.56 b

Rhazes 7.04 b 0.0410 b 95.90 a
High b 11.44 a 0.0433 ab 95.61 b

Med 9.77 b 0.0408 b 95.93 a
Low 9.38 b 0.0440 a 95.64 b

P-Value c,d

Season *** ** ***
Cultivar *** ** **

Electro-Conductivity ** ns *
a Lettuce DM:FM is reported in grams of dry mass to grams of fresh mass; b The EC treatment: high = 4.0 mS·cm−1,
medium = 2.0 mS·cm−1, and low = 1.0 mS·cm−1. c The standard error of the mean was for growing season leaf DM
± 0.48; leaf DM:FM ± 0.0012; leaf water ± 0.13, cultivar standard error for leaf DM ± 0.40; leaf DM:FM ± 0.0011;
leaf water ± 0.12, and EC treatment standard error for leaf DM ± 0.48; leaf DM:FM ± 0.0016; leaf water ± 0.13, d ns,
*, **, *** indicate non-significant or significant at P ≤ 0.05, 0.01, 0.001, respectively.

Lettuce root FM and DM peaked during spring production and was significantly reduced during
the summer and fall concerning each cultivar (Table 2). Notably, spring green-leaf lettuce roots
averaged 60.08 g FM, which was 93% greater than the root FM of red-leaf lettuce. Root biomass and
water content were comparable between both cultivars produced in the fall season as well as between
green-leaf lettuce grown in the summer and red-leaf lettuce grown in the spring (Table 2). Plant height
(data not shown) and stem diameter were impacted and resulted in green and red-leaf summer lettuce
achieving the greatest height, but smallest stem diameter, compared to their spring and summer
counterparts. Rhazes lettuce growth in the fall was minimally impacted by season and cultivar and
was 66% shorter compared to the Winter Density lettuce.

There were no interactions for EC treatments. Thus, EC treatments are presented as main effects.
Low and high EC treatments resulted in comparable amounts of leaf DM. Conversely, lettuce leaf
water content increased slightly by 0.7% when subjected to medium EC treatments. Additionally,
season and treatment interactions significantly affected root biomass, water content, and stem diameter.
Root biomass and water content had an inverse relationship when grown in different seasons and
nutrient solution treatments. Root biomass in the spring and fall season increased by 25% and 20%,
respectively, when the concentrations of the nutrient solution increased from low to high strength (data
not shown). Conversely, root water content decreased 1% in the spring and fall and increased by 1%
in summer with increasing nutrient solution strength. Lettuce stem diameter increased by 19% with
respect to the spring season and increasing nutrient strength but decreased by 4% during the summer.
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Fall production resulted in an increase of 1% from low to medium solution strength and decreased by
6% from medium to high strength.

Table 2. The effect of the interaction of season and greenhouse lettuce cultivars on root fresh mass,
dry mass, dry mass to fresh mass ratio, and water content.

Season Cultivar Root FM (g) Root DM (g) Root DM:FM (g) a Root Water %

Spring Winter Density 60.08 a 2.42 a 0.04 c 0.96 a
Summer Winter Density 30.00 b 1.47 b 0.05 b 0.95 b

Fall Winter Density 23.73 c 1.22 c 0.05 b 0.95 b
Spring Rhazes 31.11 b 1.32 bc 0.05 b 0.95 b

Summer Rhazes 12.28 d 0.79 d 0.06 a 0.94 c
Fall Rhazes 13.88 d 0.68 d 0.05 b 0.95 b

P-Value b,c *** ** ** **
a Lettuce DM:FM is reported in grams of dry mass to grams of fresh mass. b The standard error of the mean was
Root FM ± 2.14; Root DM ± 0.09; Root DM:FM ± 0.002; Root Water ± 0.002; c ns, **, *** indicate non-significant or
significant at P ≤ 0.01, 0.001, respectively.

3.2. Season, Cultivar, and Treatment Effect on Lettuce Quality

Growing season alone demonstrated a significant effect on chlorogenic acid content of greenhouse
lettuce cultivars (Figure 6). Concentrations of chlorogenic acid were statistically comparable in the
spring and summer seasons but significantly different from the fall. Chlorogenic acid levels were
greatest in the spring, which was 73% higher compared to the fall.
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Figure 6. The effect of growing season on greenhouse lettuce chlorogenic acid content. The standard
error of the mean was: Leaf DM ± 0.05. Different letters are significantly different at P ≤ 0.05 according
to Tukey’s honest significant difference test.

Interactions between growing season and lettuce cultivars significantly affected chicoric acid and
lettuce flavonoids (Table 3). Levels of chicoric acid increased from spring to summer to fall in both
lettuce cultivars. The maximum concentration of chicoric acid, produced by red-leaf lettuce in the fall,
was 131% greater compared to summer red-leaf lettuce and 175% greater than spring red-leaf lettuce.

Moreover, fall red-leaf lettuce contained 94% greater levels of chicoric acid compared to fall
green-leaf lettuce. Concerning lettuce flavonoids, quercetin glucoside and quercetin glucuronide had
an inverse relationship. Levels of quercetin glucoside increased from spring to summer but decreased
from summer to fall in both cultivars. However, levels of quercetin glucuronide decreased from spring
to summer before increasing in the fall. Spring red-leaf lettuce produced the highest concentration
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of luteolin (9.86 mg·g−1), although maximal concentrations in green-leaf lettuce (1.56 mg·g−1) were
achieved in the fall. Interactions between season and cultivar resulted in increasing levels of quercetin
malonyl from spring through the fall, and the greatest accumulation was present in substantially
higher concentrations among red-leaf lettuce compared to green-leaf. The impact of nutrient solution
treatment on lettuce phenolics was insignificant for all compounds except for quercetin glucoside,
which at low-solution treatments were 69% greater than medium-solution treatments and 62% greater
than high solution treatments (data not shown).

Table 3. The effect of seasons and cultivars on concentrations of greenhouse lettuce phenolics and flavonoids.

Season Cultivar
Concentrations of Phenolics and Flavonoids (mg·g−1 DM) a,b

chlo chic qgluc qglucor luteolin qmal

Spring Winter Density 0.83 b 11.34 d 0.87 b 1.01 c 1.15 d 3.56 d
Summer Winter Density 0.95 ab 15.26 d 1.51 b 0.55 c 0.91 d 4.63 d

Fall Winter Density 0.52 c 33.85 b 1.05 b 1.20 c 1.56 d 5.93 cd
Spring Rhazes 1.08 a 23.79 c 3.85 a 9.25 a 9.86 a 15.33 bc

Summer Rhazes 0.90 ab 28.31 bc 3.98 a 5.19 b 5.40 c 18.93 b
Fall Rhazes 0.58 c 65.52 a 1.34 b 6.50 b 7.73 b 46.90 a

P-Value c ns ** * * * ***
a Abbreviations: chlo—chlorogenic acid; chic—chicoric acid; qgluc—quercetin glucoside; qglucor—quercetin
glucuronide; qmal—quercetin malonyl; b The standard error of the mean was chlo ± 0.07; chic ± 3.06; qgluc ± 0.53;
qglucor ± 0.64; lutein ± 0.67; qmal ± 3.57; c ns, *, **, *** indicate non-significant or significant at P ≤ 0.05, 0.01,
0.001, respectively.

3.3. Season, Cultivar, and Treatment Effects on Leaf Mineral Content

Growing season exhibited an effect on leaf sulfur, copper, and zinc concentrations. While the
largest amount of sulfur (S) was achieved in the summer, spring growing season resulted in
comparable concentrations (data not shown). Spring and fall growing seasons resulted in similar
concentrations of copper (Cu), which were, respectively, 68% and 37% larger compared to the summer.
Fall production resulted in the highest concentrations of zinc (Zn), followed by summer, with the
lowest concentrations in the spring. Zn levels in the fall growing season were 27% greater compared
to the spring. Additionally, cultivar produced a significant effect on Cu and Zn micronutrients. Both
nutrients were found in the highest concentrations in the red-leaf lettuce cultivar. Cu was 33% more
concentrated in red-leaf lettuce, and Zn levels were 18% larger. The interaction between season and
cultivar significantly impacted the macronutrients magnesium (Mg), phosphorous (P), potassium
(K), and calcium (Ca) (Table 4). Concerning green-leaf lettuce, spring production resulted in the
most accumulation of Mg and Ca, which declined by 16% and 17% in the summer and an additional
7% and 12% in the fall, respectively. P and K did not display any significant changes in relation
to season. Concerning red-leaf lettuce, Mg and Ca concentrations increased from spring to summer by
12% and 2%, respectively, then declined in the fall by 3% for each cultivar. P and K had the lowest
accumulation in the spring (5.66/48.13 mg·g−1) and steadily increased during the summer by 18%
and 11% and fall season by 31% and 8%, respectively. The interaction between season and cultivar
significantly impacted the micronutrients boron (B), manganese (Mn), and molybdenum (Mo) (Table 4).
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Concerning green-leaf lettuce, B and Mn concentrations were greatest in the spring; whereas,
summer and fall concentrations did not significantly differ. Mo concentrations were greatest in
the spring (0.97 μg·g−1) and decreased during the summer by 20% and an additional 35% in
the fall. Concerning red-leaf lettuce, B and Mn concentrations were greatest in the fall. However,
B concentration decreased 13% from spring to summer, while Mn increased 37% from spring to summer.
Molybdenum concentrations decreased 16% from spring to summer and an additional 6% from summer
to fall. Increasing solution EC impacted leaf concentrations of P, K, Fe, B, Zn, and Mo. Each nutrient
increased from treatment 1 to treatment three except for K, which reached a saturation point at
treatment 2 and declined with the elevated EC of treatment 3. Additionally, this general trend was
observed concerning the other mineral nutrients that were considered not statistically significant.

4. Discussion

4.1. Season, Cultivar, and Treatment Effect on Plant Growth and Biomass Production

The current study examines how the seasonal environment and increasing nutrient solution
EC affect lettuce root and shoot mass, plant height and stem diameter, mineral nutrient content,
and concentrations of selected phenolic compounds in green and red-leaf romaine cultivars.
While season, cultivar, and EC treatments created significant differences in leaf fresh mass and
stem diameter, it was the interaction between growing season and lettuce cultivar that demonstrated
the most significant effect on root and shoot biomass. Spring growing season and highest EC treatment
resulted in the greatest production of leaf and root FM in both cultivars. Greenhouse environmental
data measured during 2016 and 2017 show that the spring growing seasons registered the highest
levels of cumulative light energy. Light is known as a primary regulatory factor in plant growth
and development, and previous research has indicated that daily light intensity significantly affects
the production of shoot biomass. For example, Fu et al. [21] examined the effect of increasing light
intensity (60, 140, and 220 μmols·m−2·s−1) and nitrogen concentrations (7, 15, and 23 mmols·L−1) on
the growth and quality of hydroponic leaf lettuce. The results revealed that plants subjected to 220
μmols·m−2·s−1 light intensity and 7 mmols·L−1 of N produced the greatest amount of dry biomass.
Similarly, lettuce plants grown during fall and spring seasons with 50 or 100 μmols·m−2·s−1 of
supplemental white light produced more than 270% greater biomass production compared to control
treatments [22].

The current study’s results suggest that lettuce cultivar had the greatest influence on the
production of leaf FM content in green and red-leafed cultivars. Lettuce leaf DM, DM:FM ratio,
and leaf water content were influenced the most by growing season, lettuce cultivar, and EC treatments.
There was an interaction between the growing season and lettuce cultivars that created the most
consistent favorable conditions for the production of root biomass, root DM:FM ratio, and root
water content. These results are mixed with other studies that demonstrate lettuce sensitivity to
increasing EC concentrations [12]. In the spring, EC treatments were significantly greater compared
to the summer and fall growing seasons. Consequently, the summer and fall growing season
correspond to other studies. For example, Scuderi et al. [11] reported that increasing solution EC
decreased yield and leaf nitrate content in lettuce planted at high densities in a deep-water culture
production system. Furthermore, previous research demonstrated that increasing salinity treatments
in three lettuce cultivars also resulted in reduced total yield [12]. Temperature is known to heavily
influence the partitioning of photoassimilates in plants, and studies of lettuce [16,23], tomato [4], and
zucchini [24] have indicated differences in plant biomass due to light and temperature interactions.
Under suboptimal conditions, lettuce’s resilience to common physiologically induced disorders such
as tipburn [9,23,25], rib-discoloration [26], bolting [7], and the increase of bitterness compounds [27] is
highly correlated to lettuce genotype.
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4.2. Season, Cultivar, and Treatment Effect on Lettuce Quality

Previous research has demonstrated that despite the influence on lettuce yield, increasing EC
levels caused greater production of flavonoid and phenolic compounds [14,15]. The results of the
current study were inconsistent with these findings. Nutrient solution EC did not significantly affect
flavonoid and phenolic concentration of any compounds except for quercetin glucoside, which was
the highest flavonoid concentration in the leaf tissue and grown under the lowest EC treatment.
However, season and the interaction between season and lettuce cultivar showed a significant impact
on phenolic production. Chlorogenic acid is well studied in plants and acts as an antioxidant
as well as protecting against ultra-violet radiation [28]. This corresponds with the results of the
current study, indicating the greatest concentrations of chlorogenic acid in the spring and summer
when greenhouse light intensity was at its peak. Furthermore, red-leaf lettuce cultivars contain higher
concentrations of phenolic compounds than their green-leaf counterparts, and previous studies have
shown great variability in the production of these compounds with respect to cultivar and growth
environment. For example, Oh et al. [29] reported that exposing five-week-old lettuce plants to mild
environmental stresses resulted in a two to three-fold increase in phenolic compounds in the leaf
tissue. Specifically, the study found that decreasing temperature elevated concentrations of quercetin
and luteolin glycosides. Moreover, increasing photosynthetic photon flux density (PPFD) from 43 to
410 μmols·m−2·s−1 also increased concentrations of quercetin, luteolin, and cyanidin glycosides [19],
and increasing ultraviolet (UV) radiation in field grown lettuce resulted in a dose-dependent response
of quercetin and luteolin glycosides and total phenolic acid concentrations [28]. These findings
are consistent with the results of the current study, which demonstrated significant increases in
flavonoids and phenolic content among red and green-leaf cultivars during spring and fall growing
seasons where PPFD levels were higher and average daily temperatures were cooler, respectively,
compared to summer.

4.3. Season, Cultivar, and Treatment Effects on Leaf Mineral Content

While climatic factors predominantly influenced the content of lettuce flavonoid and phenolic
compounds, all production variables in the current study affected the uptake and concentration of
leaf mineral nutrients. In field production, the uptake of mineral nutrients occurs when nutrients
become available, which is dependent on soil pH, buffering capacity, and moisture [30]. It is generally
accepted that increasing the nutrient supply when nutrients are already present in sufficient amounts
will not improve plant growth, especially under extreme adverse environmental conditions [31].
However, in hydroponic production systems, plant roots are provided with a constant supply of
purified water with a low buffering capacity. The pH of this water can be adjusted and held at the
preferred range of 5.5 to 6.0, which allows maximum availability of nutrients to plant roots. Previous
research indicated that even slight increases of pH to levels of 7.0 could significantly reduce lettuce
FM and DM [32]. Several studies have examined the effect of increased nutrient solution EC on
plant mineral nutrient content. Fallovo et al. [16] investigated the effect of growing season and
increasing nutrient solution EC on yield and quality of hydroponic lettuce. The results of this study
demonstrated that leaf mineral content of macroelements P, K, and Mg increased with increasing
solution EC. Additionally, altering macro-anion and macro-cation nutrient solution proportions in
spring and summer growing seasons significantly affected leaf concentrations of N, K, Mg, and Ca [16].
Furthermore, Barickman et al. [30] found that elevating K for greenhouse lettuce production resulted
in higher concentrations of K in lettuce leaf tissue. However, a saturation point was reached before
negative effects developed at higher levels of K fertilization. The results of these experiments are
consistent with the findings of the current study where season, cultivar, and the interactions between
the two demonstrated the most significant effect on leaf mineral nutrient content. Additionally,
mineral nutrient concentrations increased with increasing solution EC except for K, which reached a
saturation point and decreased in plants exposed to the highest solution concentration.
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To develop a thorough understanding of the genotypical mechanisms and external contributing
factors that produce variable results with respect to lettuce growth and development, secondary
compound production, and sequestration of mineral nutrients, more information is required. While it
is generally true that exposing lettuce to mild abiotic stresses, specifically elevated light irradiance
and temperature, the effects of increasing growth solution EC are inconsistent concerning yield and
quality. While the results of this study agree with previous work that suggested yield and quality are
predominantly affected by growing season as opposed to increasing EC, all the tested leaf elemental
nutrient concentrations increased as nutrient solution EC increased with statistical significance. Thus,
the results of this study suggest that fall and spring production of greenhouse green and red-leaf
cultivars with elevated EC solution of ≈4.0 mS·cm−1 should be used to maximize lettuce yield and
nutritional quality.
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Abstract: For fruit tree (Prunus) species, flower bud dormancy completion determines the quality
of bud break and the flowering time. In the present climate change and global warming context,
the relationship between dormancy and flowering processes is a fundamental goal in molecular
biology of these species. In almond [P. dulcis (Miller) Webb], flowering time is a trait of great interest
in the development of new cultivars adapted to different climatic areas. Late flowering is related
to a long dormancy period due to high chilling requirements of the cultivar. It is considered a
quantitative and highly heritable character but a dominant gene (Late bloom, Lb) was also described.
A major QTL (quantitative trait loci) in the linkage group (LG) 4 was associated with Lb, together
with other three QTLs in LG1 and LG7. In addition, DAM (Dormancy-Associated MADS-Box) genes
located in LG1 have been largely described as a gene family involved in bud dormancy in different
Prunus species including peach [P. persica (L.) Batsch] and Japanese apricot (P. mume Sieb. et Zucc.).
In this work, a DAM transcript was cloned and its expression was analysed by qPCR (quantitative
Polymerase Chain Reaction) in almond flower buds during the dormancy release. For this purpose
two almond cultivars (‘Desmayo Largueta’ and ‘Penta’) with different chilling requirements and
flowering time were used, and the study was performed along two years. The complete coding
sequence, designated PdDAM6 (Prunus dulcis DAM6), was subjected to a phylogenetic analysis with
homologous sequences from other Prunus species. Finally, expression dynamics analysed by using
qPCR showed a continuous decrease in transcript levels for both cultivars and years during the
period analysed. Monitoring almond flower bud dormancy through DAM expression should be used
to improve almond production in different climate conditions.

Keywords: flowering; breeding; chilling requirements; qPCR; transcription; cloning

1. Introduction

During autumn temperate fruit trees (Prunus) activate a survival strategy called endodormancy,
to protect against unfavourable chill conditions. Trees cease growth and form structures called buds in
order to protect meristems from unfavourable environmental conditions, including low temperature
and desiccation [1]. Chill accumulation allows the progression from flower bud endodorrmancy
stage to flower bud ecodormancy which is regulated by heat accumulation [2]. Flowering time in
almond [Prunus dulcis (Miller) Webb] is mainly dependent on chilling requirements to overcome
this endodormancy stage [3]. These chilling requirements are considered a cultivar-dependent trait,
correlated with species or cultivar origin [4,5].
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Warm winter temperatures affect cold accumulation and if chilling requirement is not fully
satisfied such a condition could lead to irregular and insufficient flowering with a loss of
production [4,6]. Due to its economic importance, dormancy release is being studied in different
species, although knowledge is still scarce and no common mechanism has been described. Thus,
expression analysis of candidate genes may be a useful tool for the interannual monitoring of
endodormancy progression within the flower bud. This is especially interesting for commercial
fruit tree cultivars displaying a wide range of flowering and ripening time phenotypes, as in case of
almond [6]. Adaptation to climatic conditions largely depends on an adequate flowering time, and it is
one of the most important agronomic traits in almond breeding programs, as it determines whether
the pollination period will occur in favourable climatic conditions [4]. In this context, the development
of new extra-late flowering cultivars to avoid the spring frosts is one of the main objectives of almond
breeding programs [7].

Late flowering is considered a quantitative and highly heritable character but a major gene
(Late bloom, Lb) was also described. A QTL (quantitative trait loci) explaining 57% of the observed
variance in the Linkage Group (LG) 4 was associated with Lb, together with other three QTLs
(explaining 20, 12, and 8% of the variance) in LG1 and LG7 [8,9]. In addition, bud endodormancy
has a set of genetic controls which may be characterized through examination of gene expression
in bud tissues over time. Prior studies showed the Dormancy Associated MADS-Box (DAM) gene
family is a group of transcription factors that regulated peach [P. persica (L.) Batsch] dormancy [10].
This gene family was discovered in the Evergrowing (evg) mutant of peach. The mutation consisted of
a deletion in the EVG (EVERGROWING) locus affecting up to four genes which prevents terminal buds
from entering the endodormancy stage [11]. The map-based cloning analyses of EVG locus revealed
that it included six tandemly arrayed genes [11,12]. Moreover, DAM5 expression was analysed in
different cultivars of peach [13] and PpDAM6 was postulated as one of the main factors involved in
the regulation of dormancy in different Prunus species including peach [14–16] and Japanese apricot
(P. mume Sieb. et Zucc.) [17,18].

In this work, a candidate DAM transcript was cloned and expression from endodormancy to
ecodormancy stages in two almond cultivars with different chilling requirements and flowering time:
‘Desmayo Largueta’ and ‘Penta’ was determined.

2. Materials and Methods

2.1. Plant Material

‘Desmayo Largueta’ is a traditional Spanish almond cultivar with very low chilling requirements
and extra-early flowering time, and ‘Penta’, a cultivar released from the Almond Breeding Program
of CEBAS-CSIC (Murcia, South-East Spain) with high chilling requirements and extra-late flowering
time, were used [6]. The plant material consisted of flower buds sampled weekly between stages A
(dormancy phase) and B (after dormancy release) referenced to the phenological stages described by
Felipe [19] (Figure 1).

2.2. Chilling Requirements Evaluation

Experiments for the evaluation of chilling and heat requirements were conducted in the
experimental field of CEBAS-CSIC, in Murcia (South-East Spain), during two seasons of study:
2015–2016 and 2016–2017. Temperatures were recorded hourly with a data logger (HOBO®

UX100-003 Temp/Relative Humidity, Madrid, Spain) from November to February during both seasons.
Three branches (40 cm in length and 5 mm in diameter) were collected weekly from the same tree in
the field, and placed in a growth chamber in controlled conditions (25 ± 1 ◦C, RH 40 ± 3.5% during
a 16 h light photoperiod and 20 ± 1 ◦C, RH 60% during the dark period). Almond branches were
placed in the growth chamber, in a 5% sucrose solution and 1% aluminium sulphate, making a fresh
cut in the base of the branches. After 10 days, the development state of the flower buds was recorded.
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The date of dormancy breakage was established when, after 10 days in the growth chamber, 50% of the
flower buds were in the B-C state [20]. The calculation of chilling accumulation in field conditions was
calculated as the chill contributions in the field necessary for breaking of dormancy (transition from
stage A to stage B, see Figure 1) in chill units (CUs) according to the model described by Richardson et
al. [16] with an initial date for chilling accumulation when consistent chilling accumulation occurred
and temperatures producing a negative effect (chilling negation) were rare [21]. These CUs were
calculated as hours below 7 ◦C. In addition, chilling accumulation was calculated in chill portions
(CPs) according to the dynamic model [22,23] with an initial chilling accumulation of 0. The model is
based on the assumption that dormancy completion may be estimated as a dynamic two-stage process
controlling an accumulated bud break factor. The model is “dynamic” in the sense that relatively high
temperatures, typically 19 ◦C and above, effectively negate earlier chilling; alternatively, moderate
temperatures, typically around 13–14 ◦C effectively enhance moderate earlier chilling temperatures.

Figure 1. Plant material assayed from the almond cultivar ‘Desmayo Largueta’. Flower buds in the
dormant stage (A) and after dormancy release (B).

2.3. cDNA Isolation and Cloning

Almond samples assayed include flower buds in state A (completely dormant bud), state B (when
40–50% of the chilling requirement of each cultivar are satisfied) and state B (when the flower bud has
broken its dormancy) (Figure 1). Total RNA was extracted from almond flower buds [24] and treated
with DNAseI (Ambion). cDNA was synthetized using SSIII Reverse Transcriptase (ThermoFisher
Scientific, Waltham, MA, USA). The full-length cDNA was isolated from cDNA of flower buds
of ‘Desmayo Largueta’ and ‘Penta’ cultivars using 3′-RACE strategy and specific primers from
Prunus persica available sequences in databases. High-fidelity PCR (Polymerase Chain Reaction)
was performed using KOD (from Archaeon Thermococcus kodakaraensis) Hot Start DNA polymerase
(Novagen, Berlin, Germany) and the product was cloned into E. coli using Zero Blunt Topo PCR
Cloning Kit (Life Technologies, Carlsbad, CA, USA) for sequencing.

2.4. Phylogenetic Analysis

A BLAST (Basic Local Alignment Search Tool) search was performed with the full-length PdDAM6
cDNA (Prunus Dulcis DORMANCY-ASSOCIATED MADS-BOX 6), in order to confirm the identity
of the sequence and to collect homologous proteins from the Prunus genus with a high percentage
identity. A pPutative PdDAM6 protein sequence was obtained using the ExPASY translate tool
(http://web.expasy.org/translate/). A phylogenetic tree was created using Philogeny.fr (http://
phylogeny.lirmm.fr/phylo_cgi/index.cgi).
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2.5. Gene Expression Analysis

To investigate the expression pattern of PdDAM6 during bud dormancy progression, real
time qPCR experiments were executed with a One Step Plus real-time PCR system (Applied
Biosystems, Foster City, CA, USA). Specific primers were designed based on an almond PdDAM6
sequence using Primer3 software (Forward Primer: 5′ AGGAAATACTGGACCTGCGT-3′; Reverse
Primer: 5′-GGTGGAGGTGGCAATTATGG-3′). Reaction efficiency was checked by the standard
curve method. For all real-time qPCR reactions, a 10 μL mix was made including: 5 μL Power
SYBR®Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 20 ng of cDNA, and
0.5 μL of each primer (5 μM). High-fidelity PCR was performed using KOD Hot Start DNA
polymerase (Novagen, Berlin, Germany), and the product was cloned into E. coli using a Zero
Blunt Topo PCR Cloning Kit (Life Technologies, Carlsbad, CA, USA) for sequencing. PCR was
performed in a 30 μL mix according to the manufacturer’s instructions with 150 ng of cDNA from
each almond cultivar and 10 μM primers. The PCR reaction was incubated at 94 ◦C for 2’ for
the initial denaturalisation step, followed by 35 cycles of 94 ◦C for 30”, 62 ◦C for 1’ and 68 ◦C
for 1’. A final extension step at 68 ◦C was set for 10’. Each biological sample was implemented
in duplicate. RPII was used as reference gene for data normalization using primers designed
by Tong et al. [25] (Forward Primer: 5′-TGAAGCATACACCTATGATGATGAAG; Reverse primer:
5′ CTTTGACAGCACCAGTAGATTCC-3′) and the levels of relative expression were calculated by the
2–ΔΔCt method [26] taking Ct value from November the 10th samples as the reference expression level.

3. Results

3.1. Chilling Requirements Evaluation

Chilling accumulation in field conditions during the two seasons of study (2015–2016 and
2016–2017) calculated as chill units (CUs) according to the Richardson model and in chill portions
(CPs) according to the dynamic model is shown in Figure 2.

During the first year of the study (2015–2016), an important reduction of chill accumulation
was observed, mainly in terms of chill units (CUs). As shown in Table 1, the dormancy release date
was observed earlier during the 2016–2017 season, when a higher amount of chill units accumulated.
Regarding flowering time, an important advance was observed in the late cultivar ‘Penta’.

Table 1. Chill accumulated percentage (chill portions) in field conditions during the seasons 2015–2016
and 2016–2017.

Season
Stage A Stage B

Flowering Date
Date Chill Accumulation Date Chill Accumulation

‘Desmayo
Largueta’

2015/2016 November 10 0 December 21 16 January 28
2016/2017 November 10 0 December 15 24 January 27

‘Penta’
2015/2016 November 10 0 February 10 41 March 25
2016/2017 November 10 0 February 2 54 March 12

3.2. cDNA Isolation, Cloning and Phylogenetic Analysis

Phylogenetic analysis of PdDAM6 protein sequence from ‘Desmayo Largueta’ and ‘Penta’
sequences confirmed that PdDAM6 is indeed a member of the DAM family transcription factors.
In addition, the phylogenetic tree showed that PdDAM6 branch (including sequences from ‘Desmayo
Largueta’ and ‘Penta’ cultivars) is closer to Prunus persica DAM6 (PpDAM6) and Prunus pseudocerasus
(PpsDAM6) rather than to DAM5 protein group (Figure 3).
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(a) 

(b) 

Figure 2. (a) Chilling accumulation in field conditions during the two seasons of study (2015–2016 and
2016–2017) calculated as chill units (CUs) according to the Richardson model; (b) calculated in chill
portions (CPs) according to the dynamic model.

 

Figure 3. Phylogenetic tree showing relationships between homologous proteins to ‘Desmayo
Largueta’ (PdDAM6_D) and ‘Penta’ (PdDAM6_P) sequence. Prunus persica (Pp), Prunus mume (Pm),
Prunus pseudocerasus (Pps) and Prunus avium (Pa). aLRT (approximate likelihood ratio) values are
indicated in red. Malus domestica DAM protein sequence (MdDAMx) was used as outgroup to root the
phylogenetic tree.
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3.3. Expression Analysis

Expression analysis of PdDAM6 showed a progressive decrease in mRNA levels until the
dormancy period was completely overcome, in both ‘Desmayo Largueta’ and ‘Penta’ cultivar samples
(Figure 4).

 

Figure 4. Relative gene expression of PdDAM6 gene evaluated by qPCR (quantitative Polymerase
Chain Reaction) ‘Desmayo Largueta’ and ‘Penta’ almond cultivars during the seasons 2015–2016 and
2016–2017. Standard deviations are indicated with vertical bars.

4. Discussion

As shown by Prudencio et al. [6], the estimation of chill accumulation under different climatic
conditions showed that the dynamic model presents less variation than the Richardson model.
As expected, the chilling requirements of the almond cultivars were related to their flowering
time. However, in general, these values were lower than in previous evaluations performed by
our group [3,8] mainly in the case of the warmer year.

The first full-length cDNA from the DAM gene family was obtained for almond. The clone
designated PdDAM6 (Prunus dulcis DAM6) was obtained from ‘Desmayo Largueta’ and ‘Penta’ almond
cultivars, which display different phenotypes regarding chilling requirement and flowering time.
Phylogenetic and expression analysis was performed to further characterize the sequences and to
study the biological role of DAM proteins during flower bud dormancy progression in almond.

Our results clearly indicated that the level of expression of DAM6 in both almond cultivars with
different chilling requirements and flowering time decreased concomitantly with chill accumulation
and dormancy progression, although for the late cultivar ‘Penta’, a relative increase was observed prior
to dormancy release. These results supported that obtained by Leida et al. [14] and Jiménez et al. [15],
highlighting the role of this gene in flower bud dormancy maintenance. In addition, a down-regulation
of DORMANCY-ASSOCIATED MADS-box6 has been observed in Japanese apricot [17,18] during
dormancy release.

Monitoring bud transition from endodormany to ecodormancy should be of great interest in terms
of the use and optimization of biostimulants to promote flowering in fruit tree species [27,28] in the
present climate change and warming context. The moment of application of these biostimulants
is critical for success and depends on the endodormancy stage of the bud and its transition to
ecodormancy [29] or the forcing strategies [30]. Treatments with these biostimulants should be
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applied at the optimum time for breaking bud dormancy, as they can be null or even toxic depending
on the stage of the bud [29]. Monitoring almond flower bud dormancy through DAM expression could
be used to determione the suitable moment to apply these biostimulants.

5. Conclusions

The estimation of chill accumulation using different models showed that the 2015–2016 season
was warmer than the 2016–2017 season, and this was reflected in the dormancy release date of the
cultivars. This illustrates the risk of growing extra-late cultivars in warm-winter areas, as production
could be negatively affected if chilling requirement is not satisfied. The endodormancy to ecodormancy
transition involves a transcriptional reprogramming in which genes acting on dormancy maintenance
would be downregulated. This seems to be the case of PdDAM6 for almond.
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Abstract: Ornamental plants use unique adaptive mechanisms to overcome the negative effects of
drought stress. A large number of species grown in the Mediterranean area offer the opportunity
to select some for ornamental purposes with the ability to adapt to drought conditions. The plants
tolerant to drought stress show different adaptation mechanisms to overcome drought stress,
including morphological, physiological, and biochemical modifications. These responses include
increasing root/shoot ratio, growth reduction, leaf anatomy change, and reduction of leaf size and
total leaf area to limit water loss and guarantee photosynthesis. In this review, the effect of drought
stress on photosynthesis and chlorophyll a fluorescence is discussed. Recent information on the
mechanisms of signal transduction and the development of drought tolerance in ornamental plants is
provided. Finally, drought-induced oxidative stress is analyzed and discussed. The purpose of this
review is to deepen our knowledge of how drought may modify the morphological and physiological
characteristics of plants and reduce their aesthetic value—that is, the key parameter of assessment of
ornamental plants.

Keywords: growth; gas exchange; chlorophyll fluorescence; oxidative stress; signal transduction;
plant choice; green areas

1. Introduction

Drought stress strongly limits the growth of plants in Mediterranean regions. In the world, there
are five Mediterranean-climate regions (i.e., areas surrounding the Mediterranean Sea, parts of western
North America, parts of western and southern Australia, southwestern South Africa, and parts of
central Chile) located between 32◦–40◦ N and S of the Equator [1]. The Mediterranean climate is
defined by precipitation and temperature, and it is characterized by a high seasonality summarized
as hot and dry summers and cool and wet winters [2]. Despite the fact that these territories occupy
less than 5% of the earth’s surface, they harbor almost 20% of the world’s vascular plant species [3].
The primary aspect that influences plant characteristics and natural vegetation is the extensive dry
season. For this reason, plant growth and survival are endangered by long periods lacking rainfall and
higher temperatures in the summer that impose more or less intense stress conditions [4]. The global
climate changes that are occurring currently will worsen the availability of water, especially in arid
and semi-arid environments. The availability of fresh and good quality water will decrease, especially
in large cities [2,5]. This will entail difficulties in keeping green areas because the competition for water
will be a critical issue.

For these reasons, great attention has recently been placed on the use and management of water
to improve the sustainability of ornamental plant maintenance in semi-arid environments, such as
the Mediterranean basin. Water scarcity led to the diffusion of techniques for creating green spaces
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that are able to save water (xeriscaping), favoring the use of species tolerant of water stress, which
are native species like the carob tree, a species that is highly tolerant to high temperature and to low
soil water efficiency [6]. This attention to water saving depends on the fact that even if the water
in the urban environment is widely used for purposes other than irrigation (for example industrial
and residential uses), “a landscape may serve as a visual indicator of water use to the public due to
its visual exposure” [7]. The water saving can be maximized by utilizing different strategies such as
making a suitable choice of ornamental plant species—one that has a high tolerance to drought stress
without compromising the ornamental value and/or reducing the effects of drought stress through
innovative cultivation methods.

Ornamental plants are not only species and/or cultivars that offer aesthetic pleasure, but they can
also improve the environment and the quality of our lives [8]. Thus, ornamental plants can be used to
restore disturbed landscapes, control erosion, reduce energy for climatization and water consumption,
and improve the aesthetic quality of urban, peri-urban, and rural landscapes, as well as recreational
areas, interiors, and commercial sites. In consideration of the many contexts in which plant species can
be used for ornamental purposes, the number is very large. The wide number of the ornamental or
potentially ornamental species increases the possibility of finding suitable genotypes that are able to
cope with drought stress and that can be used for landscaping planning.

For landscaping, plant choice can be based on a very large number of species from a wide
geographical range and with different functions [8]. Unlike in agriculture, performance of an amenity
landscape is not measured with a quantifiable yield, but rather how well it meets the expectations of
the user or the individual paying for installation and maintenance. These expectations include aesthetic
appearance and/or utility such as shading, ground cover, and recreation [9]. Sometimes, in degraded
environments, plant survival is the only purpose of cultivation. Furthermore, for ornamental plants
used in landscaping, fast growth is not always desirable because the excessive shoot vigor often
requires frequent pruning with higher management costs. To maintain a compact growth habit,
ornamental plants may have to be pruned or treated with plant growth regulators [10]. A reduced
quantity of water may have positive benefits on growth control, therefore moderate drought stress can
be a useful tool to provide plants with compact habit and slower growth—both parameters required
for easier landscape management [11]. Plant drought stress is difficult to study because the sensitivities
and response times to water deficit vary among different plant species and are related to the intensity
and length of the water stress. Plant response to drought stress involves the interaction of various
physiological and biochemical parameters that can be exploited as markers for the identification of
tolerant species [12].

2. Ornamental Plant Response to Drought Stress

2.1. Growth and Morpho-Anatomical Modification

Plant responses to drought are different and interconnected. Plant plasticity to drought stress
adaptation varies within genera, species [13,14], and even cultivars. The main morphological
changes under drought conditions are shoot and leaf growth reduction. These negatively affect
the ornamental value and the visual appearance, which are particularly important key factors (from the
ornamental point of view) that must be used along with markers for selecting tolerant genotypes [15].
Several experimental studies on ornamental plants showed that plant quality decreased in response to
severe drought stress [16–18].

The effect of drought stress on plant growth and dry matter has been noticed in numerous
ornamental species—for example, Pistacia [12], Spiraea, Pittosporum [19], Bougainvillea [20],
Callistemon [21], Laurus, and Thunbergia [22] (Table 1). Since the photosynthetic pathways strongly
influence the response to water stress, only the responses of C3 plants are presented in Table 1.

The reduction of leaf area is another typical response observed in plants subjected to water stress,
as confirmed by several authors. Indeed, as reported by Toscano et al. [23], the total leaf area and the
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leaf number showed the widest variations in Lantana between control and severe deficit irrigation,
while in Ligustrum, the differences were more marked for the total leaf area and not significant for the
leaf number. The reduction of the leaf area is a consequence of a reduction in the leaf number [24]
or the leaf size (unit leaf area) [22]. Thus, plants counteract the water limitation by reducing the
transpiration area. One of the avoidance mechanisms that minimizes water loss when the stomata are
closed is, in fact, the reduction of the canopy area. In callistemon plants, drought stress increases the
root-to-shoot ratio, causing the reduction of aerial tissues rather than the roots [25–27]. This reduction
also occurs when the plants are grown in pots, a frequent condition in the nursery phase.
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Increased root-to-shoot ratios are frequently observed in plants under drought conditions which
reduces water consumption [40] and increases water absorption [41]. This parameter is also suggested
as a screening factor for grading plants with different stress tolerances. In addition to the reduction
of the leaf area during drought stress, the modification of the leaf size and the cuticle thickness are
also observed.

In a study conducted by Toscano et al. [23] on two ornamental shrubs (Lantana and Ligustrum) in
a Mediterranean area, the analysis of leaf anatomical traits allowed the identification of the different
strategies used during water stress conditions. During severe deficit irrigation, Lantana plants increased
the spongy tissue rather than the palisade tissue; this anatomical modification facilitated the diffusion
of CO2 toward the fixation sites in order to increase the concentration gradient between internal
air space and the atmosphere, thus enhancing the competition among cells for CO2 and light [42].
In both species, an increase in the thickness of the spongy tissue and the palisade tissue was observed.
The reduction of the specific leaf area could be a way to improve water use efficiency (WUE). In fact,
thicker leaves usually have higher concentrations of chlorophylls and proteins per unit leaf area and
thus have greater photosynthetic capacities per unit leaf area than thinner leaves [43].

The leaf anatomical modifications are species-specific. Thus, in Polygala and Viburnum plants
subjected to four levels of irrigation treatments through the use of dielectric sensors (EC 5TE, Decagon
Devices, Pullman, Washington, USA) to maintain the substrate water content (WS) equal to 10%
(WC10%), 20% (WC20%), 30% (WC30%), and 40% (WC40% = control) of the pot volume, the leaf
anatomical modifications were linked to spongy tissue in Polygala and palisade tissue in Viburnum
(Figure 1).

 
Figure 1. Light microscopy of blade cross-sections in Polygala (above) and Viburnum (below) at different
water regimes (source: Toscano et al., unpublished data).

Acquiring greater knowledge of the morphological, physiological, and biochemical responses of
the species in adverse environmental conditions, whether they are occasional, temporary, or long-term,
allows us to choose the correct ornamental plants in relation to the interested area.
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This information is useful in identifying the mechanisms of the adaptation of plants to adverse
conditions such as drought stress [44], allowing us to select the most suitable species without
compromising their aesthetic value.

2.2. Physiological Parameters

2.2.1. Leaf Gas Exchange

The main consequences of drought stress in plants are stomatal closure, reduction of gas exchange,
the slowing down of photosynthetic activity, and the death of the plant [45,46]. Drought stress
conditions mainly affect the photosynthetic system and ratio. In particular, they compromise the
elements that are involved in the process, such as the electron transport to the thylakoids, the carbon
cycle, and the stomatal control of CO2 supply. Different published papers demonstrated that the
reduction of photosynthetic activity is related to the mechanisms of stomatal conductance [47–50].
In fact, the first response of plants to water stress is stomatal closure and the subsequent reduction of the
assimilation of the photosynthetic carbon necessary for the photosynthetic activity. As a consequence
of the stomatal closure, there is not only a reduction in water loss, but also a reduction in nutrient
uptake, consequently altering the metabolic pathways [51]. During drought stress, most species
show a reduction in photosynthetic activity and a fast stomatal closure in relation to water potential
adjustment [52,53]. The reduction in growth is also related to the reduction in the water potential of the
leaves. Upon stomatal closure, a reduction in photosynthetic activity is achieved, which in turn leads
to a decrease in plant growth and production [54,55]. The levels of carbon dioxide inside the stomatal
chamber, and therefore in the cells, decrease, causing a reduction in photosynthesis. A decrease in the
rate of CO2 fixation is also observed and is associated with a reduction in the stomatal opening [56].

Under drought stress conditions, high conductivity ratios (AN)/stomatal conductance (gs) (also
expressed as intrinsic WUE) indicate that leaves (the chloroplasts in particular)—even if there is
an immediate stomatal closure—try to maintain high photosynthetic performance. As reported by
Álvarez et al. [12], the decrease in gs in Pistacia lentiscus subjected to drought stress limited water losses
through transpiration control.

In order to estimate the tolerance to drought stress in plants, the transpiration ratio is essential.
In fact, it has been observed that species that can retain a greater quantity of water and therefore lose
less water through the stomata are more tolerant to drought. [57]. As reported by Galmes et al. [58],
shrubs have a better ability to regulate transpiration compared to herbaceous plants.

2.2.2. Chlorophyll a Fluorescence

Under water stress conditions, one parameter that is commonly used to identify the presence
of photosynthetic plant damage in plants is the measurement of chlorophyll a fluorescence. In fact,
this parameter is very useful for analyzing the influence of environmental factors on the efficiency
of the photosynthetic apparatus [59]. Down regulation of photosystem II (PSII) activity results in
an imbalance between the generation and utilization of electrons, apparently resulting in changes
in quantum yield [60]. The ratio variable to maximal fluorescence ratio (Fv/Fm) (i.e., the maximum
primary photochemical efficiency of the PSII in a sample of leaves adapted in the dark) allows the
evaluation of the efficiency of the PSII photosystem, indirectly measuring the physiological state
of the plant [61]. Several authors have defined the Fv/Fm threshold values to indicate if a plant is
more or less stressed. Values between 0.78-0.85 indicate that the plant is not stressed [62]. In a study
conducted by Álvarez et al. [63] on Callistemon plants maintained at different levels of drought stress,
the Fv/Fm values remained constant at 0.80. The drought stress was not compromised by the PSII.
Therefore, the Callistemon is a species resistant to drought. Álvarez et al. [12] reported that in Pistacia
lentiscus plants subjected to different levels of water stress (from May to October), low Fv/Fm values
were found in stressed plants during the warmer months. At the end of the trial when the conditions
were less stressful, the plants recovered from these values. This shows that the plants did not cause
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irreversible damage to the foliar tissues, indicating that PSII was not permanently damaged by stressful
conditions. This affirms that the chloroplasts of Mediterranean species have different strategies during
stress conditions for avoiding photo-inhibitory processes, such as the mechanism to consume the
reducing power produced by the PSII [64,65].

2.3. Oxidative Stress

When photosynthetic activity is reduced and light excitation energy is in excess of that used or
required by photosynthesis, over-excitation of the photosynthetic pigments in the antenna can occur,
leading to the accumulation of reactive oxygen species (ROS) in chloroplasts [66]. During drought
stress in plants, there are different biochemical changes. The main response is the accumulation of ROS,
which causes the destruction of the cell membranes and results in oxidative damage to plants [67,68].
The plants, in order to oppose this accumulation, have developed many antioxidant activities and a
series of secondary metabolites that counteract the generation of ROS and scavenge ROS once they are
formed [69–71].

ROS are chemically active free radicals of oxygen. When unpaired electrons are present in
the valence shell of these molecules, they become highly reactive and damage the cell structure
and function. ROS production takes place within the compartments of different organelles, such as
chloroplasts, mitochondria, and peroxisomes [60].

ROS include superoxide anion (O2−), hydrogen peroxide (H2O2), hydroxyl radical (OH−), singlet
oxygen (1O2), and ozone (O3). ROS are produced by plants continuously because they also have the
role of cellular signaling, while excessive production involves oxidative stress [72].

Plants have mechanisms that protect them from the destructive action of oxidative reactions [73].
A mechanism put in place as a defense from stress relates to the production of antioxidant enzymes
that protect the plants from ROS.

Garratt et al. [74] highlighted some enzymes among the main natural “detoxifiers” present in plants,
such as superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 1.11.1.6), glutathione peroxidase
(GPX; EC 1.11. 1.7), and ascorbate peroxidase (APX; EC 1.11.1.11). These enzymes are located in different
compartments of the plant cells, while the CAT is instead located in the peroxisomes [75].

A type of ROS can be transformed into another type; for example, O3 is decomposed into H2O2,
O2−, and 1O2. The O2− is also transformed spontaneously or enzymatically into H2O2 through SOD
activity [76], which can react further with Fe2+ to form OH.

Controlling the production and action of ROS allows a better understanding of the effects of
various abiotic stresses on plants. The study of protective mechanisms such as the antioxidant enzymes
could allow the identification of processes that are the basis for the response of plants to stress.

When the plants are not stressed, the ROS level is kept low by the scavenger activity of the
antioxidant enzymes. In the presence of abiotic or biotic stress (such as water, saline, or ozone stress),
these balances are broken and there is an increase in the intracellular ROS levels. About 1%–3% of
the oxygen that is consumed by plants leads to the formation of ROS [77,78]. The main changes
that occur in plants are the increase in lipid peroxidation, protein degradation, DNA fragmentation,
and finally cell death. All of this occurs because ROS are highly reactive [50]. Reacting with proteins
and lipids, they modify structure, cellular metabolism, and, in particular, those that are linked to the
photosynthetic process [79].

As a defense mechanism, the activity of these antioxidant enzymes increases under abiotic stress
conditions such as drought [80–82], salinity [83,84], and ozone [85]. There are also non-enzymatic
antioxidants: tocopherol, ascorbate, glutathione, phenols, alkaloids, flavonoids, and proline [60,72,86–91].
A decomposition product of poly-to-fatty acids of polyunsaturated fatty acids is malondialdehyde
(MDA). It is considered a marker of membrane lipid peroxidation, which is an effect of oxidative
damage. During the various drought stress conditions, some adapted species modify their antioxidant
activities, increasing, for example, the activity of SOD and peroxidase (POD) [92]. SOD is the primary
defense against ROS because it eliminates superoxide radicals. Specifically, it dismutates two O2

−
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radicals into H2O2 and O2
−, which are precursors to other ROS and are generated in different

subcellular compartments [93].

3. Mechanism of Signal Transduction and Development of Drought Tolerance

Drought stress is sensed by the roots of plants and the reduction of water availability slowly
occurs depending on the soil physical properties. The limitation of water induces in plants several
physiological, biochemical, and molecular changes that lead to increased plant tolerance (Figure 2).
Since plants cannot escape from adverse weather conditions, survival depends on their ability to
develop efficient adaptation strategies. The plant responses start from the activation of specific
regulatory genes that lead to the modification of the physiology and the metabolism of the plants.
Currently, transcriptional changes are widely studied in different species and under different drought
stress conditions. Pioneer studies have been carried out on model plants, such as Arabidopsis
thaliana, identifying the transcription profiles and transcription factors involved in responses to
drought stress [94,95]. Among the different genes, dehydrin was found to be an indicator of the
entire transcriptome response under drought stress. The increase in stress intensity induces the
activation of genes associated with stress responses [96]. The most important genes involved belong
to abscisic acid (ABA) perception and biosynthesis as well as the ethylene pathway. Among the
transcription factors involved, the most important are abscisic acid-responsive element (ABRE),
ABRE-binding (AREB) proteins, ABRE-binding factors (AREB/ABFs), drought-responsive cis-element
binding protein/C-repeat-binding factor (DREB/CBF), ABF/AREB, NAC, WRKY transcription factors,
Apetala 2 (AP2), and ethylene response elements [97,98]. The ABF/AREB are under ABA regulation
involving SnRK2. These transcription factors are able to provide rapid gene activation under different
abiotic stresses, including drought. Other transcription factors belong to the MYB family (such as
MYB2 and MYC2) and are inducible by ABA [99]. Therefore, this plant hormone has a pivotal role
under water stress in the activation of secondary gene networks, which leads to plant adaptation to
stress. Mutants lacking ABA biosynthesis or action are very sensitive to drought stress [100].

The genes induced under drought encode for different proteins that are directly or indirectly
involved in plant adaptation. Specific genes induced by water stress increase the accumulation of
late embryogenesis abundant (LEA) proteins [101]. These proteins are accumulated in tissues under
dehydration or desiccation, such as seeds. In plants, the LEA proteins are considered important in plant
drought tolerance [102]. Water stress induces gene expression of membrane proteins. Among these,
the most important are the aquaporins, i.e., the water channels.

At a biochemical level, plants increase the biosynthesis of osmolytes to lower the cell water
potential and increase the water uptake ability of roots. These molecules are responsible for plant
osmotic adaptation and include glycine, glycine betaine, proline, sugars, γ-aminobutyric acid, alcohols,
sugar alcohols, trehalose, mannitol, polyamines, etc. [103–105]. The accumulation of these substances
allows for the improvement of crop tolerance against drought stress, and the visual appearance of
the plants does not change. Plants do not seem to be under stress conditions, but the biosynthesis of
protectant molecules requires energy that is not exploited for the growth or the yield in agricultural
crops. The energy used for the biosynthesis of osmolytes is also known as “fitness cost”, which
represents the energy costs for the plant to defend itself. The plants reduce photosynthetic activity,
and ribulose-1,5-bisphosphate carboxylase/oxygenase (RUBISCO) efficiency declines with the increase
in water reduction [106]. Since photosynthesis is a biochemical process that requires water, carbon
dioxide, and light, the lack of water directly reduces photosynthesis. The quantum efficiency of PSII
at the initial water stress transiently increases and then declines. The light received by the leaves
must be dissipated to avoid photo-oxidative damage, and the energy dissipated can be estimated
by chlorophyll a fluorescence. Gas exchange at the leaf level is regulated by stomatal opening.
Under drought, water loss can be reduced by stomatal closure and a reduction in carbon dioxide
concentration [107]. The reduction of light use can lead to an excess of excitation energy in leaves
with ROS accumulation [108]. The increase in radicals stimulates the plant to activate the antioxidant
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systems, such as the enzymes involved in the detoxification of cells. The most important enzymes are
SOD, CAT, APX, POD, glutathione reductase (GR), and monodehydroascorbate reductase (MDHAR).
These enzymes are able to reduce the ROS accumulation and enhance plant tolerance to drought [70].
Drought stress is a common stress in plants grown in the Mediterranean area, and several ornamental
shrubs subjected to water availability increase the activity of these enzymes [36].

Figure 2. Physiological and morphological changes of plants exposed to reduced water availability.
The magnitude of changes depends on the intensity of the stress.

Reduced photosynthetic activity also affects sugar concentration since respiration under drought
increases because the plant temperature increases [109]. Plants under normal conditions are able
to maintain the leaf temperature in the optimal range for photosynthesis by their thermoregulation
ability, which is due to the evaporation of water at the leaf level through transpiration. The water
passing from the aqueous state to the gas absorbs the heat from the plants and lowers the temperature.
Under drought conditions, the closure of the stomata reduces transpiration and leads to a temperature
increase, inducing a higher respiration rate. The lower photosynthesis and the higher respiration
rate collectively reduce plant growth [110]. The reduction of plant growth in ornamental plants
under water stress has been reported in several species, such as Eugenia uniflora, Passiflora incarnata,
and Photinia x fraseri [36,111]. Ornamental plants can adopt different strategies under water stress.
The study of plant responses to drought can be simulated by reducing water availability. In a study
focused on drought responses, it was found that Penstemon barbatus was able to counteract drought by
increasing root biomass and reducing stomatal conductance [112]. The gas exchange parameters, such
as photosynthesis and stomatal conductance, can be considered good parameters for ornamental plant
selection for tolerance to drought stress.

ABA is one of the most important plant hormones because it can regulate stomata opening
in relation to potassium ions in guard cells [113]. An increase in ABA is crucial for reducing
water loss through the stomata. Exogenous applications of ABA demonstrated that treated plants
have a higher tolerance to drought. Another plant hormone that is induced by water stress is
ethylene. It is also known as a senescence hormone because it is involved in leaf and flower
senescence. Several ornamental plants are sensitive to ethylene, and it causes leaf abscission and
yellowing, and petal rolling or desiccation [114]. Therefore, water stress can be detrimental for
the ornamental plants used in the garden or other urban or peri-urban areas. Ethylene can be
produced from endothermic engines. Therefore, in urban areas, plants exposed to ethylene and
drought stress accelerate their senescence. Another important plant hormone that can have a positive
role in the mitigation of drought stress is represented by the cytokinins. It has been demonstrated
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that Arabidopsis plants overexpressing genes involved in cytokinin biosynthesis showed higher
drought stress tolerance [115]. These plant hormones have a preferential site of biosynthesis in
roots, and drought stress seems to reduce the concentration of cytokinins with an increase in root
growth [116]. The increase in root biomass is considered a first response of the plant to drought stress.
However, the application of some plant growth promoting bacteria (PGPB) also induced drought
tolerance by increasing their cytokinin concentration and ABA [117].

Therefore, plant adaptation to drought stress is due to plant hormone equilibrium, and the plant
responses are consequences of the cross-talk among them [118].

4. Effects of Drought Stress on the Ornamental Value of Plants

Plants under water stress modify their morphology and physiology to survive under stressful
environments. These changes can also have a direct effect on the visual appearance and subsequently
the ornamental value of the plants. Morphological changes can be observed on the leaves and the
plant habit. The most common changes that are observed are leaves that are smaller and have different
orientations on the branches. Ornamental plants used in drought-prone environments must be able to
adapt to the utilization area, such as private gardens or urban or peri-urban areas without irrigation
systems. At nursery levels, the selection for drought environment can be carried out by considering the
size and architecture of the roots, which can explore a wide volume of soil. Unfortunately, evaluation
of root systems is not easy to perform.

In nursery cultivation, the generalized use of pots, often of small volume, cause root restriction
effects. Yong et al. [119] analyzed the influence of substrate volume reduction on cotton plants under
conditions where water and nitrogen supplies were not limited. The root-restriction lowered the rate
of photosynthesis due to lower stomatal conductance. Root restriction increased the shoot-to-root
ratios and reduced the total whole-plant leaf area by 20%.

The critical step for many ornamental plants is transplanting. Therefore, the hardening of plants
is important for xerophytic environments [120]. After transplanting, the survival of plants can
be guaranteed from their ability to reduce water losses through transpiration and gas exchange.
The adapted plants must reduce stomatal conductance, maintain their water balance, and have high
WUE [121].

The effects of drought have direct impacts on the habit of plants, and the ornamental quality
can be observed at the leaf level. Leaves can drop, change color, or show necrosis from the action
of ethylene. Flower life and turnover are also affected in many ornamental plants. The presence
of flowers on plants greatly enhances their visual appearance. Therefore, tolerant plants should be
able to have a high number of flowers with longer lives because, under water deficits, the turnover
of flowers is reduced [122]. Flower turnover or new flower production depends on plant energy
availability. Under prolonged drought stress, reduced photosynthesis and fewer carbohydrates are
available for flowering.

However, reduced growth can have positive effects for urban green areas and the maintenance of
public and private gardens due to lower management costs. Reduced growth is particularly important
with ornamental plants that are shaped by pruning. Slower growth contributes to a longer preservation
of shape with delayed pruning activities.

5. Use of Different Tools in Mitigating Drought-Induced Damages

A solution to overcoming the problems associated with drought stress is making an appropriate
plant choice. The response to drought varies greatly among the plants that can be used in landscaping.
In green areas, often a combination of woody and herbaceous ornamental plants is used with various
manufactured elements (generally referred to as ‘hardscape’) [123]. The plant choice can refer to a
very large number of species in different environments that are able to assure different functions in the
landscape [8]. Plant adaptability to drought stress changes within genera, species, or cultivars [13,14].
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Where drought stress is frequent, the ornamental plant choice can favor plants that grow in desert
areas (like xerophytes or succulents), which are especially capable of surviving water shortages.

Arbuscular mycorrhizal (AM) symbiosis can also increase host resistance to drought stress,
although the effect is not always predictable. Since drought stress is frequent in drying soils, the AM
influence on plant drought response can be the result of AM influence on salt stress. With this aim, Cho
et al. [124] determined if the AM-induced effects on drought responses would be more accentuated
when plants of similar sizes were exposed to drought in salinized soils, rather than only when drought
was applied. In the trial, using two greenhouses, different water relations characteristics were measured
in sorghum (Sorghum bicolor) plants colonized by Glomus intraradices, Gigaspora margarita, or a mixture
of AM species during a sustained drought following exposure to salinity treatments (NaCl stress,
osmotic stress via concentrated macronutrients, or soil leaching). The findings confirmed that AM
fungi can alter the host response to drought, but they did not lend much support to the idea that AM
induced salt resistance. The beneficial effects of AM were related to the improved ability of the roots to
adsorb water by increasing the active root surface. The increase in the root adsorption ability was also
due to gibberellin- and cytokinin-induced production by AM [125].

Direct and indirect positive roles of PGPB in plants under stress have been reported [126].
The positive effects of PGPB are through the activation of 1-aminocyclopropane-1-carboxylate
deaminase enzyme that reduces ethylene production and increases auxin concentration in roots [127].
In recent years, there has been an increase in biostimulants used in agriculture and horticulture to
enhance crop abiotic stress tolerance [128]. Alleviation of abiotic stress is perhaps the most frequently
cited benefit of biostimulant formulations [129]. Biostimulants are derived from organic substances
through different industrial processes. They can be composed of microorganisms such as fungi
or bacteria [128] and help to improve plant abiotic adaptation by acting on the physiology and
biochemistry of plants [130]. The cytokinin-producing bacteria under drought conditions are of
relevant interest [131]. Some microbial inoculants known to have a positive effect on plant development
can also help plants overcome or tolerate abiotic stress conditions. In ornamental plants, production
can be improved by biostimulant application. Hibiscus (Hibiscus spp.) treated with commercial
biostimulants showed an increase in gas exchange with higher photosynthetic activities [132]. In a pot
experiment with bedding plants, a seaweed extract of Ascophyllum nodosum revealed positive effects
on the growth and development of petunias (Petunia spp.), pansies (Viola tricolor), and cosmos (Cosmos
spp.) exposed to drought [133]. Some reported positive effects of biostimulants are the induction
of early flowering, a higher number of flowers, and higher biomass accumulation [134]. With the
aim of evaluating the differences in the mechanisms involved in ornamental species’ resistance to
drought stress resulting from a regular suspension and recovery of the water supply, Toscano et
al. [22] subjected plants of five ornamental shrubs (Callistemon citrinus, Laurus nobilis, Pittosporum tobira,
Thunbergia erecta, and Viburnum tinus ‘Lucidum’) to two consecutive cycles of suspension/rewatering
(S-R) and compared them with plants that were watered daily (C). The five species exhibited different
responses to drought stress. At the end of the experimental period, S-R treatment had no effect on
the dry weight of any species except Pittosporum. In Pittosporum, drought stress reduced total plant
biomass by 19%. Drought stress induced alterations in shrubs, including decreases in shoot dry matter
and increases in the root-to-shoot ratio, strongly affecting Callistemon and Pittosporum. All species
adapted to water shortages using physiological mechanisms (RWC and water potential adjustment,
stomatal closure, and reductions in photosynthesis). Following re-watering, the species fully recovered.
Therefore, they can be considered as suitable for landscaping in the Mediterranean environment.
However, Laurus and Thunbergia seemed to be less sensitive to drought stress than the other species.

Light drought stress can be adopted to control the growth of pot plants. Davies et al. [135] used
deficit irrigation in comparison to conventional overhead irrigation in two crops of different canopy
structure (Cornus alba and Lonicera periclymenum). In a subsequent experiment, Forsythia × intermedia
was grown in two substrates with contrasting quantities of peat (60 and 100%). Deficit irrigation was
found to be mainly effective in controlling vegetative growth when applied using overhead irrigation.
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Similar results were achieved when drip irrigation was used. This comparable response suggests
that deficit irrigation can be applied without precision drip irrigation. Scheduling two very different
crops with respect to their water use and uptake potential, however, highlighted challenges in the
application of appropriate deficits for very different crops under one system. Responses to deficit
irrigation are more consistent where nursery management allows for scheduling of crops with very
different architecture and water use under different regimes.

6. Conclusions and Future Prospective

The drought tolerance of ornamental plants widely varies with genotypes, environmental
conditions, and soil or substrate characteristics. Landscape plants have similar mechanisms of drought
tolerance to agricultural crops, but assessment of drought tolerance for these plants should be based
primarily on aesthetic value rather than growth effects. Because of the wide number of plant species
potentially available for ornamental purpose, it should be possible to choose genotypes suitable for
drought environments.

Problems in research that occur are linked to: (i) the necessity to experimentally analyze a wide
range of plant species to find those most suitable for specific sites; (ii) identifying parameters with
simple measurements to discriminate tolerance to drought stress, and (iii) tailoring irrigation methods
or plant management strategies to enable the chosen species to cope with water stress.

The study of the mechanism of plant response to drought stress and particularly of signal
transduction and development of drought tolerance allow for the identification of suitable
plants and management strategies for the cultivation or utilization of ornamental plants in
drought-prone environments.
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Abstract: Abiotic stresses have direct effects on plant growth and development. In agriculture,
sub-optimal values of temperature, light intensity, and relative humidity can limit crop yield and
reduce product quality. Temperature has a direct effect on whole plant metabolism, and low or
high temperatures can reduce growth or induce crop damage. Solar radiation is the primary driver
of crop production, but light intensity can also have negative effects, especially if concurrent with
water stress and high temperature. Relative humidity also plays an important role by regulating
transpiration and water balance of crops. In this review, the main effects of these abiotic stresses on
crop performance are reported, and agronomic strategies used to avoid or mitigate the effects of these
stresses are discussed.

Keywords: cold; heat; solar radiation; relative humidity; transpiration

1. Introduction

Abiotic stress is the result of the action of external environmental factors that affect growth,
development, and reproduction of crops. In the first part of this review published last year, we analyzed
stressful conditions due to drought, water excess, salinity, and lodging [1]. In this part, high-low
values of solar radiation, temperature, and relative humidity will be considered as well as agronomic
strategies that can be used for lowering the stressful conditions.

Crop yield is the result of the interaction of multiple factors such as genotype, agronomic
management, and environmental conditions. Different genotypes have different yield capabilities,
depending on their ability to adapt. Agricultural cropping systems are continuously evolving due
to innovation in agronomic tools and to identification of high-performance cultivars coming from
traditional or biotechnological genetic improvements. Nevertheless, the major causes of agricultural
production losses are due to abiotic stresses such as low water availability, high salinity, high or low
temperatures, hypoxia/anoxia, and nutrient deficiency.

Crops exposed to these abiotic stresses respond by activating defense mechanisms. Therefore,
in an early stress stage, no visible symptoms are exhibited. The energy used by the crop to counteract or
cope with the abiotic stresses is called “fitness cost”, and this energy does not contribute to production.
While the visual appearance of plants in an early stress stage does not change, the physiology can
undergo deep changes, including the accumulation of bioactive compounds able to counteract the
stress conditions.

Plants are able to perceive environmental stimuli and to adapt to different environments. However,
the degree of tolerance and adaptability to abiotic stresses varies among species and varieties.
The global weight of biotic stresses on yield losses was estimated to be 70% by Boyer [2], and 13–94%
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by Farooq et al. [3]. A more detailed analysis of yield losses associated with some abiotic stresses was
presented by Mariani and Ferrante [1].

In this paper, a review of agronomic strategies aimed to optimize the resilience of crops exposed
to abiotic stresses due to sub-optimal values of solar radiation, temperature, and relative humidity
is presented. It is, however, necessary to remember that agronomic strategies hereafter presented
and discussed can be adopted only if sustainable, not only socially and environmentally but also
economically. This is because agriculture is an economic activity that cannot be done without adequate
remuneration of the production factors.

2. Solar Radiation as Resource and Limitation for Crops

The sun provides the energy that moves the climate system (ocean and atmosphere circulation),
drives the water cycle and feeds the food chains by means of the photosynthetic process. Moreover,
an energy balance is in place for which the Earth emits towards space the same quantity of energy
received from the sun.

Some basic physical laws rule the energy fluxes at all scales. More specifically the emission
of energy by all bodies is ruled by Planck’s Law, while the Stefan-Boltzmann Law and Wien’s Law
state that the total emission and the wavelength of the maximum emission are a function of the
temperature of a blackbody, respectively. Moreover, the radiative flux (I) intercepted by a surface is
determined by the sine law I = I0 * sin (α) where I0 is the maximum radiative flux intercepted by a
surface perpendicular to it and α is the elevation angle (the angle of the sun above the surface) [4].
The cosine law explains, for example, the high quantity of energy received by south-facing slopes at
mid-latitudes during spring and autumn when the sun at noon is still low in the sky.

The radiation that comes directly from the sun is defined as beam radiation. The scattered and
reflected radiation that arrives at the earth’s surface from all directions (reflected from other bodies,
molecules, particles, droplets, etc.) is defined as diffuse radiation. The sum of the beam and diffuse
components is defined as total (or global) solar radiation (GSR). The fraction of the GSR re-irradiated
toward space is named albedo A. Moreover, the surface of the planet emits radiation toward the sky in
the far infrared (LR1) and in its turn, the sky emits radiation in the far infrared towards the surface
(LR2). Consequentially, net radiation for a given surface is expressed with the following equation:

Rn = GSR * (1 − A) − LR1 + LR2 (1)

Solar radiation is a source of energy and information for plants [5]. The relation between plants
and light takes place through a series of pigments, which can be classified into four broad categories,
namely chlorophylls, carotenoids, anthocyanins and phytochromes. Photosynthesis is the set of two
phases, namely luminous and dark phase. In relation to the dark phase of photosynthesis, crops can
be classified as C3, C4, and Crassulacean Acid Metabolism (CAM) plants [6].

For C3 plants the whole process of photosynthesis takes place in the mesophyll cells and
the first products of photosynthesis catalyzed by Rubisco are two molecules with 3 atoms of
carbon (Calvin cycle). In the case of C4 plants, the mesophyll is the site of CO2 absorption by
phosphoenolpyruvate (PEP), a reaction that is catalyzed by the enzyme PEP-carboxylase, which unlike
Rubisco, is very efficient—even at low CO2 levels. From the evolutionary point of view, C4 plants
appeared on our planet much later than C3 plants (between 25 and 32 million years ago, according
to Osborne and Beerling [7]) and were the product of the adaptation to high temperatures and
water shortages.

CAM plants show a nocturnal phase in which, with open stomata, cells of the mesophyll produce
OAA starting from PEP, and then malic acid is produced from OAA and is stored in the vacuolar juice
that becomes increasingly acidic. During the day, when the stomata are closed, the malic acid returns
to the cytoplasm where CO2 is released from it which enters the Calvin cycle.
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The relevance of C3 and C4 plants for global food security is indicated by the fact that about the
70% of the global calories required by humans is fulfilled by three C3 crops (wheat (Triticum aestivum L.),
rice (Oryza sativa) and soybean (Glycine max L.) and two C4 crops (maize (Zea mays), sorghum
(Sorghum bicolor)). On the other hand, CAM plants have lower importance and the only species
subject to extensive cultivation are the pineapple (Ananas comosus (L.) Merr.) and the Indian-fig
(Ficus benghalensis). For the C3 species, the lower efficiency of the Calvin cycle causes light saturation
to occur at values between 30 and 80,000 lux (ex: 30–50,000 lux for grape (Vitis vinifera L.), while in
the C4 saturation occurs at higher values at 80,000 lux. Therefore, on very bright days, when 100,000
lux is exceeded, the C3 species can exploit only a limited part of the available light energy. As far
as light radiation is concerned, the compensation point is defined as the level of radiation at which
photosynthesis and respiration reach equal values. Radiation values that coincide with this point are
not significantly different between C3 and C4. At the level of general morphology, it is observed that
leaves in the shade are wider and thinner (in particular the palisade layer appears less developed
than that of leaves in the sun) and often have a greater concentration of chlorophyll in the upper
surface. Added to this are a series of characteristic effects of the lack of radiation, i.e., yellowing and
abscission of the lower leaves, a lack of branching, excessive elongation of stems and shoots and low
or no fertility.

Photosynthesis is a key determinant of yield and quality of crops which in their turn are the pillar
to the economic sustainability of farm activity. Therefore, all aspects of agronomic management should
focus on crop photosynthesis with the objective of maximizing it even under stressful conditions.
This objective can be achieved by selecting the best crops (species and varieties) for the selected
environment, combining them in suitable crop successions and optimizing management techniques.

Making good choices of species and varieties are essential to making optimal use of the available
solar radiation, avoiding at the same time problems due to radiation excess and water limitation.
From this point of view, environments characterized by high temperatures, high values of global solar
radiation, and water limitation are in general more suited to C4 plants, because these plants appeared
some millions of years ago as an adaptation to savannas and tropical grasslands [8]. An important
exception to this general rule is provided by maize, which in the presence of severe water stress shows
a decrease in leaf area index (LAI), intercepted photosynthetically active radiation (PAR), and Radiation
Use Efficiency (RUE) [9]. These drawbacks are usually associated with reduced competitiveness with
weeds and proterandry that creates sterility. Such phenomena are only partially compensated by
the increase of water use efficiency (WUE) and, consequently, a relevant reduction in maize biomass
production and harvest index is generally observed.

Possible solutions for environments characterized by high temperatures and high levels of solar
radiation could be use of C4 species such as sorghum, millet and panicum (Poaceae spp.) and
sugarcane (Saccharum officinarum) or tropical C3’s such as rice, oil palm (Elaeis guineensis), common
bean (Phaseolu vulgaris) and cassava (Manihot esculenta). Some mesothermal C3 crops such as wheat
and grapevine have shown significant injuries to photosystem II due to high temperatures [10].

Environments characterized by high values of cloud coverage have a greater presence of diffuse
radiation that penetrates deeper into the canopy reaching the lower leaf layers. This explains why in
these environments there is an increase in the RUE, which partially compensates for the decrease of
intercepted PAR.

Obviously, the contrasting effects of the abovementioned factors (temperature, global solar
radiation, LAI, intercepted PAR, RUE, soil water content, WUE) could be fully analyzed only through
a dynamic crop simulation model [11–13] with a suitable time step (daily or hourly). This could be
driven by weather data and run for a number of years sufficient to describe the climate of the selected
environment (about 30 years is prescribed by the World Meteorological Organization to describe the
climate for a given site).

Agronomic techniques (sowing density, plant nutrition, irrigation, integrated pest management,
etc.) can promote the achievement of optimal values of LAI (for crops like maize, rice, sorghum,
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wheat, tomato (Solanum lycopersicum), and soybean the ideal values are 4–6), and should be adopted to
maximize the light intercepted by crop canopies. Moreover, plants should be distributed as regularly as
possible in the surface unit. From this point of view, an analysis carried out for apple (Malus domestica)
orchards with the same LAI showed that square plantings (same distance between rows and along
rows—1:1 ratio) intercept up to 20% more light than 3:1 system (3 times distance between rows than
along rows) for a range of densities between 3000 and 20,000 trees per ha [14]. Other experiments
have shown 10% higher yields at a 12% lower tree density than more rectangular single rows [15]
(Wertheim, 1985). Moreover, square plantings give better coloration of red fruit than 3:1 plantings due
to a more uniform light distribution. Despite these advantages, square plantings are rarely applied on
a commercial scale because such plantings need higher capital investment for equipment adapted for
over-the-row spraying and transport at harvest that may not compensate for higher yields, particularly
with small-scale orchards [14].

Another relevant factor for optimizing light interception is the orientation of rows. In this regard,
regardless of any other consideration (e.g., specific guidelines imposed by the effects of slope on
mechanization or the presence of strong dominant winds able to break down rows perpendicular to
them), in mid latitudes a north−south orientation is optimal for most crops, as it gives the maximum
amount of intercepted radiation. In the specific case of grapevines, the east−west orientation of
rows is preferable as it guarantees a greater radiation intercepted in coincidence with maximum
daily temperatures, which for specific varieties is particularly appreciated in the late phase of sugar
accumulation (September−October).

Specific interventions like pruning or choice of species/varieties with a suitable inclination of
leaves can be adopted to enhance the penetration of light into the canopy so that each foliar level can
ideally receive the same quantity of light. By this point of view, dicotyledon canopies (with almost
planar leaves) are farther from this ideal than graminaceous canopies with a suitable inclination of
leaves. Furthermore, in the specific case of maize, current cultivars, unlike traditional ones, have fully
erect leaves able to enhance penetration of light inside the canopy and homogenize its vertical profile.
Light extinction in canopies can be effectively simulated by adopting Lambert-Beer’s law as stated by
Monsi and Saeki in 1953 [16].

The sunlight intercepted by canopies is a fundamental driver of crop water consumption as
expressed by the Priestley-Taylor equation for calculation of reference crop evapotranspiration (ET0)
on the basis of net radiation. The sunlight intercepted by a canopy is also directly correlated with
water consumption expressed as percentage of reference crop needs. For vineyards with row training
systems, Williams and Ayars [17] found that the area shaded by the canopy at noon expressed as the
percentage of the surface allotted to a single plant (sh%) multiplied by the empirical coefficient 0.017
gives a reliable estimate of crop coefficient (kc). This latter value can be multiplied by reference crop
evapotranspiration ET0 to obtain the maximum evapotranspiration (ETM).

Moreover, solar radiation is a source of information for living beings and a series of morphogenetic
effects derive from it. In many plants, initiation of flowering is driven by perception of changes in
day length (photoperiodism). Plants adapted to temperate climates (e.g., photoperiodic varieties of
wheat) often perceive the lengthening days of spring as a signal to initiate reproduction. Such plants
are known as long-day plants, while in short day species (e.g., many varieties of chrysanthemum
(Chrysanthemum indicum) and poinsettia (Euphorbia pulcherrima)) flowering is induced with hours of
light below the critical threshold. Moreover photo-indifferent crops (e.g., many fruit tree species) are
not sensitive to the length of the day [18].

Light signals such as light quality and length of day are perceived by several types of
photoreceptors including phytochromes and cryptochromes. More specifically, phytochromes detect
the levels and ratio of red (R) and far-red (FR) light in the environment [17,18]. Phytochromes are blue
photosynthetic pigments present in the leaves and sensitive to very low light intensity (even lower than
0.01 W m−2), which explains the effects of full moon light on flowering of some plant species [19,20].
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Photoperiodic effects give rise to precautions in moving a plant species from one latitudinal
band to another or the agronomic practices useful to induce flowering in flower species in
protected cultivations.

2.1. High Light Intensity Stress

Solar radiation has a fundamental importance for crop growth, yield, and quality in agricultural
systems. Light intensity and duration cannot be modified in the open field. Therefore, plants must
adapt to light stress, while they can be modulated and optimized in a greenhouse. More specifically,
crops in the open field during summer must protect themselves from high light intensity which can
damage leaves, young shoots or even the fruits. Plants may protect chlorophyll molecules by increasing
the biosynthesis and the concentration of carotenoids. These antioxidant compounds act as shields
avoiding photo-oxidation of chlorophyll from excessive light intensity (Figure 1). High light intensity
also leads to the formation of reactive oxygen species (ROS), which increase photo-damage [21,22].
Leaf damage from high light conditions can be determined by monitoring the lipid peroxidation of
leaf cell membranes and the functionality of photosystem II. The most dangerous radiation of the light
spectrum that induces severe damage is UV-B radiation (280–320 nm) that has short wavelengths and
high energy. The damage from UV-B radiation is especially notable on the vital macromolecules such
DNA with negative effects on cellular processes. Light stress reduces the light use efficiency (LUE)
and photosynthetic activity and can be observed in both the open field and in protected cultivation.

Figure 1. Effects of high light intensity on crops and agronomic strategies that can be adopted for
increasing or avoiding crop or produce damage.

In the open field, light stress is particularly severe if associated with high temperature and drought.
Agronomic strategies for reducing the negative effects of an excess of light include adequate irrigation
systems, with support of sensors able to evaluate soil moisture and crop water requirements. Sufficient
water availability can guarantee transpiration and, thus, thermoregulation by the evaporation of water
at the leaf level which lowers leaf temperature.

In mixed crops, species with different light stress tolerances and heights can be cultivated together
to provide shading of the most sensitive crop species. This strategy can be used to protect young
seedlings of sensitive species against damage by strong solar radiation but can give protection against
other stress factors like strong winds, low temperatures or salt. Once seedlings are sufficiently
developed the crop used to protect them can be eliminated manually or by means of a selective
herbicide treatment.
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A high light intensity can reduce the yield and quality of young fruit directly exposed to sunlight.
This is mostly important for fruit of species whose stomata no longer allow evapotranspiration with
the approach of maturation, which makes them unable to thermoregulate fruit temperature. Therefore,
fruit temperature shows an increase, especially with dark-colored fruit (e.g., grapevine berries of red
varieties after veraison), when temperature in the presence of direct solar radiaton can exceed 45–50 ◦C.
In these cases, damage can be direct (sunburn with cell membranes that lose their integrity) or indirect
(slowing or interruption of the biosynthesis of compounds favorable to quality). Temperature of fruit
can be measured directly by means of thermocouples or simulated by energy balance models [23].

Recently several products have become commercially available that can be sprayed on plants
or fruit for avoiding sun damage. Kaolin containing compounds have been successfully applied to
reduce sunburn in pomegranate [24]. Good results can be also obtained using shading nets. In apple
trees, transparent and black nets were able to reduce sunburn incidence on fruit [25]. The nets reduced
the direct sun light on fruit avoiding the excessive temperature of the exposed tissue and localized
physiological disorders. Moreover, in vineyards, canopy management techniques (e.g., winter or green
pruning) have protected clusters by covering them with a layer of leaves, which in many cases has
enhanced berry quality [26].

In greenhouses during summer, high temperature associated with high light intensity can induce
direct damage on plants. Therefore, to avoid the high temperature and light intensity, greenhouses
are covered with shading nets or sprayed with white paint. As an alternative, white shading nets
can also be placed inside the greenhouse. The aim of these strategies is to avoid excess heat in the
greenhouse through the reduction of direct light. Water running along the roof and walls of the
greenhouse in special interspaces also has potential application, since water reduces the radiation
entering the greenhouse.

2.2. Low Light Intensity Stress

Some plant species are able to grow at low light conditions (termed shade plants) such as
under vegetation or in areas with low solar radiation (e.g. valley bottoms, entering of caves).
Most agricultural crops need high light intensity and are classified as sun plants. Shade plants
have low light compensation and saturation points, while sun plants in contrast have high light
compensation and saturation points. However, most plants can adapt to a range of low light conditions.
The adaptation induces physiological and morphological changes in plants exposed to such conditions.
In general, low light intensities induce stem elongation to overcome the shade conditions. Leaves of
shaded plants increase their size and reduce their thickness and have a higher chlorophyll concentration.
At a physiological level, the plants lower their light compensation point for balancing the reduced
photosynthetic activity.

Low light conditions present in greenhouses during winter can be overcome by supplemental
lighting using fluorescent lights, metal halide lights, high-pressure sodium lamps (HPS), or light
emitting diodes (LEDs). The outputs of these lamps ideally must match the crop light utilization
spectra. If the lamps have a higher emission in the regions of the leaf absorbance spectra, the LUE
as well as the yield and quality are higher. LEDs can provide precise outputs and emission
spectra (wavelengths) and can be readily adjusted based on the species requirements. Few studies
have been performed on the effects of light intensity and quality on plant morphological and
developmental processes [27]. Plants sense and translate environmental light signals, which interfere
directly or indirectly with metabolism [28]. Light can modify auxin transport and gibberellin (GA)
biosynthesis [29,30]. These changes can affect many aspects of plant development, including seed
germination, stem elongation, and floral initiation. Light quality can modify the profile of carbon and
nitrogen metabolites and those of organic acids and aromatic amino acids [27,31]. An alteration of the
organic acids level, in particular of α-ketoglutarate, can affect amino acid biosynthesis, plant growth,
and crop yield [27]. Supplemental lighting is often very expensive, and its application is only used for
the most lucrative crops such as tomato or rose.
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3. Thermal Resources and Limitations for Crops

3.1. Temperature and Agriculture

Typically, in agriculture we refer to surface air temperature, which is the temperature measured
with a thermometer placed about 1.50–1.80 m above a soil with a regularly mowed lawn and protected
by an anti-radiation screen that ensures a suitable circulation of air around the sensor. This measure is
used to estimate thermal resources and limitations for cultivated and spontaneous plants.

The temperature that would be most useful to know is that of the organs of plants. The leaf
temperature is mitigated by the transpiration process, which transfers to the atmosphere 2450 J g−1 via
transpired water. Consequently, the leaf temperature of well-watered plants is close to that of the air.
However, when soil water is insufficient, plants close their leaf stomata, and the leaf temperature rises
to levels significantly higher than the air.

Another important variable is the temperature of the soil layer explored by roots. It can be
measured at different depths, although usually for agricultural purposes it is only gauged at 10 cm in
depth because the most superficial soil layer is also the only one that shows a significant daily cyclicity.

3.2. Temperature and Some Physical Presuppositions

Temperature values and variability in space and time obey physical presuppositions that are
briefly summarized here. Hot and cold air behave as non-miscible fluids and cold air, being denser,
flows downward along the sides of hills and mountains and gathers in valleys, depressions and
concavities of the ground. Moreover, during the day, the sun warms the ground and this warms the air
layers over it while, during the night, the ground cools radiating energy toward space and cools the
layers of air over it. The strength of the ground radiative cooling towards space is directly proportional
to the fraction of sky visible from it (sky view factor (SVF)), and it is at a maximum for a flat plain
without surrounding obstacles (mountains, trees, walls, buildings, etc.) or for the tops of hills and
mountains. These latter locations have a higher SVF than the bottom of the valleys, which also cool
indirectly due to the cooler dense air that descends from higher elevations along the slopes with cold
air accumulation in the lowlands (cold lake effect).

Above the cold lake there is a milder area called a thermal belt, which is an area of thermal
optimum. Historically, villages of the European Alps and Italian Apennines were often built in the
thermal belt mainly because the need for winter heating is lower.

The most favorable exposure, from the perspective of thermal resources, is the south face, while the
north face is the least favored. In an intermediate position with respect to these two extremes are the
sides facing west and east, the latter being thermally more favored because the eastward-side is the
first to receive the sun in the morning, when light energy must warm the surfaces that are cold after
the night and are often dew-covered (informally described as “the sun works on the cold”) before
the air is heated. When the sun illuminates the west facing slopes in the afternoon, it heats already
warm slopes.

Maximum and minimum daily air temperatures are mainly determined by:

1. The energy balance of the underlying surface;
2. The short distance transport by downslope and upslope air movement;
3. The advection of air masses from more distant areas; for example, in Europe, the advection of

subtropical air masses from the intertropics, Arctic air masses from the polar region and polar
continental air masses from Siberia;

4. The rising of air from the surface resulting in cooling (convection);
5. The compressional effect typical of dynamic anticyclones where air masses are animated by a

vertical descending motion of high pressure.
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In addition, soil covered by vegetation heats up less than a bare soil during the day and cools less
during the night, and soil covered with a sufficiently thick snow layer shows a constant temperature
near the surface close to 0 ◦C, which also maintains some microbial activity.

3.3. Quantitative Approach to Temperature Resources and Limitations for Plants

Temperature is a primary driver for plant growth and development (G&D). Therefore,
the objective of the grower is to optimize thermal resources and minimize limitations, to meet the
business objectives (i.e., quantity and quality of crop production). Given specific values of daily or
hourly temperature, to discriminate between resources and limitations, adequate G&D happen only in
a specific thermal range delimited by the two reference values, the lower cardinal (LC) and the upper
cardinal (UC) temperatures [32]. Furthermore, in this primary thermal range it is possible to detect a
sub-optimal range (delimited by lower optimal (LO) and upper optimal (UO) temperatures) where
G&D happens without thermal limitation. Below the LC and above the UC values, there are mortality
thresholds for low (CL) and high (CH) temperatures [25].

Values of cardinal temperatures for various species are shown in Table 1. However, it should
be noted that cardinal temperatures for each species and variety may vary with phenological stage.
For wheat, the values of LC, LO, UO, and UC are 3.5, 20, 24, and 33 ◦C, respectively, from sowing to
emergence; −1.5, 4, 6, and 15.7 ◦C for vernalization; 1.5, 9, 12, and >20 ◦C for terminal spikelet; and 9.5,
19, 23, 31 ◦C for anthesis and 9.2, 19, 22, 35.4 ◦C for caryopsis development until ripening. On the other
hand, LC, LO, UO and UC for some general processes of wheat are −1, 21.5, 22.5, 24 ◦C, respectively,
for leaf initiation; 3, 20, 21, >21 ◦C for shoot growth; and 2, 12.5, 20, >25 ◦C for root growth [27,33].

If Tm is the daily average temperature, daily thermal resources useful for G&D can be
expressed as growing degree days (GDD) or normal heat hours (NHH). GDD are calculated by
the following equation:

GDD = (Tm − LC) (2)

where GDD = 0 for Tm < LC. Moreover, to evaluate the depleting effect of high temperatures on G&D,
the following alternative truncated conditions are adopted: If Tm > UC then Tm = UC or Tm = UC −
(Tm − UC).

A more physiologically-based way to simulate thermal resources, taking into account the effect of
sub-optimal or supra-optimal temperatures, is provided by the NHH method that converts hourly
average temperatures to a normal value in the range 0–1 by means of a suitable response curve like
that shown in Figure 2, growing from 0 to 1 between LC and LO, equal to 1 between LO and UO
and linearly decreasing from 1 to 0 between UO and UC [34]. This method enables quantification of
thermal limitation by low temperatures, when normal hours are useless because they are sub-optimal
(LHH), and by high temperatures, when normal hours are useless because they are supra-optimal
(HHH), respectively expressed as a complement to 1 for the NHH value.
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Figure 2. A response curve derived from grapevine which allows translating an hour spent at a
given temperature into a fraction of normal heat hours (NHH) (range 0–1) while the complement to
1 represents normal hours which are useless because they are sub-optimal (LHH) or supra-optimal
(HHH). For example, an hour spent at 5 ◦C gives 0 NHH and 1 LHH, an hour spent at 15 ◦C gives 0.32
NHH and 0.68 LHH and finally an hour spent at 30 ◦C is 0.87 NHH and 0.13 HHH.

NHH, LHH and HHH values for a given mean hourly temperature (ATH) can be obtained by
means of the following simple algorithm (statements are given in Pascal pseudo-language code).

if (ATH ≤ LC) or (ATH ≥ UC) then NHH = 0 else
if (ATH ≥ LO) and (ATH ≤ UO) then NHH = 1 else
if (ATH > LC) and (ATH < LO) then
begin
m: = 1/(LO − LC);
q: = 1 − LO/(LO − LC)
NHH = m * ATH + q
end else
if (val1 > UO) and (val1 < UC) then
begin
m: = −1/(UC − UO)
q: = 1 + UO/(UC − UO)
NHH = m * ATH + q
end
if ATH < LO then LHH = 1 − NHH
if ATH > UO then HHH = 1 − NHH

This algorithm is based on a theoretical response curve with a trapezoidal shape. The real curve
is the result of the whole set of physiological processes ruled by temperature, which means that the
availability of experimental curves could be important for enhancing the proposed approach.

GDD or NHH cumulated from the sowing date to a given day can be used to simulate the
phenological stage (flowering, fruit-set, ripening and so on), cumulative biomass, or some derived
indexes such as the LAI [35]. The scatterplot in Figure 3 shows the relation between values of NHH
and GDD without truncation calculated for 202 Italian stations in 2017. The shape of the cloud of points
are the consequence of the less physiological approach based on GDD subject to an overestimation
growing with the increase of thermal resources. The scatterplot in Figure 4 also from 2017 shows the
relation between NHH and Global Solar Radiation for the same stations analyzed in Figure 3. The poor
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correlation is a result of high altitude stations characterized by high values of radiative resources in
coincidence with low or null NHH.

 

Figure 3. The scatterplot shows the relationship between NHH [h] and growing degree days (GDD)
[◦C] calculated for a minimum cardinal of 10 ◦C without truncation. Data are from 2017 for 202 stations
in Italy located at elevations between 0 and 3488 m and latitudes between 35.498◦ N and 46.943◦ N
(our elaborations on NOAA-GSOD data). NHH was calculated with the algorithm based on a response
curve with a trapezoidal shape described in the text.

 

Figure 4. The scatterplot shows the correlation between values of NHH [h] and Global Solar Radiation
[MJ m−2]. Data are from 2017 for 202 stations in Italy located at elevations between 0 and 3488 m
and latitudes between 35.498◦ N and 46.943◦ N (our elaborations on NOAA-GSOD data). NHH was
calculated with the algorithm based on a response curve with a trapezoidal shape described in the text.

Temperature is also an important source of information for plants because it indicates the season,
allowing optimization of their phenological rhythm in relation to thermal, radiative, and pluviometric
features. An example of this is the vernalization process to which several species of medium-high
latitudes are subjected. Exposure to low temperatures for a certain period of time, is essential for
spring vegetative recovery and the development of vegetative and reproductive organs. Chilling is
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expressed as chill units (CU), and calculated in the same way as NHH, but by adopting an LC = 0 ◦C,
LO = UO = 7 ◦C, and UC = 14 ◦C. CU can be obtained with the same algorithm previously described
for NHH calculation. In many species vernalization and photoperiod cooperate to induce flowering in
periods suitable for thermal and water resources [36].

Particular attention should be paid to temperatures below the critical threshold CL. By this,
frost tolerant species when in full vegetative rest (tissues hardened which means low water content
and high concentrations of cellular soluble solids) are able to withstand very low temperatures,
such as critical low temperatures of −9/−10 ◦C for olive (Olea europaea L.), −15/−18 ◦C for
grapevine and −20/−22 ◦C for wheat. It is more difficult to establish the upper critical threshold CH
because heat stress from high temperatures depends primarily on canopy temperature rather than
on air temperature. So, the interplay between various environmental variables (soil water content,
relative humidity, wind speed and global solar radiation) and the stomatal response of plants affects leaf
temperatures which can vary substantially for the surrounding air temperature. In general, as stated by
De Boeck et al. [37], leaves tend to heat up when stomatal conductance is low (drought conditions) and
this effect is strengthened by high solar radiation and high relative humidity, while high wind speeds
brings the leaf temperature closer to the air temperature, which can imply either cooling or warming
(i.e., abating or reinforcing heat stress) depending on other prevailing conditions. Furthermore,
the effect of wind is more relevant with small leaves which have a reduced boundary layer and
oscillate easily, enhancing the exchanges of heat with air. For this reason, plants affected by heat stress
tend to develop more small leaves than plants growing in environments without stress.

Higher temperatures change root architecture, acting on primary root elongation rate and the
overall shape of the root system giving a shallower and broader root distribution and a general increase
in lateral root branching as stated by Gray and Brady [38]. The same authors noted that reproductive
growth was altered by heat stress for rice which showed an optimum at 33 ◦C for vegetative
growth, while grain formation and yield were negatively affected by temperatures above 25 ◦C.
Moreover temperatures above 33 ◦C reduced viability of pollen which reached zero for temperatures
of 40 ◦C with a similar phenomenon for sorghum (optimum at 26–34 ◦C for vegetative growth and at
25–28 ◦C for reproductive growth) and for Arabidopsis (Arabidopsis thaliana), where the abortion of
the whole inflorescence was observed at a temperature of 36 ◦C. Gray and Brady [39] emphasized the
cellular response to temperature stress which includes altered organization of organelles, cytoskeleton,
and membrane structure. To maintain membrane stability and normal cellular functions in the presence
of heat stress, plants synthesize heat shock proteins (HSPs), molecular chaperones that prevent protein
misfolding or aggregation, as well as other co-chaperones, hormones, and other protective molecules.
Expression of HSPs is induced by heat-stress transcription factors (HSFs) that bind to heat shock
elements in the promoters of HSPs. There are many steps of regulation allowing dynamic control of
the heat stress response, as the HSFs themselves can be post-transcriptionally modified. In addition to
the constitutive role that HSPs play in heat stress responses across cell types, these proteins can acquire
specialized functions that regulate developmental responses of organs to environmental stress.

3.4. Agronomic Approach to Thermal Resources and Limitations

The choice of agronomic solutions should be based on a sufficiently detailed territorial agroclimatic
analysis, and finalized to quantify thermal resources and limitations for different environments. In such
an analysis, it is appropriate to consider the traditional agronomic choices typical of the selected
territory because in many cases they are the consequence of a secular adaptation that has discarded
fewer effective solutions. In this sense, for example, the Italian alpine territories have a traditional
use for forestry and pasture for the slopes exposed to the north, while those exposed to the south are
primarily used for fruiting or viticulture which are concentrated in the thermal belt, as in great valleys
such as the Valtellina, Valle d’Aosta, and Adige River Valleys, which are located between 250 and
750 m above sea level (asl). Similarly, the Apennine territories have a typical summer crops of maize,
sunflower (Helianthus annuus), and tobacco (Nicotiana tabacum) in the valley bottoms, most exposed
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to winter and spring frost, while grapevines are located on the lower slopes, at intermediate risk of
frost, and finally olive, most sensitive to frost, is traditionally located in the thermal belt which in the
Apennines is often between 150 and 350 m asl.

Agroclimatic analysis must be founded on meteorological data of at least 20–30 years close to the
present time to provide information representative of the current climate. In the light of resources and
limitations (not only the average but also the absolute minimum and maximum and the probability
of yearly values lower or higher than specific thresholds), agronomic practices useful for optimizing
resources and minimizing limitations can be employed.

Almost the entire set of agronomic practices (soil cultivation, pruning, weeding, fertilization,
irrigation, and so on) influence temperatures by interfering with the terms of the energy balance of
the field. Thus, only the most important decisions for optimizing thermal resources and minimizing
thermal limitations in a given field/territory will be reported. They can be subdivided into strategic
decisions (that involve farm activity for many years) and tactical actions (that involve the farm activity
only for the current year). Obviously, all these decisions should be founded on both technical and
economic evaluation.

The first fundamental decision is the right choice of species and varieties best suited to the planting
area, and this should be done after evaluating the length of the growing season and the mean and
extreme dates of the beginning of the main phenological stages (e.g., dates of bud-break and ripening
must be compatible with the dates of the last killing frost), and the compatibility with the temperature
resources (chill units for vernalization, NHH or GDD needed to close the crop cycle), and limitations
(LTL, HTL).

The prevention of cold damage should be founded on the uniformity of field morphology to
prevent cold air storage which may occur due to the presence of depressions and irregularities in the
field slope. It is also important to have suitable openings in barriers (drywalls, compact rows of trees
or bushes, etc.) that limit the drainage of cold air enhancing the risk of frost. The adoption of active
frost protection systems (low volume sprinkler irrigation over or under-canopy, stoves, candles, etc.) is
a relevant decision that should be taken with a careful evaluation of the installation and handling costs
and staffing requirements related to system operability.

For poorly drained fields, where a relevant limitation is water excess during winter that slows the
spring warming of soils, the hydraulic arrangement of the terrain with ditches or subsurface drains is
of paramount importance.

The choice of suitable training systems is important, both for the prevention of cold and heat
damage. In fact, the height of the canopies of grapevines and fruit trees is directly related to the risk of
frost damage because the coldest layers are closest to the ground. Furthermore, fruit damage from heat
should be avoided by adopting training systems that protect fruit with a layer of leaves mitigating
thermal extremes.

The risk of high temperatures should be evaluated during planning of harvest activities to prevent
loss of quantity and quality of products. In this regard, consideration of options may include harvest
machinery, work organization and machinery utilization. For example, harvesting grapes at night, use
of refrigerated bins for transport of harvested clusters, and a quick crushing soon after harvesting are
solutions sometimes adopted for hot climate viticulture to prevent unwanted fermentation.

Among the tactical decisions, making a rational choice regarding the sowing or transplanting
periods for annual herbaceous species and of the planting times for perennial crops (trees, shrubs
and herbaceous species) is also important. This decision should be founded on weather forecast
information derived from good quality climatological data.

It should not be forgotten that, in conditions of water scarcity, plants close their stomata and the
cooling of the foliar tissue are entrusted to the air. In this case, it is useful to plant the crops in rows
parallel to the dominant winds to favor the penetration of air into the canopies.

The appropriate use of irrigation is also important in order to limit the negative effects of high
temperatures on field crops. The mitigating effect of irrigation on maximum temperatures at a
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territorial scale was described by Lobell and Bonfils [39] who, working on a long time series of air
temperatures for California (1934–2002), highlighted the strong mitigating effect of irrigation that
was quantified in a 5 ◦C reduction in maximum temperature of the entire surface of the State had it
been irrigated.

A melon (Cucumis melo L.) crop is transplanted early in spring when air and soil temperatures
reach 14 ◦C in order to harvest the fruit early to get the highest price on the market. Lower temperatures
can induce chilling injury and delay the recovery and the production of the plants [40]. The agronomic
strategy to reduce low temperature damage is to use mulches or rowcovers [41]. Mulches with black
or white plastic films can reduce thermal excursion. A black film can increase the soil temperature and
increase G&D shortening the production cycle. Rowcovers can increase the soil and air temperature
around the transplanted plants.

In summer, high temperatures can accelerate G&D of the plants too much, inducing a fast ripening
of fruits with a shortened growing cycle. Such fast growth usually reduces the quality of fruis since the
photosynthetic period is short and the sugar loading in fruit is reduced, resulting in low quality fruit.
The best strategy is to avoid this problem is to identify the best genotype, cultivar or variety, since there
are differences in sugar accumulation during ripening related to sucrose phosphate synthase and acid
invertase activities [42]. In the open field, another agronomic strategy to reduce the negative effect of
high temperature is to improve thermoregulation by keeping the soil water content high, if there is
adequate water availability.

Thermal stress conditions can be detected by measurements carried out with thermal infrared
cameras managed by hand or installed on drones or satellites. Symptoms of thermal stress can also
occur in the presence of pests and diseases that alter stomatal functionality which is essential for plant
thermal regulation.

Table 1. Cardinal temperatures for some crops with the sources of information used.

Common Name Scientific Name Minimum Cardinal Optimal Range Maximum Cardinal Reference

Alfalfa Medicago sativa L. 8 24–26 36 [43]
Asparagus Asparagus officnalis L. 4 18–22 28 [44]

Banana Musa seppe. L. 12 25–30 40 [43]
Barley Hordeum vulgare L. 2 18–28 34 [45]
Bean Phaseolus vulgaris L. 10 24–30 36 [45]

Carrot Daucus carota L. 3 16–22 28 [44]
Cotton Gossypium hirsutum L. 14 25–30 38 [33]

Durum wheat Triticum durum L. 2 18–26 32 [44]
Flax Linum usitastissimum L. 2 18–24 30 [44]

Grapevine Vitis vinifera L. 7–10 22–28 36 [26]
Lemon Citrus limon L. 13 23–30 35 [43]
Maize Zea mays L. 8 22–30 35 [44]
Melon Cucumis melo L. 15 25–35 40 [44]

Oat Avena sativa L. 2 18–26 32 [44]
Okra Abelmoschus esculentus L. 16 25–35 40 [44]
Olive Olea europaea L. 10 22–28 38 [43]
Onion Allium cepa L. 2 20–28 34 [43]

Sweet potato Hipomea batata L. 15 25–33 38 [44]
Peanuts Arachis ipogea L. 11 23–30 40 [33]

Pineapple Ananas comosus L. 15 22–30 35 [43]
Pea Pisum sativum L. 4 15–20 30 [43]

Tomato Solanum lycopersicum L. 12 22–26 35 [33]
Potato Solanum tubrerosum L. 4 14–23 33 [46]

Rapeseed Brassica napus oleifera L. 5 15–20 30 [47]
Rice Oryza sativa L. 12 25–32 38 [33]
Rye Secale cereale L. 2 20–26 31 [44]

Safflower Carthamus tinctorius L. 10 18–28 35 [43]
Soft wheat Triticum aestivum L. 2 18–26 32 [45]
Sorghum Sorghum bicolor L. 12 24–30 36 [43]
Soybean Glycine max L. 10 20–28 34 [43]

Strawberry Fragaria X ananassa L: 4 15–20 28 [44]
Sugar Beet Beta vulgaris L. 2 18–24 30 [47]
Sugarcane Saccharum officinarum L. 15 22–30 35 [43]
Sunflower Helianthus annuus L. 7 18–25 35 [43]

Tobacco Nicotiana tabacum L. 15 22–30 38 [43]
Watermelon Citrullus lanatus L. 12 22–30 35 [43]
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4. Relative Humidity and Effects on Crops

Plants are insensitive to the absolute atmospheric water content expressed for example as mixing
ratio or absolute humidity [4,48], while they are quite sensitive to relative humidity (RH) which at a
given temperature is the water content of the atmosphere expressed as a percentage of the saturated
water content, which is a constant at a given temperature. RH is an important environmental variable
for crop productivity, because it regulates the transpiration rate at the leaf level and can influence the
water balance in crops. A high RH limits transpiration and reduces growth and nutrient assimilation.
A low RH increases water flux through plants and increases transpiration with severe problems in
species with a reduced ability to regulate stomatal aperture.

4.1. Space and Time Variability of Relative Humidity

The RH in a plant canopy is the result of a balance between humidity received from soil
evaporation (which is enhanced when the soil surface is well-watered by rainfall, irrigation or by lifting
from water tables) and plant transpiration (which in the absence of soil water limitation is a function
only of the atmosphere and canopy features). Wind is crucial for removing water from canopy layers,
including breezes and local winds induced by lack of thermal homogeneity among land surfaces,
sea, lakes, forests, swamps, cropping areas, etc. During the day lack of homogeneity is induced by
differential solar heating of surfaces with different characteristics that trigger the establishment of
stationary convective cells in the planetary boundary layer (first 1000–1500 m asl), while at night it is
induced by differential radiative cooling with production of cold air pools that drain along the relief.
Another important determinant of RH is foehn, a katabatic wind typical of areas located downwind
of mountain chains [49]. Foehns cause substantial drops in RH producing stress conditions for crops
mainly due to the substantial increase of water demand of the atmosphere. Also relevant to RH are
other macroscale and circulation patterns typical of different tropical and mid latitude contexts; these
are beyond the scope of this review but can be appreciated in meteorological treatises [50]. In the
specific case of dynamic anticyclone weather patterns, which for Italy accounts for 50–60% of the
total days of the year, the daily pattern of RH shows a regular behavior with a nighttime minimum
in coincidence with low values of air temperature and a daily maximum in coincidence with high
values of air temperature. Nevertheless, while AT shows a behavior more similar to a sinusoid with
minimum at sunrise and maximum 3–4 h before sunset [51,52], RH shows two abrupt changes with an
abrupt decrease in coincidence with the beginning of convective vertical exchanges between a canopy
layer and upper layers triggered by solar heating in the morning and an abrupt increase with the fade
out of vertical exchanges (disruption of convective cells) in coincidence with the evening decrease of
solar radiation before sunset.

4.2. Effects of Low/High Relative Humidity on Crops

Low RH increases evapotranspiration, enhancing water needs of rainfed and irrigated crops
and, consequently, the risk of water stress conditions due to the lack of easily accessible water in
the area explored by roots. On the other hand, high values of RH reduce the quantity of transpired
water [51], which reduces soil water stress. Nevertheless, a high RH in the presence of high values of
solar radiation can create problems of thermal excess [53], because plants control the temperature of
their tissues by transpiring water, which changes its state from liquid to vapor and removes 2450 J g−1

from plant tissues in the evaporated water.
It must also be considered that many organic substances like starch are hygroscopic,

which means that grains in presence of high relative humidity are re-hydrated. Multiple cycles
of drying/re-hydration enhance the cracking phenomenon in rice with a significant reduction in
commercial value of the product [54].

RH plays an important role in plant nutritional status because plants exposed to high RH show
two contrasting effects on growth. On the one hand, plants might show increased growth due to higher
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stomatal opening, leading to increased uptake of CO2. On the other hand they might show reduced
growth due to a reduced transpiration volume leading to a lower translocation of nutrients [55].

High values of RH are favorable to parasitic fungi with a direct effect on their growth and
development and an indirect one on the family of Peronosporaceae that needs the presence of
condensed water on plant organs (leaves and shoots) for the activity of zoospores which is an essential
part of their cycle. Consequently, many agronomic practices have as main or secondary objectives the
avoidance of a long persistence of excessively low or high values of RH inside the canopy. Among
these practices are:

1. The choice of areas not excessively humid, avoiding for example valley bottoms or basins with
low air movement;

2. The adoption of suitable training systems for grapevine and other fruit crops;
3. The adoption of suitable plant distances along and between rows;
4. The execution of suitable tillage practices that enhance air circulation inside the canopy (e.g.,

weed management, cutting of grass in orchards and vineyards, leaf removal, winter or green
pruning, etc.).

Dew and hoarfrost are the result of water condensation in the presence of a saturated atmosphere
on objects (plants, rocks, and others) which have a temperatures below the dew point or the 0 ◦C
threshold. The contribution of dew or hoarfrost to satisfaction of the water needs of crops is generally
low because the dew accumulating in a single night at mid latitudes is often below 0.2 mm [56,57]
while the mean daily water need for a reference crop in summer is about 4–6 mm. Dew contribution
may be important in areas located close to large sources of humidity like seas or lakes and with high
daily thermal ranges where water from dew can exceed 0.5–1 mm which means 0.5–1 L m−2.

5. Future Prospective and Conclusions

Understanding the sources of abiotic stresses, how plants respond to them for improving tolerance,
and the use of specific agronomy strategies for stress alleviation is essential. With reference to
the scheme of the production model in Figure 2 of Mariani and Ferrante [1], the present analysis
of resources and limitations related to light radiation, temperature, and RH has been performed.
This analysis follows the analysis of abiotic factors carried out in Mariani and Ferrante [1].

It is important to consider that crop management needs an overall view of the atmospheric
variables and the meteorological events that occur in a given year. For example, in the case of the
temperate rice cropping areas (about the 35% of the total rice world area), it is well known that:

1. Low values of global solar radiation and suboptimal/supra-optimal temperatures reduce
photosynthesis, while low daily thermal ranges reduced the translocation of biomass from
leaves to storage organs:

2. Water for paddy rice submersion can be insufficient in years with low levels of water resources;
3. Long rainy periods are serious obstacles to the rational management of weeds, pests,

and pathogens, preventing timely spraying of pesticides, fungicides, and herbicides;
4. Low temperatures during floral differentiation enhance rice male sterility with drastic reduction

of yields. The critical threshold for rice sterility is 12 ◦C and farmers generally counteract this
problem by increasing the water level in rice ponds;

5. Long periods of high temperatures (mean daily values above the 26 ◦C threshold) enhance rice
cracking and rice chalking, phenomena that reduce significantly the quality of the final product
and that are also strictly related to varieties and nutrient management;

6. Meteorological variables like temperature, relative humidity, and rainfall have a strong influence
on rice pests, weeds, and pathogens.

Diseases impose a series of strategic and tactical choices suitable for preventing and controlling
them, ranging from the choice of varieties and sowing periods to the strategies of water, pest, and weed
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management. These strategies have evolved over the centuries, and have been refined based on
the available technologies and the experience acquired by the farmers, in response to the constant
interaction with the climate which characterizes the area under examination. For the main European
rice cropping area, located in the north of Italy (where rice has been cultivated since the 15th century),
an historical document of great value for appreciating this aspect is provided by the correspondence
between Camillo Benso, Count of Cavour, and his partner Giacinto Corio [58,59] who managed the
three large farms of Leri, Torrone, Montarucco with a total area of more than 400 hectares. From these
letters emerge the profound agronomic culture that characterizes not only Giacinto Corio, but also
Camillo Benso who was then prime minister of the kingdom of Piedmont and the main father of the
unification of Italy. Today, this agronomic culture derived from constant interaction of the farmer
with atmospheric phenomena is a key element of global food security, and the task of science is
to make it more rational and based on qualitative data and interpretative and predictive models.
The mitigation of stressful conditions can be achieved using appropriate agronomic management
practices that have to be chosen harmonizing all production factors in a specific area with well known
pedo-climatic conditions.

In this two part review, we have analyzed some relevant abiotic stress factors (drought, hypoxia,
and lodging in the first part [1], and temperature, light intensity, and relative humidity in this second
part). We have described the stress factors, and the agronomic strategies for mitigation and adaptation
to them. From this we can derive some suggestions to guide future approaches to such abiotic stresses.

Firstly, it is necessary to improve our knowledge of the main stress factors in each production
area, including their average incidence, and their variability in space and time. These analyses are now
feasible by the availability of monitoring tools for agroclimatic conditions, soils, and crops. For the
future a more systematic approach to these analyses is needed. It is of paramount importance that
a more general adoption of techniques for timely monitoring of crop performance and pedoclimatic
conditions (e.g., agrometeorological stations and remote sensing techniques based on satellites and
drones) that allow defining the mesoscale and microscale variability of the various stress factors
be established. In addition, the availability of time series of meteorological, phytopathological and
productive data is also essential. These series at the regional level should be available to farmers and
technicians by authorities. Farmers should take care of collection and archiving of time series within
their farm.

Another essential factor to promote is the knowledge of the ability of different species and
varieties to adapt to stress factors to be able to counteract the stress with a suitable varietal choice
and crop succession. Genetic improvement of crops must be accompanied by the adoption of suitable
and innovative cultivation techniques (mechanization, training systems for orchards and vineyards,
hydraulic-agrarian arrangements, tillage, irrigation, fertilization, weeding, pest control, etc.).

The choice of the optimal times for the execution of the different field activities (times for soil
cultivation, seeding periods, and harvesting) is another crucial factor to limit the negative effects
of stress.

The adoption of precision farming techniques is useful for dominating the microscale variability
of the different stress factors. Moreover, the adoption of conservative agriculture practices
allows maintaining the levels of the resources within the limits of acceptability for different crops
(e.g., dry farming).

Use of computerized decision support systems (DSS), and extension activities, are essential for
engaging farmers in the process of innovation in genetics and crop production techniques. This aspect
is more important considering that at the world level agriculture is carried out by 590 million farms
with characteristics that are extremely diversified by size, number of workers, levels of mechanization,
and openness to the market.

It is also important to maintain a central role for agronomy seen as the science of cultivation.
This discipline should maintain its own centrality as a science that guides the producer to optimize
their results in terms of quantity and quality of the products obtained.
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A further element worthy of comment is the interaction between agronomic techniques and
genetic innovation aimed at the improvement of the resistance to abiotic stresses. A complementary
relationship should generally be desirable because every new variety needs to be embedded in
an agronomic context favorable to the full expression of its potential resistance to abiotic stresses.
Furthermore, agronomic techniques can be a realistic way to mitigate the negative effects of abiotic
stresses while strategic actions of genetic improvement are carried out and the new varieties are
available to farmers. In conclusion, we hope that this analysis, obviously somewhat brief given the
vastness of the topic, can help those who for different purposes are concerned with the determinants
of agricultural production.
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Abstract: Abiotic stresses are currently responsible for significant losses in quantity and reduction
in quality of global crop productions. In consequence, resilience against such stresses is one of the
key aims of farmers and is attained by adopting both suitable genotypes and management practices.
This latter aspect was reviewed from an agronomic point of view, taking into account stresses
due to drought, water excess, salinity, and lodging. For example, drought tolerance may be
enhanced by using lower plant density, anticipating the sowing or transplant as much as possible,
using grafting with tolerant rootstocks, and optimizing the control of weeds. Water excess or
hypoxic conditions during winter and spring can be treated with nitrate fertilizers, which increase
survival rate. Salinity stress of sensitive crops may be alleviated by maintaining water content close
to the field capacity by frequent and low-volume irrigation. Lodging can be prevented by installing
shelterbelts against dominant winds, adopting equilibrated nitrogen fertilization, choosing a suitable
plant density, and optimizing the management of pests and biotic diseases harmful to the stability
and mechanic resistance of stems and roots.

Keywords: drought; lodging; hypoxia; salinity

1. Introduction

Crop yield and quality are the result of the interaction between a genotype’s potential expression
and the environment, which is modified by agronomic management in order to meet the objectives
of the farmer. Different genotypes have varying yield capabilities depending on their adaptation
abilities [1]. Agricultural systems are continuously evolving due to innovation in agronomic tools
and the identification of high-performance cultivars coming from traditional or biotechnological
genetic improvements [2]. Abiotic stresses such as low water availability, high salinity, high or low
temperatures, hypoxia/anoxia, and nutrient deficiency are among the major causes of crop failure.
Plants are able to perceive environmental stimuli and adapt to different environments; however, the
degree of tolerance and adaptability to abiotic stresses varies among species and varieties. Crops
exposed to abiotic stresses respond by activating defense mechanisms. Therefore, crops in an early
stage of stress do not show visible symptoms but their physiology can undergo significant changes [3].
The energy used to counteract or cope with abiotic stresses is called “fitness cost” and does not
contribute to crop production. Crops have to balance the resource allocation between productivity and
defense actions [4].

In this review, agronomic strategies aimed at optimizing the resilience of crops exposed to
abiotic stresses are covered. The work has been divided into two parts and the second part will
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be related to stress due to nutrients, high and low temperatures, and light excess or deficiency.
Every agronomic strategy presented and discussed hereafter is sustainable not only socially and
environmentally but also economically, because agriculture is an economic activity that cannot be done
without adequate remuneration.

2. Role and Impact of Abiotic Limitations to Crop Yield

The general scheme proposed in Figure 1 describes the plant response to an abiotic stress with
given features (duration, severity, etc.). The stress acts on a crop with given phenotypic characters
to result in the final effects on growth, development, and mortality rate [5]. The basic scheme of
Figure 1 is the result of a complex causal chain, which involves plant hormones and acts at the
molecular and physiological level. The knowledge of this causal chain is substantially increasing
thanks to transcriptomics, metabolomics, proteomics, and other integrated research approaches [3].
The conceptual scheme illustrated in Figure 2, widely adopted in crop yield simulation [6,7], shows crop
production as the final result of a dry matter cascade triggered by solar radiation intercepted by
plant canopies, which provides energy for the photosynthetic process.

Figure 1. Scheme of factors that determine crop response to abiotic stresses.
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Figure 2. Conceptual scheme of the cascade of energy and organic matter that links global solar
radiation and final yield. The role of abiotic stress as a rate variable that rules the conversion from
potential net assimilation (PNA) to the final biomass production (FBP) is highlighted, with global
solar radiation (GSR), photosynthetically active radiation (PAR), absorbed PAR (APAR), and gross
photosynthetic assimilation (GASS) each contributing to the outcome. Rectangular boxes are
state variables, and valves are rate variables.
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Photosynthesis gives rise to a potential production of dry matter, gradually curtailed by different
losses up to final production. Important losses occur by conversion from global solar radiation
(GSR) to photosynthetically active radiation (PAR), efficiency of photosynthesis, translocation from
photosynthetic to storage organs, maintenance and production respiration, and limitations by biotic
(pests, fungi, bacteria, weeds, and so on) and abiotic stresses (temperature, soil water excess or shortage,
nutrients, wind, etc.).

An example of a grain maize (class 700 FAO) field crop with Radiation Use Efficiency (RUE)
of 4 g of glucose per MJ of Absorbed Photosynthetically Active Rradiation (APAR) and a harvest
index (HI) of 0.6 cultivated on a flat plain at 45◦ North is useful to give an idea of the strength of
the effect of different limitations on crop production. This field received 4337.0 MJ·m−2 of GSR
in the period 1 April–30 September (data for Piacenza San Damiano, Italy—mean of the period
1993–2013); 50% of the GSR was useful for photosynthesis (PAR = 2168.5 MJ) and 80% of the PAR was
intercepted by the canopy (APAR = 1734.8 MJ·m−2). By consequence, the Gross Assimilation (GASS)
was 1734.8 MJ·m−2·4 g·MJ−1·10,000 m2·1/1,000,000 t·g−1 = 69.4 t·ha−1 of glucose.

If we consider a loss of 35% related to maintenance and production respiration and translocation
of photosynthetic products from the green organs to the storage tissues [8], there was a total net
production without limitations (Potential Net Assimilation, PNA) of 69.4 × (1 − 0.35) = 45.1 t·ha−1,
which, multiplied by HI, gives a potential net grain production of 27.1 t·ha−1. This latter value was
48% higher than ordinary production and 33% higher than the maximum production attainable in
ideal field conditions (Table 1). These gaps give an idea of the weight of biotic and abiotic stress factors
in ordinary field conditions on the Po plain (Italy). In our experience, the weight of biotic factors
(mainly effects of the European corn borer Ostrinia nubilaris and some fungal diseases) is about 15%,
as can be inferred by comparing Italian production trends with those of the USA, where GMO BT maize
largely eliminates the effects of biotic stresses from European corn borer and related fungal diseases.
As a consequence, the effect of abiotic stresses on maize yield is about 33% (15–48%) in ordinary field
conditions and drops to 18% (15–33%) in ideal field conditions (Table 1). Global values of abiotic
limitations were simulated by Mariani [8] with a physiological-process-based crop simulation model
driven by 1961–1990 monthly climate data from a global FAO dataset and applied to four crops
(Wheat, Maize, Rice, and Soybeans (WMRS)) that account for 64% of global caloric consumption
by humans. The model simulated only temperature and water limitations.

Table 1. The gap between net potential assimilation and final yield for maize cultivated in the Po valley
in Italy [8].

Maize (Class 700 FAO) Yield in Field
Conditions on the Po Plain (Italy)

Total Biomass
Production (t·ha−1)

Harvest
Index (%)

Grain Yield
(t·ha−1)

Potential net assimilation (PNA) 45.1 0.6 27.1
Ordinary farmer objective in field conditions 21.7 0.6 13

Highest yield reachable in field conditions 30 0.6 18

As stated by Mariani [8], (i) the simulation was carried out on a global map with a pixel of
0.50 × 0.50 degrees in geographic coordinates (about 60 × 60 km at the equator), (ii) thermal and
water limitations at the different latitudes were estimated only for the cells where the selected crops
were present, (iii) water limitation for rice was estimated for rainfed crops and water, (vi) thermal
limitations were obtained with suitable response curve models, and (v) the final weight of limitations
on crop production was obtained by adopting a multiplicative approach.

The results in Figure 3 show the strength of global abiotic limitation and substantially agree with
the results given by Buchanan et al. [5]. Moreover, the latitudinal distribution of abiotic limitations is
shown in Figure 4.
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Figure 3. Mean global water and temperature stress losses for the four selected crops, wheat, maize,
rice, and soybeans (WMRS) (% on potential net assimilation. PNA). Values above 1 of cumulative water
and temperature stresses are the result of non-additive effects of multiple stresses [8].

 

Figure 4. Mean latitudinal water and temperature stress for the four selected crops (WMRS).
Values above 1 of cumulative water and temperature stresses are admissible due to the non-additive
effects of multiple stresses [8].

Abiotic stresses interact not only among themselves but also with biotic stresses. For example,
a crop that has undergone abiotic stress often shows greater susceptibility to attacks from insects,
fungi, or mites, and a crop prone to these attacks shows greater sensitivity to water stress because
stomata regulation is altered. Oerke [9] provided a global evaluation of the weight of biotic stresses
due to weeds, pests, and pathogens for maize and wheat (two staple crops responsible for about
45% of global caloric intake by humans) and cotton (a commodity fundamental for the production of
consumer goods). Data from three reference periods (1964–1965, 1988–1990, and 2001–2003) showed
weights of 23.9%, 34.0%, and 28.2% for wheat; 34.8%, 38.3%, and 31.2% for maize; and 24.6%, 37.7%,
and 28.8% for cotton, respectively.The global weight of biotic stresses on yield losses was estimated to
be 70% by Boyer [10] and 13–94% by Farooq et al. [11]. Other data that illustrates both global yield
losses and the weight of abiotic stresses have been reported by Cramer [4]. All the above mentioned
estimates state the relevant gap between potential and real crop production induced by both biotic and
abiotic stresses.
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3. Soil Texture, Structure, and Field Hydraulic Arrangements

Plant resilience against abiotic stresses is at a maximum if soil conditions are suitable for plant
growth and development. Soil is a disperse three-phase system, and a medium-textured soil at a
condition considered optimal for plant growth is schematically composed (by volume) of 50% solid
matter (textural particles and organic matter) and 50% pore space. The latter is equally divided
between 25% liquid (circulating solution) and 25% gas (soil atmosphere) and an increase in liquid is
associated with a decrease in gas and vice versa [12].

A suitable presence of oxygen is crucial for growth and deployment of roots that give an easy
access to water and nutrients, and a suitable anchorage [13]. So, a relevant deviation from the
abovementioned solid–liquid–gas (slg) volume ratio caused by an excess or shortage of water or by
pore volume decrease by compaction strongly affects root growth and deployment, thus affecting
crop production [14]. Obviously, the response to unsuitable slg volume ratios is strongly influenced
by species and varieties, as testified by the case of ruderal weeds like Plantago spp. and Polygonum
aviculare that are able to colonize compacted soils.

In medium- and fine-textured soils, a volume ratio suitable for most crops is generally attained
if colloids (clay and organic matter) aggregate solid elements of texture in structural particles with
a diameter of 0.3–3 mm, giving rise to a so-called granular structure, with pores characterized by
a 50–50 ratio between macropores (large soil pores generally greater than 0.08 mm in diameter,
which, after a saturating rainfall or irrigation, are rapidly drained and re-occupied by air) and
micropores (small soil pores with diameters less than 0.08 mm that are mainly found within structural
aggregates) [15].

As stated by Valentine et al. [16], who worked on 34 farms located in eastern Scotland that
represented a wide range of soil types, textures, crop rotation, and farm management practices,
root elongation was directly correlated with the volume of large pores (60–300 μm) and inversely
correlated with penetrometer resistance. More specifically, root elongation was enhanced by
low-resistance macropores, which overcome mechanical impedance due to the strength of the bulk soil
and are limited by hypoxia (or some combination of hypoxia and soil strength) if the rate of oxygen
diffusion to the root surface is too low.

Degradation of the granular structure towards structural states less favorable to crops
(columnar, blocky, prismatic, massive, etc.) can result from various natural and man-made factors
such as the effect of heavy rain on naked soil or the effect of preparatory or tillage carried out under
unfavorable conditions of soil water content. Particularly damaging are field activities carried out with
excessive soil water content. This explains, at least in part, the importance of hydraulic agricultural
systems that aim to avoid excessive water due to rainy or saturated irrigation or high ground.

A fundamental presupposition to reach and maintain the granular structure is to avoid soil water
excess; this can be attained by means of suitable soil field hydraulic arrangements. The basic rules
for the field management of precipitation are that (1) soil water reservoir must be refilled until field
capacity, (2) water excess must be quickly removed from field because it is harmful to most crops, and (3)
the speed of this removal must be compatible with the need to avoid harmful erosion phenomena.
Field hydraulic arrangements (ditches and drainage systems) should follow these general rules.
According to Bonciarelli [17], primary field ditches should be sized with reference to the heavy and
frequent rainfall that was quantified for Italy at 50/70 mm in 24 h, which means a reference volume
for primary field ditch volumes of 250 to 350 m3·ha−1. This basic volume should be significantly
reduced for very permeable soils. A quantitative analysis carried out by Mariani et al. [18] on rainfall
data of 98 stations from throughout Italy, which mainly belongs to the Köppen-Geiger climate types
Csa and Cfa, taking into account the 8th absolute 24 h rainfall maximum for the 1993–2012 period,
highlighted that most of the territory needed a ditch volume of 250 to 350 m3·ha−1, as indicated by
Bonciarelli [17], with some significant exceptions.
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Table 2 lists factors that determine the conservation and improvement of granular structures.
Minimum tillage and no tillage aim to promote the self-healing capacity of soils [19–21] and are
particularly effective in soils with a sufficient content of good-quality clays.

A significant improvement of structure is also observed with soil organic or inorganic
mulching [22] and with soil tillage carried out at a moisture content that maximizes the number
of small aggregates [23]. Granular structure can be maintained or enhanced by amendments with
organic matter like manure, slurry, compost, crop residues [24,25], or macromolecule polymers acting
as soil conditioners [26,27]; or by mixing two or more soil layers in order to reach a more equilibrated
texture [28]. Amendments improve soil physical properties, including increasing the content of
water-stable aggregates, improving soil porosity and soil penetrability, improving water retention,
decreasing soil bulk density and evaporation, and decreasing runoff amount and velocity.

Significant effects on soil structure are played by different tillage systems (moldboard ploughing,
minimum tillage, or no tillage systems) with significant effects on macro- and microporosity.
For example, Pagliai et al. [19] showed that minimum tillage significantly increased macroporosity,
giving rise to a higher hydraulic conductivity and a less pronounced tendency to form a surface crust.
Similar effects were highlighted for tropical soils under a no tillage system for 12 years [21].

Soil degradation factors are also listed in Table 2. Soil degradation due to rain [29] first involves
the splash erosion that occurs when raindrops hit bare soil and is followed by runoff with sheet
erosion (soil removal in thin layers by shallow surface flow), rill erosion (shallow drainage lines less
than 30 cm deep), gully erosion (channels deeper than 30 cm that cannot be removed by normal
cultivation), and tunnel erosion, which occurs when surface water moves into and through dispersive
subsoils [30,31].

Heavy traffic of agricultural machinery is responsible for surface and subsurface soil
compaction [28,32], which can be prevented by the adoption of machinery tracked or wheeled with
low-pressure tires.

A relevant soil degradation factor is given by freezing–thawing cycles [33], such as the triggering
factor for the peculiar type of gully erosion (named “calanchi” in Italian) that is typical of the Apennine
clayey hills. The “calanchi” are more frequent in slopes exposed to the south, which are prone to
freezing–thawing cycles.

Table 2. List of factors that determine conservation and improvement or degradation of granular
soil structure.

Structure Conservation and Improvement Factors Structure Degradation Factors

Self-healing capacity of soils [20]
Organic or inorganic soil mulching [22]
Minimum tillage and no tillage [19,21]
Tillage at moisture content at which the largest
number of small aggregates is produced [23]
Amendments:
- organic matter (e.g., manure, slurry,
crop residues) [24,25]
- soil conditioners (polymers) [26,27]
- mixing of two or more soil layers in order to reach a
more equilibrated texture [28]

Impact of rain and irrigation drops on bare soil
surface [29]
Runoff effect of rain and irrigation [29]
Heavy traffic of agricultural machinery with
high-volume pneumatics [28,32]
Clods’ exposure to freezing–thawing cycles [33]

4. The Impacts of Individual Stress Factors on Crops

4.1. Hypoxia/Anoxia Stress

Crops exposed to limited oxygen conditions must modify their physiology, biochemistry,
and transcript profiles to adapt to stressful environments. Crop adaptability can allow survival
if exposed to extreme environments or adverse seasons. Several physiological pathways are
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modified or activated, and many others are repressed [34], to allow plant survival. Specific stress
activates a target gene or cluster of genes that may work as signals for cascade activation events
and secondary responses [35]. Hypoxia or anoxia is quite a common event that can occur
during plant life. During rainy seasons, plants can undergo long periods of flooding and suffer
from waterlogging. However, waterlogging can also occur after excessive irrigation in soils with
poor drainage. Crops under flooding conditions suffer from low oxygen availability at the root level,
which causes a reduction of oxygen in tissues and leads to hypoxia/anoxia responses. In agriculture,
oxygen limitation can cause a reduction in crop yield [36]. In fact, yields can dramatically decline after
a long period of waterlogging: damages depend on adaptability to hypoxic conditions, soil properties,
and drainage. In general, surviving oxygen deprivation depends on which plant tissue type is involved,
the developmental stage, and the genotype, as well as the severity and duration of the stress light
levels and temperature [37].

The agronomic strategies that can be applied to avoid flooding during the winter provide adequate
drainage and soil arrangements, especially where there are structural problems [38]. Another important
strategy is nitrate supply. Nitrate fertilization is quite uncommon in winter as plants have low
metabolic activity and the frequent rain can increase the nitrate leaching. However, it has been proven
that nitrate supply increased plant survival during the winter. Subsequently, several experiments
demonstrated that increasing nutrient supply in waterlogged wheat increased plant growth and
performance [39]. Among the different nutrients, the most important was nitrogen and, in particular,
nitrate. In experiments on tomatoes, plants exposed to oxygen deprivation had delayed anoxia
symptoms if nitrate was supplied [40]. The main role is not played by nitrate but the nitrate
reductase enzyme. This enzyme in hypoxia conditions has been demonstrated to be involved in
NO formation, which plays an important role in the hemoglobin oxygenation/reduction cycle [41].

4.2. Drought Stress and Dry Farming

Drought can drastically reduce crop productivity, especially if it occurs in the most critical
stage of plant development. The crop tolerance to water stress depends on the ability of the plant to
undergo physiological, biochemical, and morphological changes to enhance water use efficiency (WUE).
Crop physiology is regulated by soil water availability and environmental conditions. With optimal
soil water availability, plant transpiration is regulated by environmental variables around the leaves.
The reduction of water in soil induces in the plant a regulation of the transpiration rate by reduction of
stomatal conductance to equilibrate the amount of water uptake and maintain the crop water balance.
It means that crops absorb and transpire the same amount of water; in this situation, soil water
availability defines the crop yield. The prolonged decline of water availability induces the plant to
produce compounds that enhance crop tolerance. Water movement occurs along gradients of water
potentials so during drought conditions, crop plants accumulate osmolytes that are used for cell
osmoregulation or osmotic adjustment that maintain water uptake [42]. Plants adapted to low water
availability also show (i) morphological changes such as reduced leaf area and increased root biomass
for exploring a wide volume of soil to find water, and (ii) phenological changes due to the need to
reach maturity or ripening as the primary goal. The reduction of water availability induces several
physiological and metabolic changes that lead plants to invest their energy to modify their morphology
or produce osmolytes, but that reduce yield.

Only a quarter of land receives enough rain to meet crop water requirements. This explains the
birth [43] of dry farming, an ensemble of cropping practices that can be adopted in areas without
irrigation and where the annual average precipitation is between about 250 to 500 mm, or where
rainy events are highly discontinuous and concentrated in limited periods of the year, as for example
in Mediterranean environments (Csa type of Köppen-Geiger climate classification), where less than
30% of yearly precipitation falls during the summer. In the Mediterranean, water availability during
the summer is often the main limiting factor for agriculture. The water shortage reduces yields
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and production can be only achieved by using efficient agronomic water management strategies,
while climate variability and change have resulted in more sustainable management of water resources.

Dry farming aims in particular at the conservation of water resources by enhancing the storage of
useful water in the soil reservoir and limiting water consumption. These objectives can be achieved by
increasing the storage of water useful for crops in the soil reservoir, increasing the depth of the soil
layer explored by roots, reducing water loss from the soil reservoir, and improving the crop Water Use
Efficiency—WUE (water consumption per unit of dry matter produced).

Increased water storage for crops in the soil reservoir can be obtained in the following ways:

- adopting hydraulic arrangements that slow down the speed of surface water runoff and allow
water penetration into soil, refilling the underground water reservoir. The infiltration of surface
water can also be enhanced by appropriate tillage (e.g., by surface tillage that increases the
roughness of the soil). Different tillage methods have a different effect on soil porosity and
water infiltration. Ploughing to the depth of 20 cm is the tillage system that gives the highest
porosity and water storage capacity, while the lowest was obtained in no-tillage systems [44];

- enhancing the drainage of infiltrated water in order to reach the entire profile explored by roots
(e.g., by deep tillage carried out with rippers);

- favoring seasonal flooding of soils by water courses;
- catching runoff water and directing it towards compliant areas suitable for agriculture.

The depth of the layer explored by the roots can be increased in the following ways:

- breaking waterproof or compacted layers by means of ripping or ploughing;
- intervening with drainage or filled ditches to contain the winter rise of the water table, which

imposes on crops a superficial root system, enhancing their sensitivity to summer drought.

The soil reservoir can be enhanced by:

- adopting management practices useful for promoting a granular structure with a good
equilibrium between macro- and microporosity;

- increasing soil organic matter with organic fertilizers or green manure (the positive effect of
organic matter on the soil reservoir is more significant in sandy soils or clay soils with low-quality
clays—kaolinite). Organic matter increases the water storage ability of soils. Therefore, higher
organic matter concentration means higher water availability for a crop [45];

- adjusting soil texture by mixing surface horizons with excess of sand with lower layers
richer in clay (the presupposition for this activity is a suitable analysis of the soil profile and
horizon distribution);

- adopting fallow techniques (field plowed and harrowed but left unseeded for one year) aimed
at accumulating water in the soil during the “rest” period. For example, the biennial rotation
fallow—wheat can be a solution for crop areas where yearly rainfall is insufficient for continuous
cultivation. In this context, while the naked fallow should be avoided due to erosion problems
and negative impacts on humus content, the most rational form of fallow is that of early autumn
plowing (before the rainy season) and superficial work (harrowing) during the following spring
and summer, whenever the soil appears encrusted or covered by weeds that waste a relevant
quantity of water.

The loss of water from the soil reservoir can be limited by:

- minimizing tillage works (minimum tillage, sod seeding) in order to limit water evaporation
from clods exposed to air. Superficial tillage usually limits water losses through evaporation
since the capillarity is interrupted and water does not reach the soil surface. Water evaporation
can be 70% higher in untilled soils compared with conventional ones [45].
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- breaking the soil surface layer or soil crust by means of light soil work (harrows or weeders)
in order to eliminate soil cracks that increase the exchange surface with the atmosphere and to
interrupt the continuity between soil and atmosphere, reducing water flow towards this latter.

- implementing rational control of weeds, which are strong competitors for water. This is very
important during the early stages of the crop cycle and the most critical phases in terms of the
water deficit;

- reducing evaporation and transpiration loss through shading, windbreaks, mulching,
and anti-hail nets. For example, on tendon-grapevines in Apulia (Italy), plastic films and/or
anti-hail nets are used as cover in order to anticipate or delay the harvest and to reduce respiratory
losses thanks to the shading effect and the limitation of the transpirational flow. Mulching with
plastic or biodegradable films is commonly used in vegetable production to reduce water losses
by evaporation and irrigation requirements [46,47]. A reduction of 45% of water need has
been demonstrated with combined drip irrigation and mulching, in comparison with overhead
sprinkler systems [48].

- using antitranspirants (mostly restricted to nurseries, to avoid excessive transpiration in newly
transplanted crops). Antitranspirants are wax or plastic compounds that create a film on
the leaves, covering the stomata. The effect is the reduction of water losses by transpiration
and the reduction of photosynthesis, which means lower water use and improved tolerance of
crops to drought stress [49]. Recent studies report that an antitranspirant sprayed on soybeans
under a regular or low irrigation rate was able to improve WUE, acting on stomata and leaf gas
exchange [50].

- adopting increased distances between rows and along the row in sowing and transplanting,
reducing plant density and competition among plants;

- performing pruning or leaf removal in order to reduce the leaf area index;
- implementing a rational use of fertilizers. In this context, organic fertilization is generally useful

for positive effects on soil water retention, and phosphate fertilization is often useful because
it stimulates radicle growth, while nitrogen fertilization should be limited to avoid increasing
concentrations of the circulating solution with greater difficulty in water supply for plants;

- delivering the water supply strictly needed to restore the useful water soil reservoir;
- choosing more efficient irrigation techniques (considering efficiency to be the ratio between water

transpired by a crop to water distributed into the field, the mean efficiency is about 80–90%
for drip, subsurface, center pivot or linear irrigation, 60–70% for sprinkler irrigation, and 30–40%
for surface irrigation).

- selecting species and varieties so that the stage of maximum sensitivity to water stress does not
coincide with the period of maximum dryness for the selected environment;

- choosing early sowing that enhances deep soil colonization by roots and in some species/varieties
anticipates harvest. In this sense, autumn sowing is preferable for winter crops (wheat, barley, oat,
canola, etc.) while early spring sowing is preferable for summer crops. This choice is obviously
suitable only for zones that are not prone to frost risk or where early sowing is compatible with
the harvest of previous crops;

- using biostimulants that can improve root development or enhance the biosynthesis of osmotic
compounds [51]. These metabolites are able to improve crop tolerance and include plant
hormones (abscisic acid) proline, sugars, amino acids, etc. The application of biostimulants
can be carried out by soil drench or spray.

WUE can be enhanced by a suitable choice of crop species and varieties. An example is soft
wheat (Triticum aestivum L.), in which the selection of varieties for the European environment led
to varieties suitable for Mediterranean or transitional climates (Csa and Cfa of the Köppen-Geiger
climate classification) with the length of the flowering–ripening period reduced with respect to that of
varieties suitable for Oceanic environments (Cfb of Köppen-Geiger). Other examples are grapevine
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rootstocks from Vitis rupestris Scheele, which are more resistant than those of Vitis Riparia Michx.,
and sorghum (Sorghum bicolor L.), which in environments prone to drought is preferred to maize
(Zea mays L.) because it is able to resume vegetation without excessive production damage after a
drought event.

4.2.1. Precision Farming and Variable-Rate Irrigation

Soil water content is crucial for managing irrigation and can be measured by means of suitable
sensors [52,53] or estimated by water balance models based on the continuity equation (conservation of
water applied to the soil reservoir). These technologies allow for selecting irrigation time and volumes.

In recent years, these tools have been used to drive variable-rate irrigation (VRI) [54], which allows
for the distribution of different amounts of water in different parts of the same field as a function of
soil and crop heterogeneity. This approach can be particularly important for fields characterized by
a high variability of soil characteristics (texture, structure, depth, and fertility). In these situations,
the combination of precision farming and VRI can reduce water losses and improve the WUE of
field crops.

4.2.2. Grafting as an Agronomic Tool to Improve Drought Tolerance

WUE can also be improved by means of suitable rootstocks The increase of WUE in plants by
grafting can be a reliable agronomic strategy for enhancing crop adaptation and performance in dry
environments and, in the past, grafting was widely used in vegetable crops to limit the effects of soil
pathogens [55]; more recently, it has been used to induce tolerance against abiotic stresses, such as
organic pollutants [56], boron and salinity [57,58], and thermal and water stress. About this latter, it has
been shown that the grafting of scions susceptible to water stress onto tolerant rootstocks increased
the resistance of grafted trees to this stress [59,60]. Sanders and Markhart [61] have shown that the
osmotic potential of dehydrated scions of grafted beans (Phaseolus vulgaris L.) was determined by
the rootstocks, while the osmotic potential of non-stressed scions was governed by the shoot [60].
Drought tolerance, provided by either the rootstock or the scion, resulted in enhanced nitrogen fixation
in soybeans (Glycine max L.) [61]. Other grafting experiments on the effect of drought on fruit crops,
such as kiwis and grapes, proved that drought-tolerant rootstocks are available and useable under
commercial conditions [62,63]. In contrast, only a few studies exist with grafted fruit vegetables.
Because eggplants are more effective at water uptake than tomato root systems, it could be useful to
study the effects of their grafting on WUE under water-stress conditions. Grafting mini-watermelons
onto a commercial rootstock (PS 1313: Cucurbita maxima Duchesne × Cucurbita moschata Duchesne)
revealed a >60% higher marketable yield when grown under conditions of deficit irrigation compared
to non-grafted melons [64].

In response to water stress, the hormone that serves as a link between the rootstock and scion
seems to be abscisic acid (ABA), as observed in different species such as Citrus sp. [65] and Vitis sp. [66],
but also in cucumber grafts on luffa (Luffa sp. Mill. 1754) [67]. Grafting experiments with ABA-deficient
mutants of tomato showed that stomata can close independently of the leaf water status, suggesting
that there is a chemical signal produced by the roots that controls stomata conductance [68]. Therefore,
the selection of rootstocks with adequate biosynthesis and perception of the ABA could improve the
efficient use of water and the drought tolerance of many horticultural varieties. Since Cucurbita is
one of the genera most used as rootstocks of different species of Cucurbitaceae (watermelon, melon,
cucumber), the identification of mutants with a greater ability to synthesize ABA, or hypersensitivity
to ABA, could improve tolerance to plant water stress. This increase in ABA biosynthesis also occurred
in ethylene-insensitive mutants [69]. On the other hand, it is known that ABA function in the closure
of the stomata is mediated by Reactive Oxygen Species (ROS) production [70]. Therefore, used as
rootstocks, ethylene-insensitive and ROS-tolerant mutants could also improve water stress tolerance
of vegetables, including post-harvest dehydration of fruit.
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4.3. Salinity Stress

Soil salinity is determined by the accumulation of soluble salts, which mainly include Cl−, SO4
2−,

HCO3
−, Na+, Ca2+, and Mg2+. The accumulation of these ions derives from low-quality irrigation

water and poor soil drainage [71]. Salinity reduces plant growth and yield when the concentration of
salts reaches 4 dS/m. The reduction of growth and yield depends on crops’ tolerance (Table 3).

Table 3. Tolerance thresholds expressed as electric conductivity (EC) and critical EC values for yield loss.
Tolerance degree expressed as: S = sensitive; MS = moderately sensitive; MT = moderately tolerant;
T = tolerant [72].

Vegetable Crops

Soil Salinity Salinity in Irrigation Water

ToleranceThreshold
(CEe) (dS·m−1)

Slope
(%/dS·m−1)

Yield 0%
(dS·m−1)

Threshold (CEi)
(dS·m−1)

Slope
(%/dS·m−1)

Yield 0%
(dS·m−1)

Artichoke (Cynara scolymus L.) 4.8 10.9 14 2.7 14.4 9.6 MT

Asparagus (Asparagus
officinalis L.) 4.1 2 54.1 2.7 3.0 36 T

Bean (Faseolus vulgaris L.) 1 19 6.3 0.7 28.5 4.2 S

Broad bean (Vicia faba L.) 1.6 9.6 12 1.1 14.5 8 MS

Broccoli (Brassica oleracea var.
italica Plenck) 2.8 9.2 13.7 1.9 13.8 9.2 MS

Brussels sprouts (Brassica oleracea
var. gemmifera DC.) - - - - - MS

Cabbage hood (Brassica oleracea
var. capitata L.) 1.8 9.7 12.1 1.2 14.6 8.1 MS

Carrot (Daucus carota L.) 1 14 8.1 0.7 21.0 5.5 S

Cauliflower (Brassica oleracea L.
var. botrytis L.) - - - - - - MS

Celery (Apium graveolens L. var.
dulce [Mill.] Pers.) 1.8 6.2 17.9 1.2 9.3 12 MS

Cowpea (Vigna unguiculata [L.]
Walpers subsp. unguiculata) 4.9 12 13.2 3.3 18.2 8.8 MT

Cucumber (Cucumis sativus L.) 2.5 13 10.2 1.7 19.5 6.8 MS

Eggplants (Solanum melongena L.) 1.1 6.9 15.6 0.7 10.3 10.4 MS

Funnel (Foeniculum vulgare Miller
var. azoricum [Mill.] Thell.) 1.5 15 8.2 1.1 18.0 6.7 MS

Garlic (Allium sativum L.) 1.7 10 11.7 1.1 14.9 7.8 MS

Lettuce (Lactuca sativa L.) 1.3 13 9 0.9 19.5 6 MS

Melon (Cucumis melo L.) 1 8.4 12.9 0.7 12.7 8.6 MS

Onion (Allium cepa L.) 1.2 16 7.5 0.8 24.0 5 S

Pea (Pisum sativum L.) - - - - - - S

Pepper (Capsicum annuum L.) 1.5 14 8.6 1.0 21.0 5.8 MS

Potato (Solanum tuberosum L.) 1.7 12 10 1.1 18.0 6.7 MS

Radish (Raphanus sativus L.) 1.2 13 8.9 0.8 19.5 5.9 MS

Rapa (Brassica rapa L. var. rapa) 0.9 9 12 0.7 13.5 8.1 MS

Spinach (Spinacia oleracea L.) 2 7.6 15.2 1.3 11.4 10.1 MS

Straberry (Fragaria x
ananassa Duch.) 1 33 4.0 0.7 49.5 2.7 S

Swiss chard (Beta vulgaris L. var.
conditiva Alef.) 4 9 15.1 2.7 13.5 10.1 MT

Tomato (Lycopersicon
esculentum Mill.) 2.5 9.9 12.6 1.7 15.0 8.4 MS

Water melon (Citrullus lanatus
[Thunberg] Matsumura et Nakai) - - - - - - MS

Zucchini (Cucurbita pepo L.) 4.7 9.4 15.3 3.1 14.1 10.2 MT

High salinity is often a problem in areas located along the sea, especially in Mediterranean
areas with intensive agriculture [73] and, in particular, for vegetable farms. Vegetable crops
usually have short production cycles and require substantial amounts of water in short periods,
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increasing salinity problems. The majority of high salinity soil and irrigation water occurs in
summer because the reduction of water availability increases seawater infiltration in the groundwater.
In these conditions farms that use underground water pumped from soils for irrigation increase
seawater infiltration. It has been estimated that half of irrigated agricultural lands are affected
by salinity.

Agronomic strategies to reduce salinity stress during cultivation can act on soil or crops. At the
soil level, the simplest strategy is to maintain high water availability, with frequent irrigation if possible.
It is important to use irrigation systems with high efficiency, such as drip irrigation. The reduction of
soil water content increases the salt concentration and crops suffer from osmotic stress. Summer is the
most critical period for salinity stress; usually increased plant survival can be obtained by calcium
nitrate or chloride [74]. The application of calcium has a beneficial effect on both the soil structure and
plant tolerance. The calcium ions move the sodium ions from soil colloids and these can be leached
by irrigation. The same effect can be reached by magnesium application. The mitigation effect is
considered in the calculation of the sodium adsorption rate (SAR), which takes into consideration the
concentration of sodium, calcium, and magnesium, in the following equation:

SAR =
Na+√

Ca2++Mg2+

2

. (1)

Therefore, fertilizers containing calcium and magnesium in sodic soils improve the structure of
soils and provide a better environment for roots and plant growth. At the crop physiology level,
cytosolic calcium inhibits sodium channels in membranes, called salt overlay sensitivity (SOS),
and reduces salt accumulation in the cells, alleviating salinity stress. The mutation of a gene encoding
for a SOS plasma membrane Na+–H+ antiporter increased salt sensitivity, while the overexpression of
this gene increased salt tolerance [75]. Moreover, nitrates, if calcium nitrate is used, are in competition
with sodium ions for accumulation in the vacuoles. Therefore, the supply of nitrates may reduce
salt uptake. However, this particular aspect needs further investigation.

Positive effects have been reported for the application of plant growth-promoting bacteria (PGPB)
in increasing crop tolerance to salinity [76]. The mechanism of action has not been elucidated yet
but it seems that the bacteria help the roots avoid the excessive uptake of sodium. An analogous
effect can be obtained using arbuscular-mycorrhizal fungi, which can improve the uptake of mineral
nutrients and reduce salt stress, enhance osmotic adjustment, and have a direct effect on plant
hormone biosynthesis. The application of Glomus species in lettuce stressed with sodium chloride
improved photosynthetic activity, stomatal conductance, and WUE [77].

4.4. Lodging

The process by which shoots of winter or summer cereals are displaced from their vertical
orientation is named lodging. In cereals such as wheat and barley, lodging is most likely to occur
during the two or three months preceding harvest, usually after ear or panicle emergence, with the
result that shoots permanently lean or lie horizontally on the ground. Lodging can be caused by the
buckling of stems (stem lodging) or displacement of roots within the soil (root lodging) [78]. In stem
lodging, roots are held firm in a strong soil where the wind force buckles one of the lower internodes
of the shoot. Root lodging becomes more likely when the anchorage strength is reduced by weak soil
or poorly developed anchorage roots. The effect is a reduction in crop yield by up to 80%, with further
losses in grain quality, greater drying costs, and an increase in the time taken for harvesting [79].

The main factors that contribute to the lodging process are strong winds (e.g., foehn winds or
downbursts associated with thunderstorms), heavy rain, crop pests (e.g., Diabrotica vergifera larvae bore
deep into the roots, destroying them and giving rise to root lodging), diseases (e.g., fungal diseases that
attack the basal part the stems of winter cereals give rise to stem lodging), and an excess of nitrogen
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fertilization (nitrogen enhances the vegetative growth of stems, with excessive elongation associated
with a lower elasticity and increased weakness).

Lodging can be prevented by installing shelterbelts against dominant winds, adopting an
equilibrated nitrogen fertilization, choosing a suitable plant density, and optimizing the management
of pests and biotic diseases harmful to the stability and mechanic resistance of stems and roots.
The lodging risk for crops can also be reduced by the introduction of semi-dwarf varieties (e.g., the
wheat varieties produced by Nazareno Strampelli and Norman Borlaug in the 20th century) or by the
adoption of plant growth regulators (PGRs).

Wind breaks are barriers given by plantations (trees and shrubs) or non-living material
(walls, fences and so all), established in order to protect field crops from dominant winds. A crucial
decision in order to optimize the effect of windbreaks is influenced by their porosity, because a very
dense or low-density row of trees have low effectiveness, while the most effective are medium-density
rows [80]. Numerous studies describe the effect of wind breaks on various atmospheric variables
such as temperature (for example, the risk of frost can be increased) and evapotranspiration.
Furthermore, shelter belt plantations show a more or less strong competition with crops for light,
water, and nutrients [64]. All these effects, which are generally a function of the distance from the
windbreak, should be considered in the design of these artifacts.

5. Conclusions

This review discussed agronomic strategies that can be adopted to cope with the effects of abiotic
stress on crops, offering a series of ideas based on suitable cultivation techniques. Often defense
against abiotic stress is only sought at the genetic level by the identification of tolerant genotypes.
This is a correct approach, but agronomic tools can often offer an adequate and rapid solution for
reducing crop yield losses. The interaction between genetics and management was a crucial factor of
the 20th-century green revolution and is destined to receive increasing attention in the coming years
due to the need to increase global agricultural production while respecting the quality requirements of
the market. Agronomic management strategies have been considered static for a long time and have
not been adequately reconsidered for controlling crop performance. Instead, agronomic management
has to be continuously revised, considering innovations in crop tolerance and genetic improvements.
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