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 Summary
Introduction  –  In the subtropics, pineapple [Anan-

as comosus (L.) Merr.] can be grown in plastic green-
houses to avoid low temperature, which is the main 
limiting factor to production outside of the tropics. 
Foliar water application and subsequent evaporative 
cooling can help avoid excessive leaf temperatures in 
greenhouses during the hot seasons. The effects of fo-
liar versus soil irrigation on ecophysiology, leaf anat-
omy and leaf temperature of pineapple in protected 
culture were tested to determine if the crop could re-
ceive sufficient irrigation to avoid plant stress solely 
from misting the foliage. Materials and methods  –  Rel-
ative water content, relative chlorophyll content, 
normalized difference vegetation index, membrane 
stability, and cross sectional leaf anatomy were mea-
sured at periodic intervals. Pineapple plants were 
subjected to soil irrigation, misting and drought. 
At the beginning and at the end of the experiment, to-
tal leaf area, plant biomass and assimilate partition-
ing to leaves, stems and roots were measured. Results 
and discussion  –  The normalized difference vegetation 
index revealed differences among treatments after 
fifteen days without irrigation. Pineapple plants en-
dured thirty days of water stress without membrane 
damage. Plants irrigated by applying water only to 
the leaves did not receive adequate water amounts 
and showed similar signs of drought stress as those 
of the non-irrigated treatment. Conclusion  –  Based on 
ecophysiological, anatomical and growth responses, 
soil water application alone is sufficient for avoiding 
water stress and excessively high leaf temperatures 
of pineapple plants grown in protected culture in 
the subtropics, whereas only misting the leaves does 
not provide adequate water supply to prevent water 
stress.
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Significance of this study
What is already known on this subject?
•	 Pineapple plants exhibit phenotypic plasticity in the 

anatomical structure of their leaves in different grow-
ing conditions.

What are the new findings?
•	 Pineapple plants endured thirty days of water stress 

without membrane damage. Soil water application 
alone is sufficient for avoiding water stress of pineap-
ple plants grown in protected culture in the subtrop-
ics.

What is the expected impact on horticulture?
•	 The water supply solely by soil application in pineap-

ple crops in protected culture maintains plant growth 
and prevents excessively high leaf temperatures 
during hot seasons in subtropical regions.

 

Introduction
Pineapple [Ananas comosus (L.) Merr. var. comosus] is 

a perennial tropical herbaceous plant in the Bromeliace-
ae family. It is the most economically important species of 
this family and grown commercially in many tropical and 
subtropical countries (Botella and Smith, 2008). Climate 
affects the productivity and quality of pineapple fruit. Crop 
development occurs in areas with temperatures from 18 to 
45 °C, with the optimum between 21 and 27 °C. Low tem-
perature is the main limiting factor for the development of 
this crop. Growth is delayed between 10 and 16  °C (Car-
valho et al., 2005). Protected culture under plastic cover 
(greenhouses) can eliminate the potential for low tempera-
ture stress. However, management strategies for commer-
cial pineapple production in protected culture still require 
studies to optimize plant growth and yield.

Several studies have evaluated greenhouse produc-
tion of pineapple in the subtropical province of Corrien-
tes, Argentina. One of these studies found that pineapple 
plants grown under plastic cover produce fruits earlier 
than plants grown in the field (González Leguizamón et al., 
2013). However, final fruit size was smaller in protected 
culture compared to that of the same variety in the field. 
Therefore, it is necessary to adjust cultivation techniques to 
get plants with higher biomass at the time of floral induc-
tion and hence the production of larger fruits as there is a 
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direct relationship between plant and fruit sizes (Py, 1969). 
Pineapple plants exhibit phenotypic plasticity in the anatom-
ical structure of their leaves, with differences between green-
house-grown and field-grown plants. In protected culture, 
there is often a greater dry matter accumulation of pineap-
ple than in the field, probably associated with environmen-
tal conditions in the greenhouse, such as high relative air 
humidity, which effects leaf physiology and net carbon as-
similation (Ebel et al., 2016). Plants with crassulacean acid 
metabolism (CAM), such as pineapple, minimize water loss 
through nocturnal carbon assimilation when temperatures 
are low, which is reflected in low evapotranspiration (Wai et 
al., 2017). The mesophyll of pineapple leaves is composed of 
two clearly differentiated zones: a dark zone formed by chlo-
rophyll parenchyma where the vascular bundles and fibrous 
caps (sclerenchyma) are located, and a clear area composed 
of aquiferous parenchyma that is a natural reservoir of water 
in the leaves (Derwidueé and González, 2010).

Many species in the Bromeliaceae are epiphytic and ob-
tain water and nutrients by surface absorption via numerous 
multicellular trichomes covering the leaves and stem (Mar-
tin, 1994; Poczai and Hyvönen, 2017). In terrestrial species, 
such as pineapple, trichomes are tiny hair-like structures 
that surround the stomata (Lobo et al., 2017); the leaf archi-
tecture is well suited for collection of heavy dew that con-
denses on leaves and drains into the leaf whorl. At the base of 
the leaf whorl, water is absorbed by axillary roots, which de-
velop in response to water and nutrients in leaf axils, and leaf 
trichomes (Sakai and Sanford, 1980). Py (1969) noted that 
trichomes at the base of pineapple leaves play an important 
role in water absorption. There is little published informa-
tion on the effects of water deficit on vegetative growth, flow-
ering or fruiting of pineapple (Carr, 2012).

As with other members of the Bromeliaceae, misting of 
the leaves may be an effective method of water delivery that 
also can serve to prevent leaf overheating through evapora-
tive cooling (Shen and Chen, 2012). In the subtropics, tem-
perature inside the greenhouse may reach 43 to 45  °C at 
summer middays, resulting in overheating of the leaves. The 
most efficient method of applying water and maintaining 
leaf temperature to avoid stress of pineapple plants grown 
in protected culture has not been elucidated yet. The hypoth-
esis of this study was that pineapple plants can receive suf-
ficient water supply to avoid stress solely from misting their 
foliage. To test this hypothesis, we compared foliage misting 
with soil water application on the ecophysiology, leaf anato-
my and temperature, and growth of pineapple plants in pro-
tected culture in the subtropics.

Materials and methods
The experiment was conducted at the Experiment Station 

of the Faculty of Agricultural Sciences, Universidad Nacional 
del Nordeste in Corrientes, Argentina (lat.: 27°28’27”S, long.: 
27°28’27”, 70 m a.s.l.) in a greenhouse (5.5  m high × 25  m 
long × 8 m wide) with a 150 μm thick polyethylene covering 
(Agrotileno, IPESA & Rio Chico S.A., Buenos Aires, Argenti-
na). The greenhouse was ventilated manually opening the 
side panels when air temperature exceeded 23 °C; minimum 
greenhouse air temperature was above 0 °C during the entire 
experiment. Temperature and humidity were recorded using 
datalogger sensor (DAF-10 Data-Logger, Schwyz, China).

Pineapple plants of cultivar Smooth Cayenne were grown 
from 500–600 g suckers during six months before beginning 
the experiment to allow adequate root development. Plants 
were then transplanted into 5-L plastic pots containing Grow 

Mix Multipro® medium which is composed by peat moss at 
85% to 90% (Terrafertil, Buenos Aires, Argentina).

Plants were divided into three treatments: 1) Water ap-
plied directly to the soil (Soil Irrigation), 2)  Misting leaves 
without applying water to the soil (Misting), and 3) No wa-
ter applied (Drought). Little or no water dripped from the 
leaves to the soil in the Misting treatment. In the Soil Irri-
gation treatment, the soil water content was measured daily 
with a thermohygrometer (Hygrotherm, TFA, Germany) and 
water was applied manually so that the soil water content re-
mained at field capacity. In the Misting treatment, water was 
applied individually to leaves of each plant to the drip point 
by misting the foliage with a hand-sprayer taking care to 
ensure that little water (no more than a few drops) dripped 
from the leaves to the soil. The experiment was arranged as 
a completely randomized design with a sufficient number of 
plants to allow destructive sampling over time with three 
replicates per treatment at each sampling time.

For plant ecophysiology measurements, four fully elon-
gated leaves, referred to as ‘D’ leaves (Py, 1969), were har-
vested from each replicate. Relative water content (RWC) 
was determined by removing a 2  cm2 disc from the centre 
of the leaf, measuring its fresh weight (FW), submerging it 
in water for 8 h and measuring its turgid weight (TW). The 
leaf disc was then dried at 70 °C to a constant weight and dry 
weight (DW) was determined. The RWC was calculated as:

RWC (%) = (FW - DW) / (TW - DW) × 100.

The leaf chlorophyll index (LCI) was determined with a 
SPAD meter (model 502, Minolta Inc., Osaka, Japan) from five 
leaves per replicate.

The normalized difference vegetation index (NDVI), cal-
culated as the ratio of intensities in the visible and near in-
fra-red wavelengths of the electromagnetic spectrum, was 
determined in real-time with a GreenSeeker® Handheld Crop 
Sensor (Trimble Ag Field Solutions, Sunnyvale, CA, USA).

The membrane stability index (MSI) was determined as 
described by Sullivan (1972), whereby the electrical con-
ductivity of a solution of deionized water containing a 2 cm2 
leaf disc was determined with a portable conductivity meter 
(AD-31 EC/TDS, Adwa Kft., Romania).

Leaf samples were collected for anatomical analyses at 
the beginning of the experiment and after 15, 30 and 45 days 
(the last day of the experiment). The central portion of the 
leaf was treated with histological fixative (FAA: 70% ethanol, 
formaldehyde and acetic acid, 90:5:5) and 15 to 25-μm thick 
cross-sections were made by hand using a microtome blade. 
Leaf sections were stained with safranin and Astra blue. Dig-
ital micrographs of the lamina, chlorophyll parenchyma, and 
aquiferous parenchyma were observed and photographed 
with a compound stereo microscope equipped with a digital 
camera. The cross-sectional thickness of each cell type in the 
leaf was quantified from digital images using ImageJ® soft-
ware.

At the end of the experiment thermal digital images of 
each plant were taken with a thermal camera (model C2, Flir 
Systems, Inc., Wilsonville, OR, USA) as an indication of the 
temperature of the surface of the foliage.

Total leaf area (LA) was measured as described by Re-
bolledo et al. (2005), whereby LA was estimated from the 
total leaf fresh weight (FW) using the formula:

Foliar area (cm2) = 34.6087 + 5.65202 × FW.
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Plant biomass and assimilate partitioning (AP) were de-
termined by harvesting each plant and individually weighing 
leaves, stems, and roots to obtain fresh weight (FW). Plant 
organs were then dried in an oven at 70  °C to a constant 
weight and leaf, stem, and root dry weights were determined. 
The AP was expressed as g of leaves, stems, or roots per total 
plant DW (DW plant-1).

Statistical differences among treatments were deter-
mined by one-way analysis of variance (ANOVA) using InfoS-
tat® software (Di Rienzo et al., 2012) and means were com-
pared by Tukey’s Honestly Significant Difference (HSD) test 
at P ≤ 0.05.

Results

Leaf chlorophyll index (LCI)
There were no differences in the (LCI) index among treat-

ments until day 30. At 45 days were significant differences 
between Soil Irrigation and Misting treatments (Table 1).

Normalized difference vegetation index (NDVI)
From 15 days after starting the experiment the NDVI 

was significantly higher for Soil Irrigation than for Drought 
and Misting treatments, which did not significantly differ be-
tween them (Table 1).

Relative water content (RWC)
At the beginning of the experiment, the RWC in all treat-

ments was between 77.5% and 79.8% (Table 1). From day 15 
RWC was significantly higher in the Soil Irrigation treatment 
than in the other ones studied. On day 45, there was a signif-
icant difference in the RWC among all three treatments with 
the Soil Irrigation treatment having the highest value and the 
drought treatment having the lowest value (Table 1).

Membrane stability index (MSI)
There were no differences in MSI among treatments for 

the first 30 days of the experiment. At 45 days, the MSI of the 
Soil Irrigation treatment was superior to that of the Misting 
and Drought treatments (Table  1). At that time, cell mem-
branes of plants of these latter treatments showed damages.

Total leaf area (LA), biomass and assimilate partitioning 
(AP)

The LA of plants in the Soil Irrigation treatment in-
creased 2.45 fold within the experimental period and on day 
45 was significantly larger than that of plants in the Misting 
or Drought treatments (Figure 1). Total leaf area in the Mist-
ing and Drought treatments did not increase during this ex-
periment, probably due to the short experimental period (45 
days) for leaves development under the water restriction.

Dry weight increased in Soil irrigation and Drought after 
45 days of treatment compared with initial conditions. How-
ever, no differences were found on misting treatment and the 
control (Figure 2A). According to the partitioning, there was 
no difference in roots among the treatments after 45 days. 
Although, after this period significant differences were found 
in soil irrigation leaves compared with Misting, Drought 
treatments and the control. Besides, an increment on stem 
dry weight was found on Drought treatment at 45 days in 
comparison with initial conditions (Figure 2B).
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FIGURE 1.  Total leaf area of ‘Smooth Cayenne’ pineapple plants, at the beginning (control) and the end (45 days) of 
the experimental period for soil irrigation (I), misting (M) and drought (D) treatments. Each value represents the 
mean ± SE of three replicates; same letter per treatment was not significantly different according to Tukey HSD 
test (P≤0.05). 
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Figure  1.    Total leaf area of ‘Smooth Cayenne’ pineapple 
plants, at the beginning (control) and the end (45 days) of 
the experimental period for soil irrigation (I), misting (M) 
and drought (D) treatments. Each value represents the 
mean  ± SE of three replicates; same letter per treatment 
was not significantly different according to Tukey HSD test 
(P ≤ 0.05).

Table  1.    Leaf chlorophyll index (LCI; spad units), normalized difference vegetation index (NDVI), relative water content 
(RWC; %) and cell membrane stability index (MSI; %) of pineapple plants exposed to drought (D), misting (M) or soil irrigation 
(I). Means followed by the same letter in columns, per treatment, were not significantly different according to Tukey HSD test 
(P≤0.05).

Treatments
Time

Day 0 Day 15 Day 30 Day 45
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

LCI D 48.8 ± 6.3a 39.7 ± 4.1a 43 ± 7.8a 57 ± 6.2ab 
M 48.8 ± 7.4a 50.6 ±3.7a 42.5 ±4.5a 50.4 ± 0.5a
I 52.6 ± 6.5a 51.4 ± 9.1a 58.4 ± 7.2a 64.9 ± 5.7b

NDVI D 0.62 ± 0.01a 0.51 ± 0.03a 0.46 ± 0.02a 0.44 ± 0.02a
M 0.62 ± 0.01a 0.43 ± 0.07a 0.46 ± 0.02a 0.42 ± 0.01a
I 0.62 ± 0.01a 0.62 ± 0.03b 0.62 ± 0.03b 0.59 ±0.02b

RWC D 79.4 ± 5.6a 72.2 ± 5.2a 76.4 ± 2.5a 59.5 ± 2.7a
M 77.5 ± 2.5a 75.6 ± 2.9a 71.8 ± 6.3a 70.9 ± 2.4b
I 79.8 ± 1.2a 91.7 ± 2.2b 97.8 ± 2.3b 87.5 ± 1.9c

MSI D 50.8 ± 10.4a 37.4 ± 11.2a 44.9 ± 7.2a 11.8 ± 10b
M 56.9 ± 3.9a 36.6 ± 9.2a 34.6 ± 7.3a 23.1 ± 21.1b
I 53.1 ± 3.7a 43.7 ± 6.5a 45 ± 6.3a 54.2 ± 6.7a
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Leaf anatomy
At 30 days after beginning of the treatments, the percent-

age of aquiferous parenchyma (AqP), measured in the leaf 
cross section was significantly lower in the Misting treat-
ment compared to the Soil Irrigation treatment (Table  2). 
At 45 days, the percentage of aquiferous parenchyma was 
significantly different among the three treatments (Table 2, 
Figure 3). The water content of the AqP was high until 30 

days after treatments started; thereafter, it began to be con-
tinuously depleted up to the end of the experiment (day 45).

Thermal images
After 45 days, canopy temperatures were 30.9 to 31.0 °C 

for plants in the Soil Irrigation treatment, 33 to 34  °C for 
plants in the Misting treatment and 37.5 to 37.7 °C for plants 
in the Drought treatment (Figure 4).
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FIGURE 2.  (A) Total plant dry weight and (B) assimilate partitioning (AP) on dry weight base of ‘Smooth Cayenne’ pineapple plants irrigated by applying water to the soil (I), 
misting the foliage (M) or not irrigated (drought stressed; D) at the beginning of the study (control) and after 45 days. Each value represents the mean ± SE of three replicates, 
same letter per treatment was not significantly different according to Tukey HSD test (P≤0.05). 
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Figure 2.  (A) Total plant dry weight and (B) assimilate partitioning (AP) on dry weight base of ‘Smooth Cayenne’ pineapple 
plants irrigated by applying water to the soil (I), misting the foliage (M) or not irrigated (drought stressed; D) at the beginning 
of the study (control) and after 45 days. Each value represents the mean ± SE of three replicates, same letter per treatment 
was not significantly different according to Tukey HSD test (P ≤ 0.05).

Table 2.   Percentage of aquiferous parenchyma (AqP) in ‘Smooth Cayenne’ pineapple plants at 0, 15, 30 and 45 days after 
applying the soil irrigation (I), misting (M) and drought (D) treatments. Means followed by the same letter in columns per 
treatment were not significantly different according to Tukey HSD test (P≤0.05).

Treatment
Time

Day 0 Day 15 Day 30 Day 45
Mean ± SD Mean ± SD Mean ± SD Mean ± SD

% AqP D 44 ± 1 a 47 ± 1 a 44 ± 1 ab 42 ± 1 b
M 44 ± 1 a 45 ± 2 a 42 ± 2 a 36 ± 2 a
I 44 ± 1 a 46 ± 1 a 45 ± 1 b 51 ± 1 c
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FIGURE 3.  Cross sectional view of a ‘D’ leaf of pineapple at 45 days after applying the treatments Irrigation (A), 
Misting (B), and Drought (C). 
 
 
  

Figure 3.  Cross sectional view of a ‘D’ leaf of pineapple at 45 days after applying the treatments Irrigation (A), Misting (B), 
and Drought (C).
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Discussion
Pereira et al. (2013) found a high positive correlation 

between the leaf chlorophyll index (LCI), measured with a 
SPAD meter, and the total chlorophyll content, indicating that 
the SPAD meter can substitute for traditional determinations 
of actual chlorophyll content (Pereira et al., 2013). In a study 
of three pineapple cultivars, Rebolledo et al. (2002) found no 
significant difference in the LCI between field-grown plants 
and plants grown in protected culture with soil plastic mulch. 
We observed that the LCI in the Soil Irrigation treatment in-
creased throughout the experimental period, similar to the 
results obtained by Ebel et al. (2016). However, plants in the 
Misting and Drought treatments did not follow this pattern, 
probably due to water stress inhibiting chlorophyll develop-
ment. The maintenance of high chlorophyll content indicates 
a low degree of high temperature damage to the photosyn-
thetic apparatus (Talebi, 2011).

The Normalized difference vegetation index (NDVI) es-
timates the quantity, quality, and development of vegetation 
based on the measurement of the intensity of radiation at 
wavelengths of the electromagnetic spectrum emitted or 
reflected by vegetation. A  widely accepted non-destructive 
method of monitoring plant growth and development is to 
compare the amount of energy reflected from crops in the 
red and near infrared wavelengths (Mazzetto et al., 2009). 
The amount of incident light absorbed and reflected at dif-
ferent wavelengths has been used to develop vegetative 
indices that are sensitive to different environmental and 
physiological variables (Hatfield et al., 2008). The LCI and 
NDVI have been used as indicators of stress tolerance (Ma-
son et al., 2011). High LCI and maximum NDVI are associated 
with tolerance to hydric and thermal stresses (Ramya et al., 
2015; Munjal and Dhanda, 2016). The NDVI has been most 
widely used in drought monitoring, where it is generally re-
duced as a result of drought stress (Wang et al., 2010). For 
example, when barley was subjected to water stress, NDVI 

decreased (McKenzie et al., 2009). In the present study, the 
decreased NDVI in the Misting and Drought treatments in-
dicates that pineapple plants are stressed by 15 days of no 
water (Drought treatment) or water supplied only by misting 
the leaves (Misting treatment). The NDVI has also been used 
successfully in pineapple to reliably predict the severity of 
red tip disease (Balasundram et al., 2013). The application 
of this technique can be very valuable in plant breeding for 
the selection of drought tolerant plants (Winterhalter et al., 
2011). It should be noted that up to now, there is no record 
of the use of the NDVI as an indicator of drought stress in 
pineapple.

The relative water content (RWC) of plants in the Soil Ir-
rigation treatment was typical for pineapple plants (Ebel et 
al., 2016). Despite the references that indicate trichomes at 
the base of pineapple leaves play an important role in water 
absorption (Py, 1969), in the present study it was observed 
that plants with water absorption only through the leaves 
(Misting treatment) were not able to maintain an adequate 
RWC. Plants with crassulacean acid metabolism (CAM), such 
as pineapple, can lose up to 80–90% of their RWC and still 
survive long periods without irrigation or rain. They also 
have the ability to prevent the reverse flow of water from 
their storage tissues to the ground (Carr, 2012). Under se-
vere stress, a reduction in RWC is a common response. The 
RWC can be an indicator of water potential since the values 
of RWC and water potential behave similarly under condi-
tions of water restriction (Alvarez et al., 2018). Cultivars of 
wheat exposed to drought that maintained the same or only 
a slightly decreased RWC were determined to be drought-re-
sistant (Keyvan, 2010). Thus, comparisons of RWC of differ-
ent pineapple cultivars could be indicative of resistance to 
water stress.

The rupture and damage of the cell membrane causes the 
loss of electrolytes (amino acids, organic acids, proteins, and 
other solutes). This loss represents damage to the cell mem-
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FIGURE 4.  Thermal images of ‘Smooth Cayenne’ pineapple plants taken at 45 days after applying Soil irrigation 
(A, B), Misting (C, D) or Drought (E, F) treatments. Leaf temperatures are shown. 
 
 
 

Figure  4.    Thermal images of ‘Smooth Cayenne’ 
pineapple plants taken at 45  days after applying 
Soil irrigation (A,  B), Misting (C,  D) or Drought 
(E, F) treatments. Leaf temperatures are shown.
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brane, and therefore is an important factor in plant stress 
tolerance. Both drought and thermal stress have similar ef-
fects on plant cells, damaging the selective permeability of 
the plasma membrane caused by an uncontrolled increase of 
free radicals (Moussa et al., 2008). Sullivan (1972) developed 
a test to measure heat tolerance, which determines the ther-
mostability of the cell membrane by measuring the amount 
of electrolytes lost in leaf discs after exposure to a heat treat-
ment (> 40  °C). The measurement of solute leakage from 
plant tissue was used to estimate cell membrane damage 
caused by different stress conditions in cereals under field 
conditions (Suzuki et al., 2014; Jamali et al., 2015; Wang et 
al., 2016). At the end of this experiment, the water applied by 
Misting was not as efficient as the Soil Irrigation in order to 
prevent the rupture and damage of the cell membrane.

The effects of water application treatments on total leaf 
area of pineapple observed in the present study agree with 
those reported by Bonnet Pérez and Ferrero (2012) in rela-
tion to the importance of adequate water supply through ir-
rigation. Water deficiency leads to a severe decrease in yield, 
probably due a reduction of leaf gas exchange, which not only 
causes a limitation in the size of sink tissues, but also reduces 
phloem loading, translocation of assimilates, and the parti-
tioning of dry matter (Farooq et al., 2009). Water stress inhib-
its the production of dry matter due to the inhibitory effect 
on foliar expansion, foliar development, and a concomitant 
decrease in light interception (Nam et al., 1998). González 
Leguizamón et al. (2013) found that the root development 
of pineapple plants, grown inside greenhouse (conditions of 
high relative humidity) during the first 7 months, was detri-
mental to stem reserves, while in the field-grown plants (dri-
er conditions) the source for the destination roots were the 
leaves. The similarity in the PA for all the treatments after 45 
days may be due to the fact that this is a very short period in 
terms of the development of pineapple plants.

Krauss (1949) determined that the ‘D’ leaves of pine-
apple plants have a curved contour with a smooth adaxial 
surface and an abaxial surface that has ridges. Both surfaces 
are covered by peltate scales that are more abundant on the 
underside. In transversal views, both epidermises are uni-
estrata, with the hypodermis formed by cells with strongly 
sclerified walls located below both epidermises. The stomata 
are only found in the abaxial surface. The mesophyll is dor-
siventral, with two clearly differentiated zones: toward the 
adaxial surface it presents a clear area composed of aquifer-
ous parenchyma and towards the abaxial surface is an area 
formed by compact chlorophyll parenchyma. The aquiferous 
parenchyma is heterogeneous; it has rounded and small cells 
in contact with the hypodermis that is elongated towards the 
inside of the mesophyll. In the chlorophyll zone where the 
vascular bundles are divided into large and small bundles 
that are alternately located; large bundles have periphloe-
matic and perixylematic fibrous caps, with the latter being 
absent in small bundles. Alternating with the bundles, slight-
ly displaced towards the lower part, are aeriferous cavities 
formed by stellate cells with short arms. In the limit between 
aquiferous and chlorophyll parenchyma are bundles of ex-
tra-thin fibers, not associated with vascular tissues, formed 
by fibers of lignified walls and completely occluded lumen. 
Between the vascular bundles and the abaxial epidermis 
there may be one or two rows of these same fibrous bundles 
(Figure 3). According to Bartholomew et al. (2002), when 
pineapple plants approach the wilting point, they can only 
continue living due to their water reserves constituted by the 
aquifer tissues of the leaves. When these are depleted, the 

first foliar wilt symptoms begin to appear.
In general, thick cuticle, water storage tissue, stoma-

ta localization, trichomes, and CAM metabolism contribute 
to the efficient water economy of pineapple (Coppens and 
Leal, 2003). The most sensitive indicator of water stress of 
the variables measured in the present study was the NDVI, 
which showed differences among treatments within 15 days. 
Ecophysiological, leaf anatomical, and growth responses of 
pineapple plants to irrigation solely from misting of the foli-
age (Misting treatment) were similar to those of plants with 
no water applied (Drought treatment), indicating the ineffi-
ciency of this terrestrial bromeliad species to absorb water 
through the foliage.

Many authors have proposed the use of thermal images 
of the canopy (Winterhalter et al., 2011; Neiff et al., 2015; 
Bai et al., 2016) to estimate water stress. We are aware of no 
previous report for the use of thermal images to assess wa-
ter stress for pineapple, but it is expected that under severe 
stress leaf temperature increases. Although misting reduced 
leaf temperature, application of water to the soil with no 
misting, was just as effective as misting for reducing leaf tem-
perature. Thus, high leaf temperature was presumably due to 
water stress and therefore could be alleviated solely by soil 
water application. During the day, the stomata are closed in 
CAM plants, thus limiting water loss by transpiration (Lobo 
et al., 2017). These results reject the hypothesis that the crop 
can receive sufficient irrigation to avoid plant stress solely 
from misting the foliage.

Based on ecophysiological, anatomical and growth re-
sponses, soil water application alone is sufficient for avoid-
ing water stress and excessively high leaf temperatures of 
pineapple in protected culture in the subtropics, whereas 
only misting the leaves does not provide adequate water to 
prevent water stress.
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