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Abstract: Dry spells in rainfed agriculture lead to a significant reduction in crop yield or to total loss.
Supplemental irrigation (SI) with brackish water can reduce the negative impacts of dry spells on net
CO2 assimilation in rainfed farming in semi-arid tropical regions and maintain crop productivity.
Thus, the objective of this study was to evaluate the net carbon assimilation rates, indexes for
water use efficiency, and indicators of salt and water stress in maize plants under different water
scenarios, with and without supplemental irrigation with brackish water. The experiment followed
a randomized block design in a split-plot design with four replications. The main plots simulated
four water scenarios found in the Brazilian semi-arid region (Rainy, Normal, Drought, and Severe
Drought), while the subplots were with or without supplemental irrigation using brackish water
with an electrical conductivity of 4.5 dS m−1. The dry spells reduced the photosynthetic capacity of
maize, especially under the Drought (70% reduction) and Severe Drought scenarios (79% reduction),
due to stomatal and nonstomatal effects. Supplemental irrigation with brackish water reduced plant
water stress, averted the excessive accumulation of salts in the soil and sodium in the leaves, and
improved CO2 assimilation rates. The supplemental irrigation with brackish water also promoted
an increase in the physical water productivity, reaching values 1.34, 1.91, and 3.03 times higher than
treatment without SI for Normal, Drought, and Severe Drought scenarios, respectively. Thus, the use
of brackish water represents an important strategy that can be employed in biosaline agriculture for
tropical semi-arid regions, which are increasingly impacted by water shortage. Future studies are
required to evaluate this strategy in other important crop systems under nonsimulated conditions, as
well as the long-term effects of salts on different soil types in this region.

Keywords: tropical semi-arid; saline water; biosaline agriculture; complementary irrigation; water
stress; photosynthesis
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1. Introduction

Irrigated agriculture is essential for crop production for human and animal consump-
tion in semi-arid regions. However, the expansion of irrigation in these regions is generally
limited by the scarcity of water resources, especially in years of drought [1]. On the other
hand, rainfed agriculture is a high-risk activity in semi-arid environments, as observed
in Northeastern Brazil, due to the high interannual variability and poor distribution of
rainfall in space and time [2]. These risks can be minimized with the use of supplemental
irrigation [3], a promising climate-smart practice for dryland agriculture [4] even when
saline water sources are used [5–7].

The salinity of water and soil is a problem present on all continents, impacting ecosys-
tems and agricultural activities, notably in arid and semi-arid regions [8]. However, the
growing demand for food, the scarcity of water resources, and the overuse of groundwater
under the ongoing scenario of global climate change have created the need to tap into
saltwater resources to maintain food production and generate jobs and income for farmers
in drylands. Therefore, it is necessary to use appropriate management techniques and
salt-tolerant species, both aspects being part of biosaline agriculture [9,10].

Many studies have been carried out on the use of brackish water applied in a mixed
or cyclic way as supplemental irrigation in rainfed farming [5,6,11,12]. The use of brackish
water in irrigation can be beneficial for the Brazilian semi-arid region, given the large
number of wells containing water with a moderate salt concentration [13]. Under such
conditions, supplemental irrigation with brackish water may increase the possibilities
of plant cultivation, especially on small farms [7], which predominate in the Brazilian
semi-arid region.

From the point of view of plant physiology, it is known that leaf gas exchange, i.e., the
loss of water vapor during the transpiration process and the CO2 intake in the photosyn-
thetic pathways, plays a fundamental role in crop yield. The reduction of leaf gas exchange
under water shortages limits plant growth and contributes to low maize yields under
rainfed farming in tropical semi-arid regions. In these cropping systems, photosynthesis
decreases at different rates depending on the duration of dry spells, with the effects being
more intense in years of drought and severe drought [14].

Supplemental irrigation can reduce the negative effects of dry spells on leaf gas
exchange. However, the use of brackish water as supplemental irrigation can also impact
photosynthetic rates, given both the osmotic and the toxic effects of salts accumulated
in the soil [15]. These effects can be minimized by the fact that the salts applied during
dry spells tend to be leached down during the rainy season, especially in soils with good
natural drainage, thus having a negligible impact even on moderately salt-sensitive crops
such as maize [7]. Thus, supplemental irrigation can also increase water productivity and
allow the use of an alternative source of water (brackish water) with improved efficiency of
irrigation management.

In this context, this research applied the hypothesis that the water stress associated
with dry spells is more deleterious to the physiology and water use efficiency of maize
plants than the salt stress associated with the use of brackish water in supplemental irriga-
tion. Thus, the objective of the present study was to evaluate the net carbon assimilation
rates and the indexes for water use efficiency in maize cultivated under different water
scenarios in the Brazilian semi-arid region, with and without supplemental irrigation
employing brackish water.

2. Material and Methods

The experiment was conducted in Fortaleza (3◦74′ S, 38◦58′ W and altitude of 19 m),
Ceará, Brazil in two cycles during the dry season: from 31 August to 21 November 2018, and
from 28 September to 18 December 2019. During the experiment, the average, minimum
and maximum air temperatures were, respectively, 27.6, 22.7, 30.6 ◦C (2018) and 27.2, 25.3,
30.1 ◦C (2019). The average air relative humidity was 70.7% for 2018 and 68.3% for 2019.
The soil in the area is classified as a Ultisol, with a sandy loam texture in the 0–20 cm
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layer, pH 6.3, electrical conductivity of the saturation extract of soil 0.20 dS m−1, and an
exchangeable sodium percentage of 4.4.

The experiment followed a randomized block design in a split-plot arrangement with
four replications. The main plots were designed to simulate the water supply in the soil
corresponding to four rainfall scenarios—Rainy, Normal, Drought, and Severe Drought
(simulations based on historical series of precipitation data for the rainfed cropping season
in the Brazilian semi-arid region). The subplots were assigned to the use or lack of supple-
mental irrigation with brackish water (electrical conductivity of water—ECw = 4.5 dS m−1).
The sub-subplots were assigned to the sampling dates (27, 47, 49, 56, 60, and 67 days after
planting). Each experimental plot consisted of six 10 m long rows and each subplot had
three 10 m long rows, with a spacing of 0.80× 0.20 m between rows and plants, respectively.

The water scenarios were defined according to rainfall and dry spell data for the
semi-arid region of Vale do Curu, Ceará, Brazil, for February to May (the period of rainfed
farming in the region). The climate of this region is very hot and semi-arid according
to the Köppen classification, with annual rainfall and potential evapotranspiration of
800 mm and 1700 mm, respectively. For definition of the scenarios, historical series data for
30 years (1989 to 2019) of precipitation in this region were provided by the Foundation for
Meteorology and Water Resources of Ceará (FUNCEME). Based on rainfall data during
the rainy season (February to May) and the characterization of rainfall patterns in the
region [16], the following scenarios were defined: Rainy (803 to 1040 mm), Normal (456 to
590 mm), Drought (383 to 443 mm), and Severe Drought (158 to 338 mm).

Supplemental applications of brackish water were estimated for dry spell periods,
adding a leaching fraction of 0.20 in each irrigation event. The applied water depths
were estimated based on the values of crop evapotranspiration [17]. In the periods with-
out dry spells, irrigations were carried out using well water of low salinity ((pH 7.1,
ECw = 0.9 dS m−1, (SAR 3.9 mmol L−1)0.5). The brackish water (ECw = 4.5 dS m−1) was
prepared by adding NaCl, CaCl2.2H2O, and MgCl2.6H2O to the well water in the equiv-
alent proportion of 7:2:1. This salt ratio is representative of the chemical composition of
brackish waters in the Brazilian semi-arid region [18].

For each crop cycle, the total water depths applied, without and with supplemental
irrigation, were as follows: 745 and 796 mm (Rainy), 465 and 567 mm (Normal), 345 and
517 mm (Drought), and 240 and 500 mm (Severe Drought). The dry spells were distributed
in the water scenarios and their quantity and duration varied according to the rainfall
patterns. Dry spells were defined as periods of at least five continuous days without
rain [14]. Detailed information on water scenarios and supplemental irrigation was reported
previously [7].

We used seeds of Hybrid BRS 2022 maize, a double hybrid with moderate resistance
to diseases. To represent the reality of traditional family farming in the northeastern region
of Brazil, sowing was carried out after applying a 30 mm water depth of low-salinity water.
Fertilization with nitrogen (70 kg ha−1), phosphorus (40 kg ha−1 of P2O5), and potassium
(20 kg ha−1 of K2O) was carried out according to the recommendations for rainfed maize
cultivation in the State of Ceará [19]. The phosphorus dose (as simple superphosphate) was
applied at planting and the nitrogen (as urea) and potassium (as potassium chloride) doses
were split into three applications: one at planting and two as topdressing. Irrigation was
performed by drip, using drip tapes with a flow rate of 2.7 L h−1, with self-compensating
emitters spaced 0.4 m apart.

Soil moisture was determined using the gravimetric method [20], with soil samples
from the 0–20 cm layer collected at 47, 56, 60, and 67 days after planting in both cycles.
For the determination of soil salinity, samples were collected from each subplot at the end
of each crop cycle, from the 0–20 cm layer at three points of the central row: beginning,
middle, and end. Soil electrical conductivity was measured in a soil:water suspension of
1:1 (v/v) and expressed in dS m−1.

Measurements of leaf gas exchange were performed at 27, 47, 49, 56, 60, and 67 days
after planting (Figure 1) using the third fully expanded leaf from the apex of the plant. The
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net photosynthesis rate A (µmol CO2 m−2 s−1), stomatal conductance gs (mol m−2 s−1),
transpiration rate E (mmol m−2 s−1), and internal CO2 concentration Ci (µmol mol−1) were
measured using an infrared gas analyzer (Li–6400XT, LICOR, USA) under the following
conditions: ambient air temperature, CO2 concentration of 400 ppm, and photosynthetically
active radiation of 1800 µmol m−2 s−1. The instantaneous water use efficiency (WUEi) was
estimated using the photosynthesis and transpiration rate data.
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Figure 1. Water depths applied at three-day intervals in two maize crop cycles for different simulated
water scenarios, without supplemental irrigation. The red arrows indicate the moments of leaf gas
exchange measurements.

Samples of fully expanded leaf blades were collected at 47, 56, and 60 days after
planting in both cycles for the determination of sodium and proline concentrations. The ma-
terial was lyophilized and ground to obtain the extract, according to the method described
by [21]. Sodium concentration was determined using a flame photometer. Free proline
levels were determined according to a previously established method [22]. Proline readings
were performed using a spectrophotometer (model UV−1650PC, Shimadzu, Japan).

At 82 days after planting, 15 plants were collected per subplot, and the production
of dry ear biomass and total biomass was determined. Dry biomass productivity per
hectare (ears and total) was estimated, taking into account the planting density and final
stand. The physical water productivity (PWP, kg m−3) was estimated using the relationship
between the production of ears (PWPear) or total dry biomass (PWPbiomass) and the total
volume of water applied (simulated rainfall plus supplementary irrigation), according to
Equations (1) and (2) [1]:

PWPear =
Biomass of ears

(
kg ha−1

)
Total water appied (m3 ha−1)

(1)

PWPbiomass =
Total biomass of plants

(
kg ha−1

)
Total water applied (m3 ha−1)

(2)
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The efficiency of supplemental irrigation (WUESI) was estimated using the ratio
between the increment of biomass (ears and total) and the volume of supplemental water
applied, according to Equation (3):

WUESI =
YSI − Y

(
kg ha−1

)
Suplemental irrigation (m3 ha−1)

(3)

where YSI and Y represent the yields of plots with and without supplemental irrigation,
respectively.

The data were submitted to the analysis of variance (F-test) after passing the Kolmogorov–
Smirnov normality test. When the F-test determined statistical significance, the means were
compared using the Tukey test (p < 0.05). Statistical analyses were performed using the Sisvar
software version 5.6 [23].

3. Results and Discussion
3.1. Soil Moisture and Salinity

Soil moisture content was high throughout the crop cycle in the Rainy scenario, with a
small difference between treatments with and without supplemental irrigation only on the
last sampling date (Figure 2A). Moisture contents were close to the soil field capacity value
(7.21%) on most sampling dates, regardless of supplemental irrigation. The excess water
supplied to the soil in the Rainy scenario resulted in water accumulation in the soil profile,
with part lost to runoff and part percolated [24–26]. The storage of water in the soil in this
scenario favored the maintenance of moisture with minimal need for supplementation,
since torrential rains are usually interspersed with medium and low-intensity rains under
tropical semi-arid conditions.
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Figure 2. Soil moisture (layer from 0 to 20 cm) in areas cultivated with maize for the Rainy (A),
Normal (B), Drought (C) and Severe drought (D) scenarios, showing sampling date and presence or
absence of supplemental irrigation (SI) with brackish water (ECw = 4.5 dS m−1). For each sampling
date, means followed by the same letters do not differ (p ≥ 0.05) from each other according to the
Tukey test. Error bars represent the standard error of the mean (n = 4). The red line in each figure
represents the field capacity of the soil.
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For the Normal scenario, differences in soil moisture were observed on almost all
sampling dates except for the first one, with higher values always recorded in the treatment
with supplementation (Figure 2B). However, these differences were intensified in the
Drought and Severe Drought scenarios (Figure 2C,D), taking as a reference the value of
the soil field capacity. In the Severe Drought treatment, soil moisture was always above
5.0% with supplemental irrigation, while the values without supplementation ranged from
1.0 to 3.0%. Supplementation with brackish water in this scenario practically doubled the
soil moisture content at 60 and 67 days after planting compared to the treatment without
supplementation. These differences reflect the distribution of soil water application during
maize crop cycles (Figure 1), which indicate situations of increasing water shortage for both
Drought and Severe Drought scenarios.

The mean soil electrical conductivity (EC1:1) increased significantly only with supple-
mental irrigation with brackish water for the Severe Drought scenario, reaching a mean
value of 1.3 dS m−1 towards the ends of the crop cycles (Figure 3). However, the values
were relatively low compared to those obtained with continuous irrigation with similar
water salinity [27–30]. These differences occurred because in supplemental irrigation with
brackish water, part of the salt content was leached after the application of water of lower
salinity, simulating rain events. These results also reflect the weighted salinity values of
the irrigation water, which were 1.1, 1.5, 2.1, and 2.8 dS m−1, respectively, for the Rainy,
Normal, Drought, and Severe Drought scenarios. According to [28], only irrigation water
with electrical conductivities higher than 2.2 dS m−1 impacts the biomass production of
maize plants under tropical conditions, indicating that brackish water supplementation
may have little or no effect on maize crops.
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Figure 3. Soil electrical conductivity (soil:water extract 1:1) cultivated with maize under different
water scenarios, with or without supplemental irrigation (SI) with brackish water (ECw = 4.5 dS m−1).
For each water scenario, means followed by the same letters do not differ (p ≥ 0.05) from each other
according to the Tukey test. Error bars represent the standard error of the mean (n = 4).

It is worth noting that the well water used in this study had an electrical conductivity of
0.9 dS m−1, much higher than the salinity of rainwater (less than 0.1 dS m−1). This indicates
that under real conditions, the effects of supplemental irrigation on the accumulation of
salts in the soil may be even smaller than those observed in the present study. These results
suggest that brackish water supplementation presents a small risk of soil salinization if
the soil has good natural drainage. The adoption of practices such as leaching fractions
and the application of amendments may enable the mitigation of negative effects of the
application of brackish water on the soil under Severe Drought scenarios, thus preventing
soil degradation [26,31–33].
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3.2. Leaf Gas Exchange

Maize photosynthetic rates reached values above 40 µmol m−2 s−1 (Figure 4), which
are compatible with the photosynthetic metabolism of C4 species [34–36]. In the Rainy
scenario, no difference was observed in photosynthetic rates between treatments with and
without supplementation in the six evaluations, indicating the absence of water deficit and
that supplemental irrigation would not be necessary in this scenario (Figure 4A). However,
in the Normal scenario (Figure 4B), the need for supplemental irrigation during the dry
periods, and in the reproductive stage (56 and 60 days after planting), was evident, based
on the significant increase (2 to 3.5 times) observed for the rate of photosynthesis when
compared to the treatment without supplementation.
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served in the present study (Figure 4). However, on some sampling dates, there was a 
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Figure 4. Net photosynthetic rate of maize leaves under Rainy (A), Normal (B), Drought (C) and
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not differ (p ≥ 0.05) from each other according to the Tukey test. Error bars represent the standard
error of the mean (n = 4).

In the Drought scenario, supplemental irrigation was important in maintaining the
photosynthetic rate on three (56, 60, and 67 days after planting) out of six sampling dates
(Figure 4C), while in the Severe Drought scenario this was observed for five dates (47, 49, 56,
60, and 67 days after planting) (Figure 4D), reflecting the distribution of dry spells (Figure 1)
and soil moisture (Figure 2). It should be noted that a reduction in the rate of photosynthesis
can be caused by several biotic and abiotic constraints. From the physiological point of
view, this reduction can be explained by stomatal limitations, reduction in chlorophyll
concentration, photochemical damage, and inhibition of enzymatic activities [37–39].

The water deficit during the dry spells caused a significant reduction in stomatal
conductance (Figure 5). Such a reduction in stomatal opening limits the influx of CO2
during the photosynthetic process [37], decreasing the net carbon assimilation capacity, as
observed in the present study (Figure 4). However, on some sampling dates, there was a
concomitant reduction in the photosynthetic rate (Figure 4) and an increase in the internal
CO2 concentration (Figure 6), especially for treatments without supplemental irrigation
(Drought and Severe Drought scenarios). This indicates that longer dry spells induced more
severe water stress, which affected the photosynthetic metabolism. According to [33], even
if there was enough substrate (CO2) in the mesophyll in a situation of severe water shortage,
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there was a high degree of photosynthetic restriction in response to the deterioration
of the photochemical and/or biochemical apparatus of the carbon assimilation process
in chloroplasts.
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The transpiration rate data (Figure 7) show, in most cases, a similar behavior for the
net photosynthetic rate (Figure 4), demonstrating strong stomatal limitations associated
mainly with water deficit during dry spells. In the Rainy scenario, no difference was
observed between treatments with and without brackish water supplementation and the
values varied over time, possibly as a function of environmental changes such as air
temperature and relative humidity. In the Severe Drought scenario, there were reductions
on all sampling dates except for the one 27 days after planting, reflecting the response of
the plants to soil moisture conditions (Figure 2).
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Figure 7. Transpiration rate of maize leaves under Rainy (A), Normal (B), Drought (C) and Severe
drought (D) scenarios, showing sampling date and presence or absence of supplemental irrigation
(SI) with brackish water of ECw = 4.5 dS m−1. For each sampling date, means followed by the same
letters do not differ (p ≥ 0.05) from each other according to the Tukey test. Error bars represent the
standard error of the mean (n = 4).

The values of transpiration and net photosynthetic rates also showed a rapid recovery
capacity for leaf gas exchange after a dry spell, as observed in the treatment without
supplementation for both Normal and Drought scenarios. This ability to recover leaf gas
exchange at the end of a dry spell has also been reported in cowpea grown under rainfed
farming in tropical dryland even after low-intensity rainfall [14]. However, severe water
deficits associated with long dry spells can cause permanent cellular damage, making a
full recovery of physiological processes and plant growth impossible [33,37].

3.3. Indicators of Salt and Water Stress

Regression analysis relating soil moisture and salinity to plant response variables
also demonstrated that supplemental irrigation with brackish water reduced the delete-
rious effects of water stress during dry spells without causing damage associated with
salt stress. The reduction of soil moisture from 7 to 2% resulted in a 58% reduction in net
photosynthetic rate (Figure 8A) and an 88% reduction in biomass production (Figure 8B),
considering treatments with and without supplemental irrigation. In comparison, increas-
ing the weighted salinity of irrigation water from 1.1 dS m−1 (Rainy) to 2.8 dS m−1 (Severe
Drought) reduced the photosynthetic rate and the production of total biomass by only
14 and 11%, respectively (Figure 8C,D). These reductions are expected to be even smaller
or nonexistent under field conditions, because if using rainwater (ECw = 0.1 dS m−1)
instead of low-salinity water (ECw = 0.9 dS m−1), the weighted salinity associated with
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supplemental brackish water would be even smaller and would promote greater leaching
of salts in the soil profile, as discussed earlier.
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Figure 8. Photosynthetic rate A, and total biomass production per plant of maize as a function of soil
moisture (A,B) and soil salinity (C,D).

The mineral analysis also suggested that the use of brackish water in supplemental
irrigation did not result in an excessive accumulation of sodium in the leaves (Figure 9A). In
the plots with supplemental irrigation, there was no increase in the sodium concentration
in leaf tissues even when the weighted electrical conductivity of the irrigation water was
increased from 1.1 dS m−1 (Rainy) to 2.8 dS m−1 (Severe Drought), and sodium contents
were similar to those in the treatment without supplementation. Sodium contents were less
than 2.5 g kg−1, which did not result in any damage to the maize crop, as demonstrated
by [40]. Irrigations with low-salinity water, simulating the occurrence of rain, reduced the
accumulation of salts in the soil and consequently in the plants.
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Figure 9. Sodium (A) and proline (B) concentrations in mature leaves of maize in response to presence
or absence of supplemental irrigation (SI) with brackish water of ECw = 4.5 dS m−1. Means followed
by the same letters do not differ (p ≥ 0.05) from each other according to the Tukey test. Sodium
and proline concentrations represent the average of three sampling dates (47, 56, and 60 days after
planting). Error bars represent the standard error of the mean (n = 4).

Proline concentration did not increase in treatments with supplemental irrigation
(Figure 9B), suggesting that the salt stress caused by brackish water application (ECw = 4.5
dS m−1) was not intense enough to promote proline accumulation. However, leaf concen-
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tration of proline was higher in treatments without supplementation than in treatments
with supplementation for scenarios with increasing water shortage (Normal, Drought, and
Severe Drought). These results indicate that proline accumulation was more affected by
water stress than by salt accumulation in leaves of maize irrigated with brackish water. As
for proline, although its accumulation is reported as a common response in plants under
water and salt stress, there is controversy regarding the role played by this amino acid
during stress. For many authors, the accumulation of proline is an important adaptive
response for plants under stress, contributing to osmotic adjustment [41–44] and protecting
cellular structures and functions [45–47]. For other authors, proline quantified using the
method reported by [21] is an indication of osmoprotection associated with damage caused
by abiotic constraints, as demonstrated for barley [48], cotton [49], and cowpea [50] under
water deficits, and for rice [51] and sorghum [52,53] under salt stress. Our data presented
here (Figure 9B) are in line with those who reported the highest accumulation of proline
in response to damage caused by water stress [48,49], as revealed by soil moisture data
(Figure 3) and net photosynthetic rates (Figure 4).

3.4. Water Use Efficiency

The similarity of the responses of net photosynthesis (Figure 4) and transpiration
(Figure 7) rates resulted in minimal variations in instantaneous water use efficiency (WUEi)
(Figure 10). There was also a similarity in the responses of plants under the different scenar-
ios tested. In the present study, the lower values of WUEi in measurements performed 49,
56, and 60 days after planting may have been associated with the increase in transpiration
rates in this period (Figure 7). Comparing treatments with and without supplemental
irrigation with brackish water, a reduction in WUEi was observed only at 60 days after
planting in the Normal and Drought scenarios, a result explained by the dramatic drop in
the rate of photosynthesis during a dry spell (Figure 4).
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Figure 10. Instantaneous water use efficiency in maize leaves under Rainy (A), Normal (B),
Drought (C) and Severe drought (D) scenarios, showing sampling dates and presence or absence
of supplemental irrigation (SI) with brackish water of ECw = 4.5 dS m−1. For each sampling date,
means followed by the same letters do not differ (p ≥ 0.05) from each other according to the Tukey
test. Error bars represent the standard error of the mean (n = 4).

In the scenarios and treatments with and without supplementation, marked differences
were observed in the indices of water use efficiency when considering ear or total biomass
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production as a function of the volume of water applied (Table 1). Our results suggest
that supplemental irrigation did not significantly increase the physical water productivity
(PWP) in the Rainy scenario. However, differences between treatments with and without
supplementation were observed in both Drought and Severe Drought scenarios for both
crop cycles. Values of PWPear and PWPbiomass were lower without supplemental irrigation
compared to supplemental irrigation for Normal, Drought, and Severe Drought scenarios.
Additionally, brackish water supplementation homogenized PWP in the different scenarios
tested, with no differences between them. This indicates that supplemental irrigation in
years of drought and severe drought allows for an improvement in water use efficiency so
that it can be compared to the results obtained in the Normal scenario.

Table 1. Physical water productivity (PWP) based on dry ear production (PWPear), total dry biomass
production (PWPbiomass), and supplemental irrigation efficiency (WUESI) in maize as a function of
water scenarios with and without supplemental irrigation with brackish water (ECw = 4.5 dS m−1).

Suppl. Irrigation
Simulated Water Scenarios

Rainy Normal Drought Severe Drought

PWPear (kg m−3)
2018

With 1.56 ± 0.27 Aa 1 1.77 ± 0.39 Aa 2.16 ± 0.58 Aa 1.57 ± 0.22 Aa
Without 1.49 ± 0.21 Aa 1.38 ± 0.26 Ba 1.04 ± 0.39 Bab 0.72 ± 0.21 Bb

2019
With 1.14 ± 0.25 Ab 1.57 ± 0.15 Aa 1.43 ± 0.24 Aa 1.53 ± 0.27 Aa

Without 0.98 ± 0.40 Aab 1.13 ± 0.55 Ba 0.73 ± 0.28 Bab 0.23 ± 0.24 Bb
PWPbiomass (kg m−3)

2018
With 2.78 ± 0.36 Ab 3.96 ± 0.60 Aa 3.99 ± 0.49 Aa 2.87 ± 0.61 Ab

Without 2.84 ± 0.57 Aa 2.70 ± 0.47 Ba 2.19 ± 1.17 Bb 1.10 ± 0.46 Bc
2019

With 2.29 ± 0.20 Ab 3.40 ± 0.16 Aa 3.31 ± 0.22 Aa 3.84 ± 0.15 Aa
Without 2.18 ± 0.32 Ab 2.77 ± 0.18 Aa 1.62 ± 0.35 Bb 1.11 ± 0.33 Bc

WUESI (kg m−3) #

Ear biomass
3.01 ± 0.37 3.53 ± 0.45 3.63 ± 0.11 2.53 ± 0.14

Total Biomass
2.79 ± 0.30 7.99 ± 0.21 7.16 ± 0.19 5.44 ± 0.20

1 Values represent the mean ± standard error (n = 4). Means followed by the same uppercase letters in columns
and lowercase letters in rows do not differ (p ≥ 0.05) from each other according to Tukey’s test. # Values represent
the mean of the two maize cycles (n = 4).

When considering only the water use efficiency when supplementary irrigation was
applied (WUESI), the highest values were recorded for Normal and Drought scenarios for
both ear and total biomass production. In general, the values of WUESI (Table 1) in the
Normal, Drought, and Severe Drought scenarios were quite dramatic and higher than those
obtained at the full irrigation depths (350 and 500 mm per cycle of green maize) [54,55],
which were much higher than those used in supplemental irrigation in this research (102,
172 and 260 mm for Normal, Drought, and Severe Drought scenarios). However, there
was a reduction of about 30% in WUESI in the Severe Drought scenario compared to the
Drought scenario, which was due to the application of a greater depth of brackish water in
the supplementation in the first scenario, and also to the small reduction in the biomass
production observed in [7], possibly as a result of the accumulation of salts in the soil
(Figure 3).

4. Conclusions

Rainfed agriculture in tropical semi-arid regions is limited by irregular rainfall during
the rainy season. However, the Brazilian semi-arid region has a large number of wells with
brackish water that could be used in supplemental irrigation, thus reducing the water stress
in maize and other annual crops. Our results suggest that the water stress associated with
dry spells is more deleterious to the carbon assimilation and water use efficiency of maize
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plants than the salt stress associated with the use of supplemental irrigation with brackish
water. Our study showed that dry spells compromised the photosynthetic capacity of maize
even under the Normal water scenario, but the effects became drastic under both Drought
and Severe Drought scenarios due to stomatal and nonstomatal effects. Supplemental
irrigation of maize with brackish water with an ECw = 4.5 dS m−1 reduced water stress
and did not result in excessive salt accumulation in the sandy loam soil used in this study.

The use of brackish water did not lead to sodium accumulation in leaves and improved
leaf gas exchange, with a positive impact on the CO2 assimilation rate. Thus, supplemental
irrigation with brackish water resulted in an increase in water use efficiency in different
scenarios under water restriction, constituting an important strategy that can be applied
in biosaline agriculture in tropical semi-arid regions to maintain crop yields, especially in
years of drought and severe drought. Considering the great spatial variability of rainfall in
tropical semi-arid regions and the increase in drought years associated with global climate
change scenarios, future studies are required to evaluate this strategy in other important
crop systems under nonsimulated conditions, as well as the long-term effects of these salts
on different soil types in this region.
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