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Abstract: The impact of the salinity of the nutrient solution on water efficiency can be changed
by the application flow. The aim of this work was to analyze the water efficiency and production
components of coriander plants, cultivar Verdao, exposed to nutrient solutions (1.7, 3.0, 4.5, and
6.0dSm™1) applied with different flow rates (1.0, 2.0, 3,0,and 4.0 L min~1) in an NFT hydroponic
system. Two experiments were carried out in a greenhouse with two sources of salts to prepare the
electrical conductivity. In the first experiment, NaCl was used, and CaCl,-2H,0O was used in the
second. Variables were analyzed related to the production components and the consumption of water
use efficiency. It was found that the water efficiency and production components of coriander plants
were more affected by increases in electrical conductivity in the nutrient solution. CaCl,-2H,O better
promotes the lower production of dry mass, plant height, water consumption, and the instantaneous
and intrinsic efficiency of water use than NaCl. The coriander’s water relations were inhibited by
increases in the concentration of salts in nutrient solution, while increases in the flow rate of the
nutrient solution negatively affected the productive parameters of the coriander plants.

Keywords: Coriandrum sativum L.; salinity; soilless cultivation

1. Introduction

Coriander (Coriandrum sativum L.) is an annual herbaceous vegetable belonging to the
Apiaceae family and is widely cultivated worldwide [1]. In several regions of Brazil, it is
also widely cultivated and consumed, including in the Brazilian semi-arid region. However,
rustic production techniques are still used, with a low technological level and a disorderly
application of inputs [2].

This is especially the case in the Brazilian semiarid region with regard to the hydro-
ponic systems; these use brackish water to prepare and replace the nutrient solution. This
has been the subject of several studies which analyze the viable technical results that are
verified for crops such as cauliflower [3], lettuce [4], parsley [5], chives [6], and coriander [7].

There is unavoidable salt accumulation in the root zone, especially in closed-loop
hydroponic systems in which the nutrient solution recirculates more than once in the crop
rows [8]. The increases in ion concentration at the cellular level in the plants also induce
nutritional and osmotic imbalances, as well as the accumulation of reactive oxygen species,
which negatively affect the metabolism and cellular function of the plants [9]. So, they
compromise crop growth and productivity.

The water quality and the salt concentration vary according to the place of extraction
and the time of collection. An average range of 0.1 to 3.0 dS m™! is estimated, with a
cationic prevalence of Na* and Ca?*, in the water in the Brazilian semi-arid region [10].

Another aspect to be related to this study was an adjustment in the flow of the ap-
plication of nutrient solution, whose relevance is verified by a great mass flow into the
rhizosphere region, allowing greater availability of nutrients and oxygen to plants [11].
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The importance of this adjustment is mentioned in the study of cauliflower culture, es-
pecially when brackish water is used to prepare the nutrient solution; an ideal flow rate
of 1.5 L min ! is indicated [3]. However, increases in the flux solution flow also reduce
the nutrient absorption capacity. It occurs because of the short exposure time of the root
system to the ions, which makes it impossible for these nutrients to bind to all the available
adsorption sites in the roots [12]. Otherwise, high flow rates may favor a reduction in
the temperature of the nutrient solution. It occurs due to the great volume and the short
exposure time in the pathway into the cellular channel, with less effect of the heat exchange
on the plants [11].

In addition, regions with water limitation need to use brackish water as an alternative
source to optimize water efficiency. They also use the parameters by adapting the nutrient
solution management, which is essential to success in the hydroponics businesses [3,13].

Although some parameters have already been studied in some cultures, such as the
production of dry mass and the height of the aerial part of plant bunches, with reference
to the performance of the productivity and the water use efficiency [14-16], there is little
information about the potential gain provided by flow adjustment or consideration of the
varying cation prevalence in brackish water.

The aim of this work was to analyze the water efficiency and production components
of coriander plants, cultivar Verdao, exposed to nutrient solutions prepared with brackish
water and applied at different electrical conductivities and flow rates. Our hypothesis
was that the increase in the circulation flow of the solution could attenuate the deleterious
effects caused by salinity on the water relations and productive aspects of coriander. Thus,
the importance of this study is its presentation of a new perspective to determine the ideal
flow of the nutrient solution in hydroponic coriander crops, especially in regions with
scarce water resources, where the agricultural use of brackish water is fundamental for
their economic and social development.

2. Materials and Methods
2.1. Experimental Conditions

Two experiments were carried out in a greenhouse at the Agricultural Engineering
Department—DEAGRI, Federal Rural University of Pernambuco—UFRPE, Recife, PE
(8°01'05” south latitude and 34°56'48” west longitude and average altitude of 6.5 m)
between November 2019 and February 2020.

The greenhouse is 7 x 21 m, with a ceiling height of 3 m and a maximum arch height
of 4.5 m, with nylon side screens and 150-micron film on the roof. Inside the greenhouse,
the temperature (°C), relative humidity (%), and global solar radiation (MJ m~?2) were
monitored daily in each experimental stage through an automatic weather station—model
CR1000 (Campbell Scientific, Ltd., Logan, UT, USA).

During the experimental period, the relative humidity of the air varied between 41.8
and 98.2% (Experiment I) and 45.4 and 98.7% (Experiment II); the air temperature showed
a range between 21.3 and 38 °C (Experiment I) and 22.3 and 38.4 °C (Experiment II). In ad-
dition, the average global solar radiation was 4.90 MJ m~2 (Experiment I) and 4.41 M] m 2
(Experiment II) (Figure 1).

2.2. Hydroponic System

The organization of the hydroponic structure (Nutrient Film Technique) inside the
greenhouse consisted of an installation of thirty-two experimental plots on each side, with
a central street of one meter in width. Each experimental plot consisted of a hydroponic
profile with a trapezoidal shape—75 mm, 3 m long, and 0.20 m distance between plants
(Figure 2).

The benches, installed to provide physical support to the profiles, were built in a
50 mm PVC tube and were designed to provide three points of support for the gutters,
which gave the profiles an inclination of 3.33%. On each bench were placed four hydroponic
profiles, spaced 0.60 m apart (Figure 3).
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Figure 1. Values of relative humidity (%) and temperature (°C) of air and global solar radiation
(MJ m~2) within protected environment between November 2019 and March 2020. First result with

NaCl (a) and second cycle—CaCl,-2H,0O (b).
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Figure 3. Side view (a) and top view (b) of the experimental plot.
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Each hydroponic profile was individually and independently worked. It was also
associated with (i) 220 V, 34 W electric circulation pumps for each one; (ii) a 50 L storage



Water 2022, 14, 4005

40f16

tank for nutrient solution; and (iii) a second storage tank, which contained the respective
brackish water used to prepare 15 L of nutrient solution. The brackish water storage tank
was interconnected with a nutrient solution storage tank. In addition, with the aid of an
automatic device and gravity, it automatically replenished the level of the nutrient solution
stock reservoir, which decreased as a result of the plants” water consumption.

2.3. Experimental Treatments

One after the other, two trials were carried out with the same experimental design,
in randomized blocks, and analyzed in a 4 x 4 factorial scheme with four blocks, totaling
sixty-four experimental plots. The treatments entailed the use of four nutrient solutions
(1.7,3.0,4.5,and 6.0 dASm™1), applied with different NaCl amounts for the preparation of
the brackish water and a second experiment with CaCl,-2H,0O.

The nutrient solution was prepared only once for the entire experiment in a 1000 L
reservoir filled with a local water supply (EC & 0.12 dS m~!). An amount of fertilizer
adapted for leafy vegetables [17] was solubilized, with the following added: 750.0 g of
calcium nitrate, 500.0 g of potassium nitrate, 400.0 g of magnesium sulfate + micronutrients,
and 150.0 g of monoammonium phosphate. This fertilizer input corresponded to the
following nutrient concentrations in mmol L1 1359 N, 2.37 Ca, 550K, 2.61 P, 1.37 S,
and 1.48 Mg, and in pumol L—1: 180.0 B, 30.0 Cu, 180.0 Fe, 140.0 Mn, 8.0 Mo, and 90.0 Zn,
corresponding to an electrical conductivity of 1.58 dSm™!.

According to each treatment, after the preparation and subsequent distribution of the
nutrient solution in the reservoirs, the amount of salts was estimated [18]. The first cycle
was with NaCl, and the second cycle was with CaCl,.2H,O. Thus, the same initial electrical
conductivities of nutrient solution (ECns) were obtained: 1.7, 3.0, 4.5, and 6.0 dSm™! in
both assays (Table 1).

Table 1. Details of electrical conductivity values and concentrations of salts used to prepare different
saline waters.

Treatment L ) Saline Water
(Initial ECns) ECns ECw NaCl CaCl,2H,0
(dSm-1) (mmol L-1)
1.7 1.58 0.12 0 0
3.0 1.58 1.42 13.00 9.81
4.5 1.58 3.12 28.06 21.13
6.0 1.58 4.62 43.12 32.46

Notes: ! Electrical conductivity of nutrient solution; 2 electrical conductivity of water.

The nutrient solution management with the aid of a hydraulic register and the desired
nutrient solution application rates (1.0, 2.0, 3.0, and 4.0 L min~!) were calibrated and
periodically reviewed. As for the nutrient solution application events, with aid of an
electric timer they took place between 6:00 am and 6:00 pm, with intervals of 15 min of
operation and 15 min of rest. At nighttime, an electric timer was programmed to inject
solution every 2 h for 15 min.

Automatically, the reposition of the nutrient solution stock reservoir was carried out
with the respective brackish water used to prepare the nutrient solution. The electrical
conductivity (ECns), pH (pHns), dissolved oxygen (DOns), and the temperature (Tns) of
the nutrient solution were monitored on alternate days for possible adjustments.

The coriander cultivar used was Verdao; the sowing was carried out in 100 mL dispos-
able white cups, duly perforated from the middle part to the base of the cup, simulating a
mesh cup for hydroponics. Coconut fiber was properly washed and used as a substrate;
twenty seeds per cup were sowed.

After sowing (DAS), up to the sixth day, the seedlings were irrigated twice a day, in
the morning and in the afternoon, with 50 mL of the local water supply (EC a2 0.12dSm™1)
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per cup. Between the 6th and the 13th DAS, with the same frequency of application and
volume, the irrigation was carried out with nutrient solution [17] diluted by 50%.

Thinning was performed on the 13th DAS, leaving ten plants per cup. Transplant
to the hydroponic system was carried out on the 14th DAS, and the application to each
treatment was started. In each experimental plot, ten cups were distributed: eight central
ones, which were considered to be in a useful area, and two in the ends of the gutter, which
were considered borders. So, in total 640 cups were used and put in the greenhouse; each
cup had ten plants.

In the first trial (using NaCl as the source of salt), the control of aphids (Toxoptera spp)
and whitefly (Bemisia tabaci G.) was carried out using the active ingredient Deltamethrin, ata
dosage of 30 mL 100 L~! water, in a single application, without causing damage to the crop.
In the second trial, no intervention was necessary with regard to the phytosanitary issue.

2.4. Variables Analyzed

At the end of each harvest, 21 days after transplanting (DAT), the fresh mass of the
aerial part (FMAP) was determined using a precision scale. Immediately after weighing,
this material was placed in paper bags and dried in an oven with a forced circulation at
65 °C until constant weight for quantification of the dry mass of the aerial part (DMAP).
Then, the water content in the aerial part (WCAP) was calculated [19]. Plant height (PH)
was measured using a tape measure, from the base of the substrate to the apex of the
highest leaf.

Water consumption (WC) was determined at 30 DAS, according to Equation (1):

Vere = [(Rf — Ri) x 7t x D?)/(4 x n x At)] x 10°, 1)

Thus, VEr—evapotranspiration volume, mL plant~! day~!; Rf—final reading of water
level in automatic filling tank, cm; Ri—initial reading of water level in automatic filling
tank, cm; D—internal diameter of automatic filling tank, m; At—time interval between
readings, days; n—number of plants in profile of time interval, At.

The water productivity was estimated considering the relationship of the fresh mass of
the aerial part (FMAP)/DMAP with the evapotranspired volume (L™1). The instantaneous
(A/E) and intrinsic (A/gs) efficiency of the water use were also measured using the Portable
Infrared Gas Analyzer—IRGA, model LCpro-SD (ADC Bioscientific, Hoddesdon, England).

All the data underwent normality and homosticity tests and were submitted to analysis
of variance using an F test with a probability level of 0.05. Thus, the data meet the
assumptions of the ANOVA and the normality test. In the case of significant effect, it
was verified with regression analysis. For all the analyses, the statistical software SISVAR
version 5.2 was used [20].

3. Results
3.1. Subsection

The first cycle with NaCl in the water was prepared and replaced with a nutrient
solution. There was an increase in ECns in all the concentrations and flow rates compared
to the initial values. Apart from the ECns level of 1.7 dS m~!, the final value was lower than
the initial value (Figure 4a—d). When the initial and final values of the ECns were compared,
there were reductions of 6.67, 9.23, 8.20, and 15.63% within the ECns of 1.7 dS m 1. More-
over, there were increases of 33.04, 37.61, 38.86, and 38.22% within the ECns of 6.0 dS m~!
for the flows of 1.0, 2.0, 3.0, and 4.0 L min—1, respectively.

Likewise, in the second cycle, in water prepared with CaCl,.2H,O and the replacement
of the nutrient solution, there was also a reduction of 21.25, 28.78, 18.36, and 15.74% within
the ECns of 1.7 dS m~!. In addition, there were increases of 35.13, 29.70, 14.73, and 38.97%
within the ECns of 6.0 dS m~! for the flows of 1.0, 2.0, 3.0, and 4.0 L min}, respectively.
This occurred when the initial and final ECns values were compared (Figure 5a—d).
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In general, it was verified in both cultivation cycles that the pH of the nutrient solution
(pHns) fluctuated in initial value within the range between 5.42 and 6.75 with the prevalence
of NaCl in water (Figure 4a—d). Moreover, it was between 5.54 and 6.50 with CaCl,.2H,0,
which was used to prepare the brackish water (Figure 5a—d).

The dissolved oxygen concentration in the nutrient solution (DOns) ranged from
5.3 to 7.0 mg L~ for all the treatments, whose mean values were 6.10 and 6.26 mg L~!
in the cultures with the cationic predominance of NaCl and CaCl,-2H;0O, respectively
(Figures 4a—d and 5a—d).

It was possible to observe in the final crop cycle that those coriander crops were
cultivated with brackish waters and a prevalence of calcium. So, there were reductions in
the DOns levels of up to 12.45%. Thus, the dissolved oxygen was compared to the first
cycle in all treatments. This was different to the sodium chloride that was also used in
the experiment. So, small positive and negative variations up to 2.11% were verified. The
exception was the treatment by the ECns of 4.5 dS m~! and the flow of 3.0 L min~!, in
which there was an increase of 8.51% in the dissolved oxygen of the nutrient solution.

In general, the temperatures of the nutrient solutions were similar in those two ex-
periments, independently of the cationic predominance, the electrical conductivity, or the
application rate of the nutrient solution. In the first cycle of nutrient solutions, which were
prepared in salinized water with NaCl, it was found that the temperatures of those liquids
varied between 28.8 and 32.7 °C, with an average of 30.8 °C, while in the second cycle with
the salinization of CaCl,-2H,O0, the average temperature was 30.7 °C and ranged between
27.7 and 33.3 °C (Figures 4a—d and 5a—d).

3.2. Dry Mass, Plant Height, Water Content, and Water Consumption

The interaction between the treatments (ECns x flow) influenced (p < 0.01) the plant
height (PH) in both cycles, and there was also a significant effect (p < 0.05) on water
consumption (WC) when CaCly-2H,0O was used. The isolated, electrical conductivity of the
nutrient solution (ECns) affected (p < 0.01) the dry mass of the aerial part (DMAP), the PH,
and the WC in both experiments, and it also caused a significant effect (p < 0.05) on the
water content in the aerial part (WCAP) under the prevalence of CaCly.2H,O. The nutrient
solution flow rate affected (p < 0.01) WC and (p < 0.05) DMAP (Experiment I), and it also
influenced (p < 0.01) DMAP, WCAP, and (p < 0.05) PH (Experiment II) (Table 2).

Table 2. Mean squares (MS) analysis of variance (ANOVA) for dry mass of aerial part (DMAP), water
content in aerial part (WCAP), plant height (PH), and water consumption (WC) of coriander plants,
cv. Verdao, exposed to different levels of electrical conductivity and nutrient solution flow rate under
cationic prevalence of NaCl and CaCl2-2H20.

Mean Squares

SV DF DMAP WCAP PH WC
NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl,
ECns 3 18.22 ** 17.33 ** 4.047s 2.88 * 188.07 ** 190.45 ** 0.34 ** 0.41 **
LR 1 52.95 ** 51.15 ** 5.74 18 2.66 18 517.40 ** 564.21 ** 0.71 ** 1.15**
QR 1 1.69 ** 0.20 s 6.37 * 3.78 % 39.22 ** 1.17 18 0.31 ** 0.05*
Flow 3 0.78 * 0.54 ** 0.28 1 5.19 ** 6.75 1S 6.09* 0.15 ** 0.01ms
LR 1 2.01 ** 0.84 ** 0.62 1 4.60 * 16.24 * 17.37 ** 0.15 ** 0.01ms
QR 1 0.021ns 0.00 s 0.221ms 10.98 ** 2.60 1S 0.64 1 0.28 ** 0.04 *
ECns x Flow 9 049 s 0.15ms 1.89 1 0.94 1 6.34 ** 451 ** 0.01ms 0.02 *

Residue 48 0.22 0.07 1.36 0.87 2.79 1.52 0.01 0.01

CV% 11.90 8.06 1.29 1.04 6.54 5.27 10.82 15.31

Notes: SV = source of variation; DF = degrees of freedom; CV% = coefficient of variation; ECns = electrical
conductivity of nutrient solution; LR = linear regression; QR = quadratic regression; *, ** significant at p < 0.05
and p < 0.01 levels of probability, respectively; ns = not significant.
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When there was a prevalence of NaCl (Figure 6a), the estimated losses in DMAP of
0.565 g per bunch were estimated for each dS m~! increment and 0.157 g per bunch per
unit of flow added. Under the CaCl,-2H,O prevalence, the reduction was estimated to be
0.557 g per bunch (Figure 6b). There was no equation adjustment for flow, which presented
an average of 3.31 g per bunch for DMAP.

Nutrient solution prepared in saline water with NaCl

Initial eletrical conductivity of nutrient solution (dS m™")
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Figure 6. Dry mass (a,b) and water content of aerial part (c,d), average height of bunches (e,f), and
total water consumption (g,h) of coriander plants, cv. Verdao, exposed to nutrient solutions prepared
in brackish water, salinized with NaCl and CaCl,-2H,0, and applied in crescent flow rates.
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The interaction between the treatments did not influence (p > 0.05) the WCAP. Under
the prevalence of NaCl in the water, the WCAP was at a maximum (90.87%) in the ECns
and estimated to be 3.28 dS m~1; on the other hand, the increases in flow did not affect
the WCAP, with an average value of 90.42% (Figure 6¢). However, under the CaCl,-2H,0
prevalence, the WCAP was at a maximum (90.47 and 90.68%) in the ECns, and the flows
were estimated to be 3.32 dSm ™! and 2.79 L min !, respectively (Figure 6d).

Regarding the height of the aerial part of plants when the water was salinized with
NaCl, at a flow rate of 1.0 L min~!, the height of the bunch was at a minimum (22.92 cm) in
the ECns and was estimated to be 4.82 dS m !, while the flows of 2.0, 3.0, and 4.0 L min !
were estimated to have reductions of 2.03, 1.98, and 1.35 cm for each incremented dS m™1,
respectively (Figure 6e). The prevalence of CaCly.2H;0O resulted in reductions of 1.76, 1.33,
2.50, and 1.76 cm in the height of the bunch per increased dS m~1, under flow rates of 1.0,
2.0,3.0, and 4.0 L min~!, respectively (Figure 6f).

The highest estimated plant heights were observed in the plants with an ECns of
1.7 dS m™!, independently of the cationic predominance, emphasizing the maximum mean
values of 31.08 and 28.26 cm, which were obtained in the first and second cycles with flow
rates of 1.0 and 3.0 L min~!, respectively. However, the exception was the treatment under
the prevalence of NaCl at a flow rate of 1.0 L min~!; in all the evaluations, the ECns of
6.0 dS m~! produced the smallest plants. Thus, there was a maximum reduction of 28.93%
(Experiment I) and 38.10% (Experiment II) in comparison with the control treatment when
3.0 L min~! of nutrient solution was applied.

When the water was salinized with NaCl, the interaction between the treatments did
not influence (p >0.05) the water consumption. For each dS m~! increase in the ECns,
the plants reduced their water consumption by 0.0704 L per bunch; however, the water
consumption was maximum (0.97 L per bunch) at the estimated flow of 2.82 L min~!
(Figure 6g).

Under the prevalence of CaCl,.2H,0, it is noteworthy that under the flows of 2.0 and
4.0 L min~! the reduction in water consumption was estimated to be 0.1041 and 0.1064 L
per bunch per dS m~! increase in the ECns. When the nutrient solution was applied at flow
rates of 1.0 and 3.0 L min !, the average water consumption for the relative ECns, within
the worked interval, was 0.528 and 0.591 L per bunch (Figure 6h).

3.3. Productivity and Water Use Efficiency

The interaction between the treatments (ECns x flow) affected (p < 0.01) the water
productivity based on the production of the fresh (WP-FMAP) and dry (WP-DMAP) mass of
the aerial part under the CaCl,-2H,O prevalence. The electrical conductivity of the nutrient
solution (ECns) was considered a significant (p < 0.01) source of variation for all the
examined traits, namely WP-FMAP, WP-DMAP, instantaneous (A/E), and intrinsic (A/gs)
water use efficiency, in both cycles. The nutrient solution flow rate influenced (p < 0.01)
the WP-FMAP and WP-DMAP under the NaCl prevalence, as well as the WP-DMAP, A/E
and A/gs when there was a CaCl,-2H,O prevalence in the water. (Table 3).

The amount of fresh mass produced for each liter of nutrient solution consumed by a
plant was at the maximum (55.13 g L~1) in the ECns estimated at 2.94 dSm~!, and on the
other hand, it was at the minimum (42.00 g L_l) in the estimated flow of 3.20 L min~1, in
results obtained under the prevalence of NaCl in the water (Figure 7a).

After analyzing the unfolding of the interaction, it was found that when there was a
prevalence of CaCl,-2H,0 in water the WP-FMAP was at a minimum (56.06 g L) within
the ECns of 4.5 dS m ! for the estimated flow rate of 2.93 L min !, as well as at a maximum
(59.20 g L) within the flow rate of 2.0 L min~! for the ECns estimated at 1.88 dS m~!
(Figure 7b).

When the waters used to prepare the nutrient solution were salinized with NaCl, the
water productivity based on the production of the dry mass of the aerial part was at a
maximum (5.03 g L~!) in the ECns estimated at 2.55 dS m~!. Increases in flow promoted
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minimum values (3.98 g L~!) in the WP-DMAP, with an estimated flow of 3.12 L min !
(Figure 7c).

After analyzing the unfolding of the interaction under the prevalence of CaCl,-2H,O
in water, it was verified that the productivity of the water in the DMAP was at a maximum
(747and 649 g L) within the flows of 1.0 and 2.0 L min~! for the ECns estimated at 2.45
and 3.87 dSm~!, and it was equal (6.13 g L™!) in the ECns estimated at 4.95 dS m~!. At
higher flow levels, the relative values of the water productivity in the DMAP were 5.29 and
5.88 g L~ for flows of 3.0 and 4.0 L min~! (Figure 7d).

With the prevalence of NaCl in the water, the instantaneous (A/E) (Figure 7e) and
intrinsic (A/gs) (Figure 7g) efficiency of the water use were at the maximums of 4.35 pmol
(CO,) mmol~! (H,0) and 98.05 pumol (CO,) mol~! (H,0) in the ECns estimated at 3.50
and 3.88 dS m~!, respectively. For the flow, there was no significance (p > 0.05), with the
average A/E and A/gs of 3.71 umol (CO,) mmol ! (H,0) and 81.80 pumol (CO,) mol !
(H0), respectively.

The prevalence of CaCl,.2H,0 in water implied a reduction in A/E (Figure 7f) and
A/gs (Figure 7h), estimated at 0.41 umol (CO,) mmol ! (H,0) and 5.80 pumol (CO,) mol !
(H,0) for each dS m~! increment in the ECns, respectively. On the other hand, the values
of A/E and A/gs were the maximums of 3.41 umol (CO,) mmol~! (H,0) and 77.92 umol
(CO,) mol~! (H,0) for the estimated flow rates of 3.28 and 2.80 L min !, respectively.

Nevertheless, the highest values of A/E and A/gs were found for NaCl, and with the
prevalence of CaCl,-2H,0 in water, the lowest values were found, at the highest levels
of ECns.

Table 3. Mean squares (MS) analysis of variance (ANOVA) for water productivity based on the
production of fresh (WP-FMAP) and dry (WP-DMAP) mass of aerial part, instantaneous (A/E),
and intrinsic (A /gs) water use efficiency of coriander plants, cv. Verdao, exposed to different levels
of electrical conductivity and nutrient solution flow rate under cationic prevalence of NaCl and
CaClz.ZHzo.

Mean Squares

SV DF WP-FMAP WP-DMAP A/E Algs
NaCl CaCl, NaCl CaCl, NaCl CaCl, NaCl CaCl,
ECns 3 1205.04 **  1064.43 ** 6.67 ** 8.50 ** 6.50 ** 9.59 ** 3471.45** 2248.82 **
LR 1 2455.48 ** 798.38 ** 16.19 ** 3.821m8 4.71 ** 27.95 ** 11.95m 5593.97 **
QR 1 1158.21 **  1531.19 ** 3.82 ** 7.07 ** 14.65 ** 0.75 s 10,267.56 ** 1022.25 *
Flow 3 957.51 ** 176.81 ™S 7.45 ** 4.41 ** 0.06 s 3.59 ** 36.29 s 1985.26 **
LR 1 1942.76 ** 102.47 1s 14.18 ** 6.41 ** 0.021s 6.76 ** 19.11 ™ 1097.53 *
QR 1 802.23 ** 12.69 1 7.38 ** 3.35 18 0.17 0 222% 67.44 1S 2415.60 **
ECns x Flow 9 76.64 1S 489.83 ** 0.71ms 3.62 ** 0.39ns 0.28 1S 117.70 1s 70.59 1S
Residue 48 60.48 101.63 0.52 0.89 0.31 0.42 177.41 200.79
CV% 16.15 16.51 1591 15.81 14.90 21.08 16.28 20.33

Notes: SV = source of variation; DF = degrees of freedom; CV% = coefficient of variation; ECns = electrical
conductivity of nutrient solution; LR = linear regression; QR = quadratic regression; *, **
and p < 0.01 levels of probability, respectively; ns = not significant.

significant at p < 0.05
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Figure 7. Water productivity, based on fresh (a,b) and dry (c,d) mass shoots; instantaneous efficiency—
A/E (ef) and intrinsic—A/gs (g,h) of water use of coriander plants, cv. Verdao, exposed to nutrient
solutions prepared in brackish water, salinized with NaCl and CaCl,-2H,0O; it was applied in crescents

flow rates.
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4. Discussion

The electrical conductivity of nutrient solution verified in this study was similar to
the trends found in other works developed with leafy vegetables, such as parsley [21] and
cauliflower [3]. The reductions observed within the ECns of 1.7 dS m~! were correlated to
the initial value, which can be attributed to the natural consumption of nutrients by the
plants [22]. In addition, the replenishment of the stock reservoir level was carried out with
the water used to prepare the nutrient solution for this treatment (ECw ~ 0.12dSm™1).
However, other cases have shown increases in ECns correlated to the initial value, which
may be associated with the concentration of water used to replace the stock reservoir
according to each of the treatments.

In both cycles, the pH of the nutrient solution remained within the range that was
considered adequate for plant growth in hydroponic systems. Thus, most of the nutrients
were available for absorption [5,23]. Considering the predominance of NaCl, similar trends
were found in relation to pHns in studies carried out with leafy vegetables [14,23,24], which
corroborated the present research. In general, this tendency can be attributed to the stability
of NaCl given by different conditions, such as its ion exchange ratios and the other ions
present in the nutrient solution.

Increases in the concentration of Na* in the nutrient solution can influence the ab-
sorption of other ions that are displaced from cells by sodium [25]. As a result, there is
nutritional imbalance in the Nat/K*, Na*/Ca?*, and Na‘/ Mg2+ ratios [5], which can cause
toxicity problems for plants, as a result of the ability to induce the deficiency of other
cations [26]. Calcium is an important constituent of plasma membranes; its deficiency in
the plant directly affects the absorption of other ions, such as K*. Moreover, the integrity
of the membranes is affected in conditions in which there is an excess of H" ions. Thus, it
is important to manage the pH of the solution within the recommended range. Neverthe-
less, high concentrations of Ca?* in the nutrient solution reduce the absorption of K* and
Mg?*, as does the excess of these ions, which prejudice the absorption of calcium by the
plant [27-29].

Dissolved oxygen values were observed in the nutrient solutions of this study, which
corroborate the mean values (6.11 and 6.03 mg L~!) reported for the cultivation of coriander
in the conventional DFT system in the morning and afternoon, respectively [30]. It is critical
to keep oxygen levels above the minimum limit of the 5 mg L~! recommended for most
crops [31]. It occurs because lack of this element reduces the absorption of water and
nutrients by plants. Consequently, this affects the development of the aerial part and the
yield of the crops [32]. However, reductions in this parameter were verified at the end
of cultivation cycle by the predominance of CaCl,-2H,0O, which was due to high oxygen
demand. Another occurrence is that the volume of the plant roots increases as a function of
the growth of the culture [33], as observed in coriander [16,34].

The temperature of the nutrient solution directly affects the absorption of nutrients by
the plants [35], and the temperature range of the nutrient solutions was considered suitable
for plant growth between 20 and 30 °C [36]. However, the temperature of the solutions
can exceed 30 °C in some regions, which shows the hottest hours of day, as reported by
different authors on the hydroponic cultivation of leafy vegetables [15,35,37]. Despite not
having been verified in the present study, it is worth noting that increases in flow can
decrease the temperature of the nutrient solution, especially during the hottest hours of the
day. This occurs because the high volume and short exposure time of the solution during its
displacement in the cultivation channel contributes to a small effect on the heat exchange
in the plants [11].

Several studies [14,15,38] discuss the hydroponic cultivation of leafy vegetables with
brackish water. Moreover, there are losses of DMAP per dS m~! increase in the ECns,
which can be attributed to the physiological implications that result in the reduction in the
fixation of dry biomass. The reduction in plant dry mass is associated with the osmotic
effects of salinity and toxic ions, as well as the ionic imbalance caused by the excess of these
ions [39]. However, the reduction in shoot dry biomass which results from increases in flow
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can be attributed to a decrease in the solute absorption capacity, due to the time in which
the solute remains in solution, which is not long enough for the ions to occupy all available
adsorption sites [12].

The water content in the shoots is a fundamental parameter for the commercialization
of leafy vegetables. A minimum content of 83.3% is recommended [40]. Thus, all the
WCAPs obtained in this research were higher than the reference value.

Salt stress limits the accumulation of essential nutrients in plants, while increasing
the ion concentration of sodium, for example, which results in reductions in growth and
productivity [41], as seen in the height of the coriander plants. This variable is an important
parameter for the commercialization of leafy vegetables, especially for trade in bunches.

In hydroponic crops with coriander cv. Verdao, with plants exposed to an ECns range
0f 2.28 t0 5.51 dSm™1, plant heights of 36.0 cm [42], 37.08 cm [15], and 45.18 cm [16] were
confirmed, surpassing the highest values recorded in this work. The negative effects of
salinity on plant growth are associated with its interference in the processes of net CO,
assimilation per unit of leaf area, as well as of the translocation of carbohydrates to the
draining tissues and the diversion of energy sources to other processes, such as osmotic
adjustment, synthesis of compatible solutes, repair of damage caused by salinity, and
maintenance of basic metabolic processes [43].

The type of salt used in the preparation of brackish water influenced the water con-
sumption of the coriander plants. Thus, it was possible to verify that CaCl,-2H,0O promotes
lower water consumption than solutions prepared with NaCl, which may be related to the
high absorption rate of monovalent cations compared to bivalent cations [27]. The reduc-
tion of water consumption in leafy vegetables exposed to nutrient solutions with increases
of electrical conductivities has already been verified for rocket [14], for parsley [21], for
green onion [38], and for watercress [44]. For coriander within the range of ECns of 2.05 to
8.26 dS m~!, consumption levels of 1.45 L per bunch were verified for cv. Verdao [42] and
0.89 L per bunch [15]; results similar to those were presented here.

The reduction in water productivity by saline stress conditions can be attributed
to the reduction in evapotranspiration and carbon fixation by plants resulting from the
increased electrical conductivity of the nutrient solution. However, the trend towards a
better relationship between the fresh mass and the water consumption of plants under
the prevalence of CaCl,-2H,0O may be associated with metabolic efficiencies in the use of
this nutrient, while under NaCl prevalence the toxic effects of excess sodium in solution
may cause reductions in crop yield [21]. Within the range of ECns studied, the water
productivity levels of 56.88 g L~! for parsley [21],42.6 g L~! for lettuce [24], and 67.57 g L~}
for chicory [45] has already been confirmed. This corroborates the water productivity values
verified in the present work for the flow of 1.0 L min~! and for ECns levels of 1.7, 3.0, and
45dSm™1.

The best water productivity results were obtained by the lowest flow rates, which was
probably due to low water stress in the treatments once the high flows promoted a great
flow of salts in the plant rhizospheres [13]. Therefore, the flow can be regulated to improve
crop yield. Thus, the ideal applied volume increased the collision frequency between the
nutrient ions and the plant roots, promoting nutrient absorption; subsequently, it improved
the plant growth [46]. In general, in hydroponic systems, different flow rates of nutrient
solution influence plant growth and change the availability of nutrients. Thus, the volume
of nutrient solution applied not only affects the diffusion of nutrient ions but can also
increase the energy with which these ions are available to plant roots, causing productivity
losses [47].

In general terms, within the range of ECns studied, in hydroponic cultures with a
prevalence of NaCl in water there was a higher value of the instantaneous efficiency of
water use in the order of 1.86 umol (CO,) mmol~! (H,O) for lettuce [48]; that is, it is a
value compatible with that presented here. In both experiments with tomatoes, which were
grown in the field and the greenhouse, salt stress reduced A/E and A/gs ranging from 1.50
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to 1.95 and 0.9 to 1.28 umol (CO,) mmol~! (H,0) and 74.5 to 98.9 and 30.3 to 46.7 umol
(CO,) mol~! (H,0) in the first and second cycles, respectively [49].

The intrinsic efficiency of water use in the control plants of Hebe andersonii cv. Variegata
was similar to the A/gs ratio of the plants exposed to saline stress [50]. According to this
study, salinity decreased both A and gs but increased the intrinsic efficiency of the water
use. This may be associated with a smaller decrease in the photosynthetic rate than the
decreases in stomatal conductance, which are associated with the adaptive mechanisms of
plants to stress conditions.

The adjustment of the carbon amount that the plant fixes for each unit of water loss [51]
is described by the relationship between liquid photosynthesis and transpiration, which
was influenced by the increase in flow only with the prevalence of CaCl,-2H,0O in water.
Obtaining high values in the efficiency of water use occurs when the stomata are partially
closed; that is, at this point, two diffusion processes are promptly reduced [52].

The rapid acclimatization to salinity, especially in the initial concentrations, explains
the best adjustments in both cationic prevalences and is associated with the reduction in
cellular osmotic potential caused by the accumulation of organic solutes, which contributes
to the maintenance of water absorption and cellular turgor, allowing uninterrupted physi-
ological processes such as stomatal opening, photosynthesis, and cell expansion. On the
other hand, this justifies the losses of the instantaneous and intrinsic efficiency of water
use by high ECns, once there are decreases in stomatal conductance and transpiration
due to the accentuation of induced water stress. This is caused by osmotic effect and the
consequent reduction in photosynthetic rate [48].

In general, the concept of efficiency in the use of water is relative, considering that
the treatment that obtains the highest efficiency is not always the one with the highest
productivity. Generally, the values obtained are linked to the types of treatments adopted
and to the way that the culture is managed, which makes it impossible to directly compare
results [53].

5. Conclusions

The increase in electrical conductivity of the nutrient solution affected the water
productivity, based on the fresh and dry mass of coriander in the two cationic prevalences
of brackish water, which was used to prepare the nutrient solution. Otherwise, the increases
in flow did not affect the plant height and the water productivity based on fresh mass
when there was prevalence of CaCl,-2H,0 in the water with high saline concentrations.
The plant’s water consumption was affected by increases in salt concentrations under the
nutrient solution flows of 2.0 and 4.0 L min~1; on the other hand, it remained stable under
the flows of 1.0 and 3.0 L min~!, within the tested salinity range with the predominance of
CaCl,-2H50. Increases in the flow rate of nutrient solution influenced the intrinsic water use
efficiency of plants which were grown through the cationic predominance of CaCl,-2H,0O
in water. In general, despite the effects caused by salinity on the growth parameters and
the water relations of the culture, coriander can be grown without major deleterious effects
on the mentioned characteristics above, in nutrient solutions of up to 3.0 dS m~!, as well as
flow rates of 1.0 and 2.0 L min~! in an NFT hydroponic system with 3 m long profiles.
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