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HIGHLIGHTS:
Salinity above 0.5 dS m" reduced the foliar concentrations of N, B K*, Mg?+, S, Fe?*, Mn?*, Cu?+, and Zn?* in plant-cane.
Salinity of 8 dS m" without leaching fraction decreases yield by 43 and 47% in plant-cane and first ratoon, respectively.
With leaching fraction of 0.17 the yield is 26 and 28% higher in plant-cane and first ratoon, respectively.

ABSTRACT: Salinization reduces the osmotic potential of soil solutions and promotes the accumulation of toxic
ions (Na* and CI) in plants, causing nutritional imbalance and yield reductions. Thus, the objective of the present
study was to evaluate foliar concentrations of nutrients and Na* and stalk yields in sugarcane RB92579 under different
electrical conductivities of irrigation water and leaching fractions (LF). The experiment was conducted in drainage
lysimeters in a 5 x 2 factorial scheme with five electrical conductivities of irrigation water - ECw (0.5, 2.0, 4.0, 6.0,
and 8.0 dS m™) without (LF1 = 0) or with a leaching fraction (LF2 = 0.17), and four replicates. Increased ECw
decreased the concentrations of N, P, K, Mg, S, Fe, Mn, Cu, and Zn and increased those of Ca, Cl, and Na, reducing
the biomass production in two cycles (plant-cane and first ratoon). The use of a leaching fraction of 0.17 mitigated
the deleterious effects of salinity on nutrient concentration and yield.

Key words: Saccharum spp., salt stress, mineral nutrition, yield, leaching fraction

RESUMO: A saliniza¢do reduz o potencial osmdtico da solu¢do do solo e promove o acimulo de fons téxicos
(Na* e CI) nas plantas, causando desequilibrio nutricional e redugdes no rendimento. Assim, objetivou-se avaliar
as concentracoes foliares de nutrientes, Na* e rendimento de colmos em cana-de-agticar RB92579 sob diferentes
valores de condutividade elétrica da d4gua de irrigagdo e fragdes de lixiviagdo (FL). O experimento foi conduzido em
lisimetros de drenagem em esquema fatorial 5 x 2: cinco condutividades elétricas da 4gua de irrigagdao - CEa (0,5;
2,0;4,0; 6,0 € 8,0 dS m™) sem fracdo de lixiviacdo (FL1 = 0) e com (FL2 = 0,17), com quatro repetigdes. O aumento
da CEa diminuiu as concentrag¢des de N, P, K, Mg, S, Fe, Mn, Cu e Zn, e aumentou as concentragdes de Ca, Cl e Na,
e reduziu a produ¢ao de biomassa em dois ciclos (planta cana e soca). O uso da fracéo de lixiviacdo 0,17 mitigou os
efeitos deletérios da salinidade nos nutrientes e na produtividade.

Palavras-chave: Saccharum spp., estresse salino, nutri¢io mineral, rendimento, fragdo de lixiviagao
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INTRODUCTION

Brazil is the world’s largest producer of sugarcane, sugar,
and ethanol. In 2020/2021, 8.61 million hectares of sugarcane
was harvested and 654.52 million tons was produced, with
average productivity of 76.01 Mg ha' (CONAB, 2021).

Northeast Brazil, with a mean productivity of 58.01 Mg
ha’', has low pluvial precipitation (300 to 800 mm per year).
Thus, sugarcane must be irrigated to obtain satisfactory
yields (Dingre & Gorantiwar, 2021; Jafari & Bazrekar, 2022).
According to Rodolfo Junior et al. (2016), irrigated crops can
produce 100-150 Mg ha!, with a water consumption of 1500-
2000 mm per year.

Approximately 80% of sugarcane growing areas in Brazil
are located in regions with water scarcity and/or coastal areas
with high concentrations of soluble salts (e.g., K*, Mg**, CO,%,
SO,*, HCO,, Na*, and CI') (S4 et al., 2021), due to the source
material, high rates of evapotranspiration, saline intrusion
of seawater, salt deposition by rain and wind, and fertilizer
usage, which intensify salinization and/or sodification of soils
(Mahmoodzadeh & Karamouz, 2019; German et al., 2020; Yu
et al., 2021).

The accumulation of salts in the soil reduces the osmotic
potential and water availability, and excessive absorption
of some ions can cause phytotoxicity (Assaf et al., 2022;
Kavian et al., 2022), resulting in changes in plant metabolism
and nutritional imbalance, thereby directly impacting the
productivity of crops (Munns, 2011; Ali et al., 2022) such
as sugarcane, which is a glycophyte with a salinity threshold
(saturation extract of soil) of 1.7 dS m™..

Few studies have evaluated the concentrations of nutrients
in sugarcane plants under saline stress conditions, and none as
extensively as that of the present work. Thus, the objective of
this study was to evaluate the foliar concentrations of nutrients
and inorganic solutes (Na* and Cl) and the stalk yield of
sugarcane RB92579 under different electrical conductivities
of irrigation water and leaching fractions.

MATERIAL AND METHODS

The experiment was conducted at the Agricultural
Engineering Department of the Universidade Federal Rural
de Pernambuco (UFRPE), Recife, PE (8°01°06” S, 34°56’49” W,
altitude 6.5 m). The total area is 2400 m? (32 x 75 m), and
contains an automatic weather station (Campbell Scientific,
CR1000) used to obtain meteorological data (rainfall, air
temperature, relative air humidity, wind speed, and solar global
radiation) for irrigation management and a lysimetric station
with 40 drainage lysimeters.

The soil used in the drainage lysimeters corresponds to a
layer of 0-0.40 m that is classified as a Spodosol Humod, with
the following physical-chemical and water attributes: sand =
890 g kg, silt =30 g kg, clay = 80 g kg™, textural class = sand,
soil bulk density = 1.69 kg dm?, particle density = 2.63 kg dm?,
volumetric moisture (0.1 atm) = 6.15%, volumetric moisture
(15 atm) = 1.34%, organic matter = 15.35 gkg™', pH ,,, = 6.5,
P =49 mg dm?, K*= 0.08 cmol_dm?, Ca** = 1.6 cmol_dm?~,
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Mg* = 0.65 cmol_dm™, Na*= 0.06 cmol_dm™, Cu = 0.78
mg dm?, Zn = 0.43 mg dm*, Mn = 0.62 mg dm?, H* + Al** =
3.05 cmol_dm™, AP*=0cmol dm?, cation exchange capacity =
5.44 cmol dm™, base saturation = 43.9%, aluminum saturation
= 0%, and ECe = 0.79 dS m™.

Two cultivation cycles of sugarcane RB92579 were
evaluated: plant-cane planted in November 2016 and harvested
in November 2017, and first ratoon harvested in November
2018. Grinding wheels were used for planting in single rows
spaced 1.2 m apart with 10 plants m™.

For the plant-cane, basal mineral fertilization was
performed with 20 kg ha™' of N, 40 kg ha' of P,O,, and
35 kg ha' of K,O in the form of urea, simple superphosphate,
and potassium chloride, respectively. At 45 and 150 days after
planting (DAP), topdressing was conducted using 20 kg ha™*
of N and 35 kg ha of K,O. Micronutrients were applied to
the leaves, with 1.3 kg ha™ of Cu, 2.0 kg ha™' of Zn, and 2.6 kg
ha' of Mn. For the ratoon cane, fertilization with 30 kg ha™
of N and 40 kg ha of K,O was performed, along with foliar
application of micronutrients in the same amount as that of
the plant-cane at 30, 90, and 150 days after cutting (DAC).

The experimental design was completely randomized, in
a 5 x 2 factorial scheme, with four replicates: five values of
irrigation water electrical conductivity - ECw (0.5, 2.0, 4.0, 6.0,
and 8.0 dS m™') without (LF1 = 0) or with leaching fraction
(LF2 =0.17). The experiment corresponding to 100 and 120%
of the crop evapotranspiration (ETc), totaling 40 experimental
plots, with each plot composed of a drainage lysimeter (1 m?)
with 12 plants. The electrical conductivity was obtained by the
addition of NaCl and CaCl,.H,O (Pr6-Andlise) in a 1:1 molar
ratio (Ca:Na) in the local supply water (ECw = 0.5 dS m™),
according to Richards (1954):

Qs = 640x ECw, when ECw <5.0 dSm™ (1)

Qs = 800x ECw, when ECw >5.0 dSm™' ()

where:

Qs - quantity of salts (mg L*); and,

ECw - desired value for the electrical conductivity of water
(dS m™).

The salts were mixed in five water tanks (1000 L), coupled
with horizontal-axis centrifugal electric pumps (Model
QB80, 0.5 CV). A drip irrigation system was used with self-
compensating drippers (PCJ/CNL Netafim™ type), spaced at
0.30 m, with a unit flow of 4.1 L h™* and application intensity
of 11.40 mm h', and one drip line per row of plants.

The application of treatments started 60 days after planting
and 45 days after cutting for plant-cane and first ratoon,
respectively, with daily irrigation. ETc was obtained as the
product of the reference evapotranspiration (ETo) by the
cultivation coefficient (Kc) and location coefficient (Kl). ETo
was estimated using the Penman-Monteith method, with data
from the automatic weather station, the Kc corresponded to
each phenological phase of the plant, and the Kl was obtained
by the percentage of wetted area of the irrigation system
according to Allen et al. (1998).
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At 150 days after planting (plant-cane) and cutting
(first ratoon), the diagnostic leaf +3 (DL +3) of one plant
per plot was collected to determine the nutritional status.
Subsequently, the leaves were dried in an oven with forced-air
circulation (65 °C) to a constant dry mass and processed in a
Wiley-type mill with a 2 mm sieve. The quantification of the
concentrations of the macronutrients (g kg*) nitrogen (N),
phosphorus (P), potassium (K*), calcium (Ca?*), magnesium
(Mg*), sulfur (S); micronutrients (mg kg*): copper (Cu*),
iron (Fe?*), manganese (Mn*"), zinc (Zn?**), and chloride
(CI); as well as the sodium ion (g kg'): sodium (Na*) was
performed according to Malavolta et al. (1997).

At 365 days after planting or the first cutting, the plant-cane
and first ratoon were harvested, respectively, and all plants
were cut and divided into stalks to calculate the productivity
in tons per hectare (TCH). To determine the TCH, the fresh
phytomass obtained in each lysimeter was divided by the area
0f 1.656 m” (1.38 m lysimeter length by 1.2 m spacing between
plant rows) and multiplied by 10000.

Data were submitted to normality (Shapiro-Wilk test),
homoscedasticity, and analysis of variance. The significant
effect of electrical conductivity was then analyzed using
regression analysis (p < 0.05). The unfolding of the leaching
conditions at each salinity level was compared using Tukey’s
test (p < 0.05). The analyses were performed using Sisvar
statistical software (Ferreira, 2019).
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RESULTS AND DISCUSSION

The interaction between irrigation water electrical
conductivity (ECw) and the leaching fraction exerted
significant effects (p < 0.05) on foliar concentrations of all
nutrients except Zn*" in plant-cane and Na* in plant-cane and
first ratoon (p < 0.05). The Zn*  concentration in the plant-cane
was affected by these factors individually (p < 0.05) (Table 1).

Figure 1A shows decreases of 1.44 and 0.96 g kg™ of dry
mass in N concentration for each unit increase in electrical
conductivity for the conditions without (LF1) and with
leaching fraction (LF2), respectively. For the LF1 condition,
the mean values estimated by the regression equation of leaf
N concentration were 19.09 and 8.29 g kg™ for irrigation water
electrical conductivities of 0.5 and 8.0 dS m, respectively,
which is a reduction of 56.6%, while the LF2 condition showed
average concentrations of 21.09 and 13.89 g kg (34.14%).
According to Huang et al. (2019), when urea is hydrolyzed,
ammonia and CO, are produced by the urease enzyme, and
N decreases due to ammonia volatilization. This process is
intensified in soils with high pH levels, which is a typical
characteristic of sodic or saline sodic soils. In the present study,
the pH of the irrigated soil with an ECw of 8 dS m™ presented
average values of 8.3 and 7.4 for LF1 and LF2, respectively.

According to Cavalcanti (2008), properly nourished plant-
cane has foliar N concentrations of 16 g kg™, represented by

Table 1. Summary of analysis of variance for leaf concentrations of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg), sulfur (S), iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), chloride (Cl), and sodium (Na) in plant-cane
and first ratoon under different irrigation water electrical conductivity (ECw) and leaching fraction (LF)

DF - Degree of freedom; CV - Coeflicient of variation; **, *, ns - Signifcant at p < 0.01 and p < 0.05, and not signifcant by the F test, respectively

Rev. Bras. Eng. Agric. Ambiental, v.26, n.11, p.863-874, 2022.
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** - Significant p < 0.01, by the F test. Means followed by different letters indicate a significant difference (p < 0.05) by the Tukey’s test in the leaching fractions at same ECw value
---- Macronutrient concentrations considered adequate (diagnostic leaf +3) according to Cavalcanti (2008)

Figure 1. Nitrogen (N) (A and B), phosphorus (P) (C and D), and potassium (K*) (E and F) concentrations in plant-cane and first
ratoon, respectively, submitted to irrigation water electrical conductivity (ECw) without (LF1) and with (LF2) leaching fraction

the dashed line in Figure 1A, which could be observed up to
an ECw of 2.64 and 5.80 dS m™ for LF1 and LF2 conditions,
respectively. In the unfolding of LF within each ECw, significant
differences (p < 0.05) were observed in N concentration, with
increments of 10.49, 16.09, 26.22, 41.58, and 67.62% for 0.5, 2.0,
4.0,6.0,and 8.0 dS m’!, respectively, for LF2 compared to LF1.

According to Zhang et al. (2019), the leaching fraction
associated with an efficient drainage system promotes the

Rev. Bras. Eng. Agric. Ambiental, v.26, n.11, p.863-874, 2022.

displacement of salts from irrigation water and/or those already
existing in the soil to depths beyond the root zone.

In general, the first ratoon (Figure 1B) showed higher
foliar N concentrations when compared to the plant-cane,
and although similar reductions were observed for LF1
(54.6%) and LF2 (33.5 %) in the ECw of 8.0 dS m when
compared to plants irrigated with supply water (0.5 dS m™),
the concentrations were greater than the critical values



Nutritional status, Na* and Cl concentrations, and yield of sugarcane irrigated with brackish waters

recommended by Cavalcanti (2008) of 3.49 and 6.65 dS m"!
for LF1 and LF2, respectively. Lira et al. (2019) evaluated leaf
nutrient concentrations in sugarcane RB867515 subjected
to irrigation water electrical conductivity (0.5, 2.0, 3.5, 5.0
and 6.5 dS m™) and the conditions without (LF = 0) and with
leaching fractions (LF = 0.17) in Recife, PE, and obtained
reductions of 61.62 and 26.88% for N, for the respective
leaching conditions, with an ECw of 6.5 dS m™.

In the unfolding of the LF within each ECw for N, there
were significant differences (p < 0.05) with increments of 7.77,
12.89,22.05, 35.67, and 58.06% for 0.5, 2.0, 4.0, 6.0, and 8.0 dS
m, respectively of LF2 compared to LF1.

For P in the plant-cane (Figure 1C), there were decreases
of 0.203 and 0.215 g kg for each unit increase in electrical
conductivity for the conditions LF1 and LF2, respectively.
For LF1, the mean values of leaf P concentrations were 2.06
and 0.54 g kg (73.92%) for salinities of 0.5 and 8.0 dS m’!,
respectively, while for LF2, the concentrations were 2.50
and 0.89 g kg!, which is a percentage reduction of 64.25. At
salinities of 4.73 (LF1) and 6.59 dS m™ (LF2), leaf P values
were above the critical value recommended by Cavalcanti et
al. (2008) of 1.2 g kg™'. By the unfolding of the LF within each
ECw, significant differences were observed (p < 0.05) with
increments of 21.85, 24.62, 30.24, 40.72, and 67.04% for 0.5, 2.0,
4.0, 6.0, and 8.0 dS m™, respectively for LF2 compared to LF1.

In the first ratoon (Figure 1D), a similar response was
observed, with reductions of 0.124 and 0.112 g kg™ unit
increments of ECw promoted to LF1 and LF2, respectively. Up
to salinities of 3.0 and 5.29 dS m™ for LF1 and LF2, respectively,
leaf concentrations were above the critical value recommended
by Cavalcanti (2008). For the unfolding of the LF within
each ECw, there were significant differences (p < 0.05) with
increments of 13.20, 13.97, 15.25, 16.95, and 19.32% for 0.5, 2.0,
4.0, 6.0, and 8.0 dS m’, respectively in LF2 compared to LF1.

Phosphorus has an important role in several functions
of sugarcane, such as protein formation, photosynthesis, cell
division, and energy storage. It is critical in the first three
months of vegetative growth, and is one of the nutrients that
most contributes to production (Parra et al., 2022).

ECw promoted unitary decreases of 0.707 and 0.742 g kg
in K* values (Figure 1E) for LF1 and LF2, respectively. For
LF1, the mean foliar concentration values were 12.46 and
7.16 g kg for salinities of 0.5 and 8.0 dS m™!, respectively, which
is a reduction of 56.6%, and for LF2 the means were 14.11 and
8.54 gkg' (39.45%). Plant-cane has an average foliar K* content
of 12 g kg according to Cavalcanti (2008), and the present
research showed ECw values of up to 1.15 and 3.34 dS m"'
for LF1 and LF2, respectively. The unfolding of the LF within
each ECw revealed significant differences (p < 0.05) between
LF2 compared to LF1, with increments of 13.20, 13.97, 15.25,
16.95, and 19.32% for ECw of 0.5, 2.0, 4.0, 6.0, and 8.0 dSm’},
respectively.

For the first ratoon (Figure 1F), each unit increment of ECw
promoted reductions in K* values of 0.886 and 0.637 g kg™ for LF1
and LF2, respectively. The average concentrations were above
the limit considered critical by Cavalcanti (2008) of 3.17 and
5.79 dS m™ for LF1 and LF2, respectively, with higher electrical
conductivity than observed in the first cycle. According to
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Taiz et al. (2017), the culms of potassium-deficient plant-cane
are thin and weak, with abnormally short internodes. High
values of Na* in the soil inhibit the absorption of nutrients,
mainly that of K* due to the ionic antagonism between these
monovalent ions by competing for absorption and transport
sites in the plasma membrane (Ali et al., 2021; Cirillo et al,,
2022; Zhang et al., 2022).

By unfolding the LF within each ECw, significant differences
(p £0.05) in K* of 21.85, 24.62, 30.24, 40.72, and 67.04% for
0.5, 2.0, 4.0, 6.0, and 8.0 dS m™, respectively, were observed
between LF2 and LF1.

In plant-cane (Figure 2A), there was an increase of 0.813
and 0.442 g kg in Ca** content for each unit increase in ECw
for LF1 and LF2, respectively. Under LF1, the average foliar
Ca?* concentrations ranged from 4.51 and 10.61 g kg™ for
electrical conductivities of 0.5 and 8.0 dS m, respectively,
which is an expressive increase of 135.24%; in LF2 the values
were 4.14 and 7.45 g kg (80.17%). Ca** was above the critical
value recommended by Cavalcanti et al. (2008) for all ECw
levels evaluated. The analysis of the LF unfolding within each
ECw showed significant differences (p < 0.05) of 19.38, 29.43,
36.77, and 42.36% in Ca** concentrations for 2.0, 4.0, 6.0, and
8.0 dS m’}, respectively between LF1 and LF2.

Figure 2B reveals significant increases in foliar Ca** values
in the first ratoon compared to those of plant-cane. Each unit
increment in irrigation water electrical conductivity increased
Ca?* concentrations by 1.237 and 0.770 g kg without and
with the leaching fraction, respectively. In the LF1 and LF2
conditions, percentage increases of 188.70 and 135.18%,
respectively, were observed in the ECw of 8.0 dS m™ when
compared to plants irrigated with supply water (0.5 dS m™),
which is above the critical level recommended by Cavalcanti
et al. (2008) of 4 g kg™'. Lira et al. (2019) observed an average
increase of 41% in foliar Ca** concentrations in sugarcane
plants irrigated with brackish water. According to those
authors, high concentrations of Ca** inhibit the uptake of K*
and Mg?* by plants.

In the unfolding of the LF within each ECw for Ca*', there
were significant differences (p < 0.05) with increments of 15.09,
24.78,32.71,37.77,and 41.28% for 0.5, 2.0, 4.0, 6.0, and 8.0 dS
m’!, respectively, between LF1 and LF2.

For Mg?** (Figure 2C) in the plant-cane, decreases of 0.133
and 0.104 g kg™ were observed for each unit increment of
ECw for LF1 and LF2, respectively. In the LF1 condition,
mean values of leaf Mg?* of 2.38 and 1.38 g kg (reduction
of 41.82%) were observed, and in LF2, 2.52 and 1.74 g kg
(reduction of 30 .84%) were revealed for ECws of 0.5 and 8.0
dS m!, respectively. Up to electrical conductivities of 3.40 (LF1)
and 5.39 dS m™! (LF2), leaf Mg** values were above the critical
limit recommended by Cavalcanti (2008) of 2.0 g kg™. There
were significant differences (p < 0.05) in the unfolding of the
LF within each ECw, with increments of 6.02, 8.55, 12.76, 18.32,
and 26.01% for 0.5, 2.0, 4.0, 6.0, and 8.0 dS m", respectively
for LF2 compared to LF1.

In the first ratoon (Figure 2D), the increase in ECw
promoted reductions in Mg** values, with reductions of 0.128
and 0.076 g kg!' per dS m™ increase in water salinity for the
LF1 and LF2 conditions, respectively. In LF1, all ECw values

Rev. Bras. Eng. Agric. Ambiental, v.26, n.11, p.863-874, 2022.
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** - Significant p < 0.01 by the F test. Means followed by different letters indicate significant difference (p < 0.05) by the Tukey’s test in the leaching fractions at same ECw value
---- Macronutrient concentrations considered adequate (diagnostic leaf +3) according to Cavalcanti (2008)

Figure 2. Calcium (Ca*") (A and B), magnesium (Mg**) (C and D), and sulfur (S) (E and F) concentrations in plant-cane and first
ratoon, respectively, submitted to irrigation water electrical conductivity (ECw) without (LF1) and with (LF2) leaching fraction

were below those recommended by Cavalcanti (2008), with
a reduction of 51.25% in the foliar content of plants irrigated
with 8.0 dS m™! compared to those irrigated with supply water.
Under LF2, the reduction for these conditions of ECw was
27.72%, with values maintained above 2.0 g kg™ (Cavalcanti,
2008) to an ECw of 1.24 dS m™. By the unfolding of the LF
within each ECw, significant differences (p < 0.05) were
observed with increments of 9.77, 15.53, 25.61, 40.12, and

Rev. Bras. Eng. Agric. Ambiental, v.26, n.11, p.863-874, 2022.

62.76% for 0.5, 2.0, 4.0, 6.0, and 8.0 dS m!, respectively in
LF2 compared to LFI.

In plant-cane, S concentrations decreased by 0.270 and
0.217 g kg for each unit increment of ECw under the LF1
and LF2 conditions, respectively (Figure 2E). The increase in
ECw promoted reductions in leaf S concentrations of 68.16 and
47.00% for LF1 and LF2, respectively, at ECw = 8.0 dSm™ when
compared to 0.5 dS m™'. According to Cavalcanti (2008), the
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leaf S content of well-nourished plant-cane is 2 g kg, which
was observed in the present study up to salinities of 4.10 and
7.24 dS m™ under LF1 and LF2 conditions. The analysis of the
LF unfolding within each ECw showed significant differences
(p £ 0.05) with increments of 16.54, 22.25, 33.42, 52.69, and
93.97% for 0.5, 2.0, 4.0, 6.0, and 8.0 dS m™', respectively, in LF2
compared to LFI.

In first ratoon (Figure 2F), leaf S values were similar to
those observed in the first cycle, with reductions of 68.94 and
34.83% for LF1 and LF2, respectively. Without leaching, the S
concentrations remained above the critical value mentioned by
Cavalcanti (2008) to ECw = 3.72 dS m™!; however, in treatments
with a leaching fraction of 0.17 (LF2), the concentrations
were above the critical value for all saline concentrations
evaluated. Sulfur is a constituent of essential amino acids
(e.g., cysteine, methionine, and cystine) involved in the
production of chlorophyll, and has a structural function in
the plant; therefore, its deficiency directly affects yield (Taiz et
al., 2017). In the unfolding of LF within each ECw to S, there
were significant differences (p < 0.05) with increments 0f 9.97,
18.67, 35.77, 65.62, and 130.72% for 0.5, 2.0, 4.0, 6.0, and 8.0
dS m’!, respectively in LF2 compared to LF1.

There were decreases in foliar values of Cu?** in the plant-
cane (Figure 3A) 0of 0.299 and 0.234 g kg ! per dS m™! increase
in the conditions without and with the leaching fraction,
respectively. Mean values of leaf Cu** concentrations of 6.60
and 4.36 mg kg (-33.98%) were observed in LF1 and 7.03
and 5.27 mg kg (-26.45%) in LF2, at salinities of 0.5 and
8.0 dS m’!, respectively. For this micronutrient, Cavalcanti
(2008) recommended an average leaf content of 6 mg kg of
dry mass. In the present study, higher and/or equal values
were observed in the leaves of plants irrigated with ECws of up
to 2.51 (LF1) and 4.90 dS m™ (LF2). The unfolding of the LF
within each ECw showed significant differences (p < 0.05) with
increments of 6.52, 8.58, 11.85, 15.90, and 21.07% for 0.5, 2.0,
4.0, 6.0, and 8.0 dS m’, respectively in LF2 compared to LF1.

In the first ratoon (Figure 3B), the foliar values of Cu** were
higher than those obtained for plant-cane. The average values
of Cu?* content for LF1 were 7.53 and 4.81 g kg™ (36.07%) and
for LF2 were 7.68 and 5.60 g kg™ (-27.06%), respectively, for
salinities of 0.5 and 8.0 dS m™". The foliar concentrations of this
nutrient remained above the critical limit recommended by
Cavalcanti (2008) (6 mg kg™") up to ECw values of 4.72 (LF1)
and 6.55 dS m™ (LF2). By analyzing the LF unfolding within
each ECw, significant differences (p < 0.05) were observed with
increments of 3.98,7.16, 11.17, and 16.38% for 2.0, 4.0, 6.0, and
8.0 dS m, respectively, in LF2 compared to LF1.

Decreases of 6.556 and 7.374 mg kg™ per unit increment of
ECw were observed for the foliar concentrations of Fe** (Figure
3C) under the LF1 and LF2 conditions, respectively. Under
LF1, for ECw 0.5 and 8.0 dS m!, foliar Fe?* concentrations of
109.83 and 60.66 mg kg (reduction 44.77%) were observed,
whereas for LF2, the concentrations were 126.31 and 71.01 mg kg™
(reduction 43.79%) for the respective salinities. According to
Cavalcanti (2008), well-nourished cane plants have a foliar Fe**
content of 100 mg kg, which can be observed in the present
study up to an ECw of 2.00 and 4.07 dS m™ for LF1 and LF2,
respectively. The unfolding of the LF within each ECw showed
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significant differences (p < 0.05) with increments of 15.01,
15.25, 15.67, 16.24, and 17.05% for ECw of 0.5, 2.0, 4.0, 6.0,
and 8.0 dS m™, respectively in LF2 compared to LF1.

In first ratoon (Figure 3D), foliar Fe?* concentrations were
similar to those in plant-cane, showing reductions of 48.47
and 37.00% under LF1 and LF2 conditions, respectively. The
leaf Fe?* concentrations remained above that recommended
by Cavalcanti (2008) to ECw = 2.84 and 4.29 dS m™ for
LF1 and LF2, respectively. With the unfolding of LF within
each ECw, significant differences (p < 0.05) were observed
with increments of 7.12, 11.67, 18.08, and 27.71% in Fe**
concentrations for 2.0, 4.0, 6.0, and 8.0 dS m", respectively
for LF2 compared to LF1.

In Figure 3E, reductions of 3.198 and 2.319 mg kg* per
unit increment of ECw in Mn?** values were observed for LF1
and LF2, respectively, resulting in reductions of 53.50 (LF1)
and 35.91% (LF2) with an ECw = 8.0 dS m™' when compared
to supply water in plant-cane (ECw = 0.5 dS m™). For Mn?*,
Cavalcanti (2008) recommended a leaf content of 50 mg kg™,
but in the present study, for both leaching fractions, the foliar
concentrations of this nutrient were found to be below the
critical value. The presence of other cations in the soil solution
(e.g., Ca** and Mg*) influenced the availability of Mn?** for
plants and affected their development, since this is an important
enzyme activator (e.g., decarboxylases and dehydrogenases)
involved in the Krebs cycle (Taiz et al., 2017).

The unfolding of LFs within each ECw for Mn?** showed
significant differences (p < 0.05) with increments of 12.28,
19.84, 30.95, and 48.88% for 2.0, 4.0, 6.0, and 8.0 dS m,
respectively, for LF2 in comparison to LF1.

For the first ratoon (Figure 3F) with LF1 at salinities of 0.5
and 8.0 dS m™ the foliar Mn** concentrations were 58.94 and
30.72 mg kg* (reduction of 47.88%) and for LF2 the values
were 60.52 and 41.02 mg kg (difference of 32.22%) for the
respective salinities. The average concentrations were above
the limit considered critical by Cavalcanti (2008) up to ECws
of 2.88 and 4.55 dS m’!, for LF1 and LF2, respectively. Soils
affected by salts usually have an alkaline pH, which reduces the
availability of Mn** due to the lower solubility of the related
compounds (Farhangi-Abriz & Ghassemi-Golezani, 2021).
At the end of the experiment, the mean pH levels of the soil
irrigated with ECw of 8 dS m™ were 8.3 and 7.4 for LF1 and
LF2, respectively, which are common values in saline and
saline-sodic soils according to Richards (1954).

With the unfolding of LF within each ECw, significant
differences were observed (p < 0.05) with increments of 6.23,
12.34, 20.85, and 33.53% in Mn** concentrations for 2.0, 4.0,
6.0, and 8.0 dS m™, respectively for LF2 compared to LF1.

Leaf Zn** concentrations in plant-cane (Figure 4A) were
affected by both electrical conductivity and leaching fraction,
but not by their interaction (p > 0.05). There was a decrease
of 2.072 mg kg of dry mass for each unit increment of ECw,
which is a reduction of 44.28% in the electrical conductivity
of 8.0 dS m™ when compared to 0.5 dS m™. According to
Cavalcanti (2008), the recommended foliar content of Zn?*
in sugarcane is 10 mg kg'; however, Malavolta et al. (1997)
recommend a range of 25-50 mg kg™'; thus, for the lower limit
of this range, an ECw up to 4.94 dS m™ is acceptable.
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** - Significant p < 0.01, by the F test. Means followed by different letters indicate significant difference (p < 0.05) by the Tukey’s test in the leaching fractions at same ECw value
---- Micronutrient concentrations considered adequate (diagnostic leaf +3) according to Cavalcanti (2008)

Figure 3. Copper (Cu*) (A and B), iron (Fe**) (C and D), and manganese (Mn**) (E and F) concentrations in plant-cane and first
ratoon, respectively, submitted to irrigation water electrical conductivity (ECw) without (LF1) and with (LF2) leaching fraction

In the first ratoon (Figure 4B), there was a significant
effect of the interaction between ECw and leaching conditions
(p £ 0.01) for Zn** concentrations. Decreases were 2.990
(LF1) and 2.344 mg kg (LF2), with reductions of 48.11 and
36.55% between the ECws of 0.5 and 8.0 dS m!, respectively.
Considering the foliar concentrations recommended by
Malavolta et al. (1997), the results of the present study were
within range. With the LF unfolding within each ECw,
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significant differences were observed (p < 0.05) with increments
0f5.83,10.37,16.71, and 26.18% in Zn** concentrations for 2.0,
4.0, 6.0, and 8.0 dS m™, respectively in LF2 compared to LFI.

There were increases in leaf Cl values in plant-cane (Figure
4C) of 356.710 and 205.471 mg kg' dS m™ for LF1 and LF2,
respectively. For LF1, mean values of 1010.59 and 3685.92 mg
kg (increase of 264.73%) were observed in the LF1 condition
and 896.75 and 2437.79 mg kg’ (171.85%) under LF2 at
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** - Significant p < 0.01 by the F test. Means followed by different letters indicate a significant difference (p < 0.05) by the Tukey’s test in the leaching fractions at same ECw value
---- Micronutrient concentrations considered adequate (diagnostic leaf +3) according to Cavalcanti (2008)

Figure 4. Concentrations of zinc (Zn**) (A and B), chloride (Cl') (C and D), and sodium (Na*) (E and F) in plant-cane and first
ratoon, respectively, submitted to irrigation water electrical conductivity (ECw) without (LF1) and with (LF2) leaching fraction

salinities of 0.5 and 8.0 dS m!, respectively. In the literature,
there are no recommendations for the ideal foliar chloride
content for sugarcane cultivation. According to Malavolta et al.
(1997), plants generally show excellent growth in the range of
340-2200 mg kg' and high concentrations of this ion in plants
can cause toxicity, such as leaf tip and margin burning, tanning,
early yellowing, leaf abscission, and competitive effects with
NO, and SO,*. Based on the upper limit of the aforementioned

range, higher values were observed with salinities greater than
3.83 (LF1) and 6.84 dS m™ (LF2).

For CI, by unfolding the LF within each ECw, significant
differences were observed (p < 0.05) with increments of 28.27,
39.81, 46.66, and 51.22% for 2.0, 4.0, 6.0, and 8.0 dS m’,
respectively for LF1 compared to LF2.

In the first ratoon (Figure 4D), even greater Cl- foliar
concentrations were observed. In the LF1 condition, the average
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** - Significant p < 0.01 by the F test. Means followed by different letters indicate a significant difference (p < 0.05) by the Tukey’s test in the leaching fractions at same ECw value
Figure 5. Stalks yield (TCH) in plant-cane (A) and first ratoon (B), respectively, subjected to irrigation water electrical conductivity

(ECw) without (LF1) and with (LF2) leaching fraction

values of Cl' content were 3009.01 and 6207.35 mg kg (106.29%)
and in LF2, concentrations 2248.01 and 4033.49 mg kg™ (79.42%)
were observed for ECws of 0.5 and 8.0 dS m™, respectively. Lira
etal. (2019) obtained Cl  concentrations for variety RB867515
0£2902.62 and 1812.40 mg kg at an electrical conductivity of
6.5dSm™in LF1 (0) and LF2 (0.17), respectively. The unfolding
of the LF within each ECw, showed significant differences
(p < 0.05) with increments of 33.85, 40.06, 46.12, 50.52, and
53.93%, for 0.5, 2.0, 4.0, 6.0, and 8.0 dS m', respectively in
LF1 compared to LF2.

In plant-cane, the foliar Na* concentrations (Figure 4E) for
salinities of 0.5 and 8.0 dS m™ were 9.08 and 17.96 g kg™ (LF1)
and 7.77 and 13.47 g kg (LF2), revealing increases of 97.79
and 73.50%, for the respective leaching conditions. For Na*,
by unfolding the LF within each ECw, significant differences
were observed (p < 0.05) with increments of 16.94, 21.89,
26.81, 30.47, and 33.31% for 0.5, 2.0, 4.0, 6.0, and 8.0 dS m™,
respectively under LF1 compared to LF2.

The first ratoon (Figure 4F) presented a similar percentage
increase; however, the foliar concentrations of this ion were
higher. There are no reports in the literature on adequate leaf
sodium content in sugarcane. According to Taiz et al. (2017),
when cytosolic values of Na* exceed 100 mM, this ion becomes
cytotoxic, causing protein denaturation and membrane
destabilization, with the main symptoms of burns or necrosis
along the edges.

By analyzing the LF unfolding within each ECw, significant
differences were observed (p < 0.05) with increments of 11.92,
21.22, 28.15, and 33.55% for 2.0, 4.0, 6.0, and 8.0 dS m,
respectively, for LF1 compared to LF2.

There was a significant effect of the interaction between the
electrical conductivity of irrigation water under the conditions
without (LF1) and with (LF2) leaching on sugarcane stalk yield
(RB92579) in plant-cane and ratoon-cane (p < 0.05).

For the yield of stalks in plant-cane (Figure 5A), there were
decreases of 8.430 and 4.777 Mg ha™! per unit increment of ECw
in LF1 and LF2, respectively. The highest yield of stalk green
mass was obtained when LF2 was adopted in plants irrigated
with ECw = 0.5 dS m (TCH = 168.97 Mg ha'), while at a
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water salinity of 8.0 dS m™ for this condition, the TCH was
133.14 Mg ha! (reduction of 21.20%). In the LF1 condition,
the values obtained for TCH were 148.07 and 84.85 Mg ha’!,
for the respective ECw values, which is a reduction of 42.71%.
On average, the production of stems in LF2 was 28.91% higher
than that of the LF1 condition.

The analysis of the LF unfolding within each ECw showed
significant differences (p < 0.05) for TCH with increments of
14.11, 19.47, 28.40, 40.32, and 56.91% for 0.5, 2.0, 4.0, 6.0 and
8.0 dS m’, respectively for LF1 compared to LF2.

In the first ratoon (Figure 5B), average yields for LF1 were
196.88 and 104.57 Mg ha™! (reduction of 46.9%) for ECw = 0.5
and 8.0 dSm™, respectively. For LF2, the TCH for the respective
salinities were 216.13 and 153.34 Mg ha™', which is a percentage
reduction of 29.11. In LF2, the TCH was on average 21.91%
higher than that of LF1. Lira et al. (2019) evaluated the variety
RB867515 under irrigation with brackish water (ECw = 0.5,
2.0, 3.5, 5.0, and 6.5 dS m!) without (LF = 0) and with (LF =
0.17) the leaching fraction, and observed an average reduction
of 28.64% in yield when irrigated with 6.5 dS m™.

The unfolding of LF within each ECw for TCH revealed
significant differences (p < 0.05), with increments of 9.78,
14.11, 21.48, 31.66, and 46.64%, for 0.5, 2.0, 4.0, 6.0, and
8.0 dS m’!, respectively for LF1 compared to LF2.

Soil salinity induces osmotic stress, water deficit, ionic
imbalance such as K* deficiency and Na* toxicity, stomatal
closure, reduced photosynthesis, and, consequently, reduced
plant yield (Morton et al., 2019; Wang et al., 2020). In cases
where electrical conductivity values are harmful to plants,
the use of cropping strategies to reduce soil salinity, such as
the leaching fraction, is key to successful irrigation; however,
the success of this operation depends on the existence of an
efficient drainage system that removes excess water (Puga et
al., 2016; Zhang et al., 2019; Yu et al., 2020).

CONCLUSIONS

1. The increase in electrical conductivity of irrigation water
decreases the foliar concentrations of N, P, K*, Mg*', S, Fe**,
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Mn*, Cu**, and Zn?** and increases the concentrations of Ca**,
CI, and Na*in plant-cane and first ratoon.

2. The effects of electrical conductivity on foliar
concentrations of macronutrients and micronutrients, as well
as sodium and yield are minimized when using a leaching
fraction of 0.17.

3. Stalk yield decreases with the increase in irrigation water
electrical conductivity.
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