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Abstract This study evaluates the effect of the soil
application of potassium (K) on the physiological, pro-
ductive, and economic variables of the first sugarcane
ratoon grown in the Brazilian Central region. The experi-
ment was arranged in a randomized complete block design,
with five replicates. Treatments consisted of five doses of K
(0; 41.5; 83.0; 124.5; and 166.0 kg hafl). K contents in the
soil, biometric variables, relative chlorophyll index, gas
exchange parameters, and stem and sugar yield were
evaluated. Soil application of K increased the K content in
the soil with quadratic adjustment at depths from 0.0 to
0.2 m, with the maximum content of 0.38 cmol, dm™3
when 164.3 kg K ha™' was applied. The significant
adjustment was linear at the depths from 0.2-0.4 and
0.6-0.8 m, reaching 0.27 and 0.11 cmol, dm_3, respec-
tively, for the highest dose applied. The application of K
did not affect plant height in any of the periods evaluated,
although affecting the number of tillers and leaf area at 120
DAB, reaching higher values at the dose of
166.0 kg K ha~!. Stomatal conductance, transpiration,
photosynthesis, and internal CO, concentration were
affected by the increased application of K, with the dose of
approximately 83.0 kg ha™' resulting in the highest values.
The dose of 166.0 kg K ha™' obtained the best stem and

D4 Rilner Alves Flores
rilner @ufg.br

School of Agronomy, Federal University of Goids, Esperance
Avenue, Campus Samambaia, Goiania, GO 74690-900,
Brazil

The School of Agronomy, Federal University of Goias,
Goiania, Brazil

Plant Analyst On Federal, University of Goids, Goiania,
Brazil

recoverable sugar yields, 1354 t ha~! and 18.6 t hafl,
respectively, also obtaining the highest differential profit,
US$ 425.8, in relation to the non-application of K fertilizer.

Keywords Differential profit - Gas exchange - Potassium -
Saccharum spp. - Sugar yield

Introduction

Sugarcane (Saccharum spp) stands out as the most
important species for sugar and bioenergy production in the
world, with Brazil being the largest producer, followed by
India and China (Wu et al. 2020). For the 2021/22 crop
season, Brazilian production is estimated to be 628.1 mil-
lion tons. The State of Goids stands out in this scenario as
the second largest national producer (960.9 thousand hec-
tares of harvested area, production of approximately 73.4
million tons, and average yield of 76.4 t ha~') (Conab
2021).

Sugarcane is a tall perennial grass of the genus Sac-
charum, belonging to the family Poaceae (Clark et al.
1995), with C4 plant metabolism and high efficiency to
store solar energy and convert it (Srivastava and Rai 2012),
having high biomass production (Sage et al. 2014). The
crop is grown in tropical and subtropical areas, being
totally influenced by the edaphoclimatic characteristics of
each region (Caetano and Casaroli 2017; Paixao et al.
2020; Vasconcelos et al. 2020). In order to maximize
sugarcane production, among other cultivation practices,
soil fertility management plays a major role in determining
stem yields (Rhodes et al. 2018), combined with the study
of climatological aspects of the region. In addition, sug-
arcane is very demanding regarding soil nutrient reserves,
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as large quantities are extracted during the growth period
and exported at harvest (Mthimkhulu et al. 2018).

Potassium is the most required nutrient for sugarcane
cultivation (Malavolta 1982; Otto et al. 2010), with the
amount extracted ranging from 0.83 to 2.08 kg K for each
ton of stem produced (Gopalasundaram et al. 2012). This
behavior occurs in plants that accumulate sucrose, such as
sugarcane, and K is essential for the synthesis and accu-
mulation of this carbohydrate. K acts in the conversion of
reducing sugars into total recoverable sugars (TRS), also
eliminating tissue moisture, which favors sugarcane mat-
uration (Hunsigi 2011). Furthermore, K activates more than
60 enzymes in the plant, acts on osmotic regulation,
improves N absorption, helps in carbon assimilation and
photosynthesis, and also provides resistance for sugarcane
against pests and diseases (Srivastava and Rai 2012;
Marenco and Lopes 2013; Prado 2021; Sardans and
Penuelas 2021).

However, soils from tropical regions naturally have low
levels of exchangeable K (< 0.15 cmol, dm73) mainly due
to the high degree of weathering of the primary minerals
that originated these soils. Thus, supplementation with
potassium fertilizers is required to achieve high production
rates in sugarcane (Otto et al. 2010). The fertilization of the
sugarcane ratoon is performed on the surface and without
incorporation into the soil, evidencing the need to know the
dynamics of the vertical mobility of nutrients in the soil,
with K among them (Werle et al. 2008). There are several
factors that regulate the vertical mobility of K in the soil
profile, among which the granulometric texture, the cation
exchange capacity (CTC), and the soil moisture, besides
the type (solubility) and amount of fertilizer applied stand
out (Duarte et al. 2013; Rosolem and Steiner 2017).

Several studies have evaluated the stem yield of sugar-
cane as a function of application of K fertilizer under the
most diverse conditions of climate, soil, cultivars, and
management, reaching the consensus that proper manage-
ment of K is fundamental for crop yield (Oliveira et al.
2010a; Otto et al. 2010; Floreset al. 2014a; Flores et al.
2014b, 2020; Almeida et al. 2015; Korndorfer et al. 2018).
However, few studies have evaluated the effect of K on the
physiological parameters of the crop, with the most recent
being that by Jaiswal et al. (2020) in the conditions of
subtropical India.

In this context, due to the relevance of K for sugarcane,
it is believed that the soil application of K improves the
biometric and physiological variables of sugarcane,
affecting the stem and sugar yield and increasing the dif-
ferential profit obtained in the crop production system.
Thus, this study evaluates the effect of the soil application
of K on the biometric, physiological, productive, and
economic variables of the first sugarcane ratoon grown
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under edaphoclimatic conditions in the Brazilian Central
region.

Material and Methods
Characterization of the Experimental Area

The experiment was conducted after the first ratoon bud-
ding, variety IAC 91-1099, in the period between June
2017 and May 2018, in a commercial area of cultivation
located in the municipality of Goiatuba, State of Goias,
Brazil (18° 2’ 39.55” S; 49° 30’ 28.5” W; 619 m asl).

According to the K&ppen Climate Classification system,
the region climate is Aw (tropical savanna), presenting a
well-defined rainfall regime with dry winters (May—
September) and rainy summers (October—April) (Alvares
et al. 2013). The soil of the experimental area was classi-
fied as an Oxisol (i.e., Latossolo Vermelho distrofico—
LVd), according to the Brazilian Soil Classification Sys-
tem) (Santos et al. 2018), with clayey texture (clay
440 g kg™ '; silt 130 g kg™'; sand 430 g kg™'). Before
starting the experiment, samples were collected at the
depths of 0.0-0.2, 0.2-0.4, 0.4-0.6, and 0.6-0.8 m for the
chemical characterization of the soil profile. The analysis
of chemical attributes was performed according to the
methodology by Teixeira et al. (2017), and the results are
shown in Table 1.

Climate Assessments

The climatic variables—air temperature (maximum, mini-
mum, and daily average), relative humidity, and rainfall,
were obtained from an automatic weather station, located
5.0 km distant from the study area. From the climatic
variables, the sugarcane water balance was calculated on a
daily basis according to the methodology described by
Thornthwaite and Mather (1955). Therefore, the available
water capacity (AWC, mm) was determined by Eq. (1):

FC—PWP) 7o (1)

AWC =
¢ ( 100

where FC is the soil humidity at field capacity; PWP is the
soil humidity at permanent wilting point; and Ze is the
effective root zone depth given by the average exploitation
of 80% of sugarcane roots, in which the value of 600 mm
was adopted (Farias et al. 2008; Flores et al. 2020).

The potential evapotranspiration (ET,, mm day ') was
estimated using the method by Hargreaves and Samani
(1985), according to Eq. (2):

ETO: 0.0023* QO>(< (Tmux _Tmin)o5 * (Tmeun+ 178)>‘<NDP
(2)
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Table 1 Chemical characteristics of soil used in the study before experiment

Deep (m) pH*  OM (g dm™>) P (mg dm™) K* (cmol, dm™3) Ca>t Mg>* H + Al SB CEC V(%)
0.0-0.2 5.5 26.8 13.0 0.20 4.3 1.7 4.1 6.2 10.3 60.2
0.2-0.4 5.1 12.1 10.2 0.11 2.7 1.1 4.2 39 8.1 48.2
0.4-0.6 4.8 12.1 2.6 0.10 24 1.1 4.3 3.6 79 45.6
0.6-0.8 4.7 10.7 2.3 0.05 1.0 0.6 4.0 1.8 5.8 31.6

%n water

OM = organic matter of soil (g dm_3); P = phosphorus (mg dm_3); K* = potassium (cmol, dm_3); Ca®* = calcium (cmol, dm_3); Mg2+
= magnesium (cmol. dm™); H + Al = exchangeable acidity (cmol,. dm™); SB = total base cation (cmol, dm™>); CEC = cation exchange

capacity (cmol. dm’3). V = base saturation (%)

where Qg is the extraterrestrial solar irradiance (mm
day~'); NDP is the number of days in the period (daily
scale); and Tax> Tmin» aNd Tpean are the maximum, mini-
mum, and average temperatures, respectively.

The crop evapotranspiration (ETc, mm day ') repre-
sents the product between ET, and the crop coefficient
(K.), for which different values were used for each stage of
sugarcane development, as described by Doorenbos and
Kassam (1994). From ETc and ETr (real evapotranspira-
tion) values of water balance, the water requirement sat-
isfaction index was obtained (WRSI = ETt/ETc) (Casaroli
et al. 2019). The three following WRSI classes were
established for the sugarcane crop: (a) WRSI > 0.50, for
situations where sugarcane is exposed to low climate risk
(favorable); (b) 0.40 < WRSI < 0.50, for situations where
sugarcane is exposed to medium climate risk (intermedi-
ate); and (c) WRSI < 0.40, for situations where sugarcane
is exposed to high climatic risk (unfavorable) (Mapa 2016).

Treatments and Experimental Design

The treatments consisted of the following five doses of K:
0.0 (control), 41.5, 83.0, 124.5, and 166.0 kg of K ha™!,
using KCl (potassium chloride—58% K,0 or 48% K) as a
source. The experiment was arranged in a randomized
complete block design with five replicates, totaling 25
experimental plots. Each plot comprised five rows of 10 m
in length and 1.5 m between rows (75 m? per plot), with
evaluations performed on the three center rows of each area
(usable area of 40.5 m?), excluding 0.5 m in length from
each extremity.

The treatments were implemented in June 2017, 30 days
after the sugarcane harvest. The doses of K fertilizer were
sidedressed, without incorporation, as performed by
Almeida et al. (2015). Similarly, together with K fertil-
ization, 100 kg ha~! N and 30 kg ha™' P,O5 were applied
in the form of ammonium nitrate (NH4;NO3;—33% N) and
MAP (monoammonium  phosphate—48% P505),

respectively, according to the initial analysis of the soil and
recommendations by Sousa and Lobato (2004).

K Content in the Soil

At 180 days after budding (DAB), soil samples were col-
lected in the same place where K fertilization was applied
(fertilization range), according to recommendations by
Flores et al. (2012), Flores et al. (2014a) and Cavalcante
et al. (2016), at the depths of 0.0-0.2, 0.2-0.4, 0.4-0.6, and
0.6-0.8 m at five random points within each experimental
plot. For the determination of exchangeable K contents in
the soil (Kg), the methodology by Teixeira et al. (2017)
was used.

Plant Analysis

The biometric evaluations were performed at 120 and 240
DAB, assessing: number of tillers per plant in a linear
meter (measured in the three central rows of each plot);
stem diameter (measured at the stem base, immediately
after the first node insertion, using a digital caliper); and
average plant height (measured using a measuring tape,
from the base of the plant until insertion of the first fully
visible sheath, leaf + 1), which were measured by select-
ing 10 random plants from the usable rows of each
experimental plot, according to the methodology by
Marafon (2012). Leaf area (LA) was estimated according
to Hermann and Camara (1999), Eq. (3):

LA = L«Wx0.75 * (N+2) (3)

where L is leaf length + 3; W is the leaf width + 3; 0.75 is
the correction factor for the crop leaf area; N is the number
of open leaves, with at least 20% of green area; and 2 is the
weighting factor for leaves that are not yet fully expanded.

Relative chlorophyll index (RCI) was obtained by the
aid of a chlorophyll meter (model Falker®, ClorofiLOG
CFL 1030), and readings on the center of the leaf blade of
leaf + 1, according to the methodology described by
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Amaral and Molin (2011). Stomatal conductance, transpi-
ration, net photosynthetic rate, and internal CO, concen-
tration were performed by the aid of a photosynthesis
meter, IRGA (Infrared Gas Analyzer), model LCpro-SD/
iFL Portable, with a 6.25 cm? leaf chamber. Readings
occurred between 9:00 a.m. and 3:00 p.m. in fully expan-
ded leaves with good phytosanitary aspect (Flores et al.
2018). Such evaluations occurred at 120 and 240 DAB of
the sugarcane ratoon.

Harvesting was performed manually at 330 DAB from
two linear meters within the usable area of each experi-
mental plot, separating stems from leaves (dry or green).
Afterward, stems were weighed to determine the yield of
experimental plot, which was extrapolated to tons per
hectare. In each experimental plot, a bundle containing ten
stems was collected to determine TRS, expressed in kg of
sugar per ton of crushed stems, in accordance with the
methods described by Consecana (2006). Through multi-
plying the value obtained for TRS by the real yield, the
value of TRS in ton per hectare was obtained.

Economic Analysis

The economic analysis was performed using the partial
budget technique (Noronha 1987). The differential profit
was calculated using the budget costs and the differential
income, using the control treatment as the reference. The
yield (TRS) was used to calculate the yield increase in
(rates of K) treatments related to the control (PG). The
production value (PV) was obtained by Eq. (4):

PV = PG * P (4)

where P is the product price in Brazil. The average price
deflated of US$ t~' 148.21 (Udop 2020) was used. This
value was calculated using price data from the last 12 years
(2008 up to 2020).

The differential profit was obtained by Eq. (5):

Pd=1d - Cd (5)

where Pd is the differential profit; Id is the differential
Income (Iti — It0); Cd is the differential cost (Cti — Ct0); ti
is the treatment I, and tO is the control.

The costs of the doses of K fertilizer were obtained
using the price per ton of potassium chloride. The current
price of US$ ton™' 343.87 (US$ = R$ 5.38) was adopted,
once verified the historical rise of fertilizer prices in Brazil
(Saab and Paula 2008).

Statistical Analysis
The results obtained were submitted to the analysis of

variance and to the F test using the statistical software
AgroEstat (Barbosa and Maldonado Junior 2015). In order
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to study the effect of the doses of Kon the variables ana-
lyzed, polynomial regression analysis was used. The choice
of the regression model was based on the significance of
the regression coefficients, on the most significant p-value,
and subsequently the highest coefficient of determination
(R?).

Results
Climate Assessments

Accumulated rainfall during the cycle of sugarcane was
1766 mm, with 93% of the precipitated volume concen-
trated between the months of October to March, with
average temperature of 24.0 £ 5.0 °C. Maximum temper-
atures in the period ranged from 28.1 to 30.0 °C. The crop
water balance during the ratoon cycle presented water
deficit values at the budding stage (0-30 DAB) and the
tillering stage (30-120 DAB) of 1.79 mm and 68.06 mm,
respectively. At the growing stage (120-290 DAB), water
surplus of 1,223.05 mm and a deficit equal to 111.13 mm
were recorded. At the maturation stage (290-330 DAB), a
water deficit of 28.67 mm was recorded (Fig. 1).

The WRSI in Fig. 2, considering the average values of
each crop development stage, showed relative water con-
sumption of 0.82, 0.52, 0.86, and 0.54 for the budding,
tillering, growth, and maturation stages, respectively.
These indexes ranged between 0.77-0.87; 0.19-1.00;
0.36-1.00; and 0.41-1.00, respectively. Figure 2 system-
atizes this behavior demonstrating that WRSIs were
favorable to most stages. Increased risk of yield loss by
water deficit was only evidenced during tillering.

K Content in Soil

Soil application of K for the production of sugarcane
ratoon influenced the K content in the soil at 180 DAB,
except at the depth of 0.4-0.6 m, which had an average K™
content of 0.13 cmol, dm™3 (Fig. 3). Differences in the
mobility of K* were observed in the soil profile. At the
0.0-0.2 m depth, the K* content was significantly adjusted
to the second-order polynomial regression. In addition, an
inflection at 164.3 kg K ha~' was observed at the depth of
0.0-0.2 m, after which K™ contents in the soil presented a
reduction.

Significant linear increases were observed at the depths
of 0.2-0.4 and 0.6-0.8 m and K contents in the soil
increased up to 0.27 and 0.11 cmol, dm™>, respectively,
with the use of the dose of 166.0 kg K ha~!, increase of
160% and 30%, respectively, in relation to the control.

Although data suggested a decreasing gradient of dis-
tribution of K* contents in the soil profile up to 0.4 m
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Fig. 2 Water requirement satisfaction index (WRSI = Etr/Etc),
corresponding to the experimental period from June/2017 to May/
2018

(Fig. 3), the zone of soil resistance at 0.6 m (9.67 kPa),
found by Andrade et al. (2021) for the same soil, demon-
strates the physical effect of the soil on the distribution of
K in the system.

Biometric Variables

The application of K fertilizer did not significantly influ-
ence plant height in any of the evaluated periods, pre-
senting an average height of 113.9 and 242.1 cm in the 180
and 240 DAB evaluations, respectively (Table 2). In the
evaluation at 240 DAB, an increasing trend in plant height
with increasing levels of K was observed, although the
differences were not statistically significant. Stem diameter
was not affected by K fertilization when evaluated at 180
DAB, with average diameter of 30.9 mm. However,

100 125 150 175 200 225 250 275 300 325
DAB

P (mm)

KS (Cmol, dm?)

0.05 A

0.00

0.0 41.5 83.0 124.5 166.0
K application rate (kg hal)
©0.0-0.2m KS =-0.000007x2+0.0023x+ 0.192; R*= 0.98; F=11.25%*
00.2-0.4m KS=0.0011x+0.1105;R*=0.91; F=33.78%*

A0.4-0.6m KS=0.13n
20.6-0.8m KS=0.0003x+0.078;R?=0.57; F=8.10**

Fig. 3 K content exchange in the soil at 180 DAB. Data
demonstrated by depths (0.0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0.8 m)
and by the dose of K applied. ™ and **nonsignificant at 5% and
significant at 1% probability by the F test, respectively

increases were observed when the evaluation was per-
formed at 240 DAB, although with a difference of only 4%
between the largest stem diameter (36.1 mm) and the
smallest (34.6 mm).

The doses of K applied promoted significant increases in
the number of tillers and in the leaf area of sugarcane, with
linear increases in the evaluation at 120 DAB (number of
tillers: ¥ =0.0119x + 13.344, R* = 0.82, F = 12.942%%;
leaf area: ¥ = 1.1913x + 1,763, R* = 0.84, F = 28.96%%),
reaching 15 tillers m ™' and 1946.6 cm ™2 of leaf area in the
application of 166.0 kg K ha™", i.e., values 16% and 10%
higher than the control, respectively (Table 2). The results
suggests that plants fertilized with K showed accelerated
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Table 2 Plant height, diameter of stalks, number of tillers, leaf area, and relative chlorophyll content (RCC) of sugarcane ratoon as a function of

potassium application in soil

K application rate (kg ha™") Height (cm) Diameter (mm) Number of tillers (tillers m™")

180 DAB 240 DAB 180 DAB 240 DAB 120 DAB 240 DAB
0.0 108.4 £ 3.7 2304 £ 64 298 £ 0.5 352+ 04 129 £ 0.5 17.7 £ 0.6
41.5 1142 £ 2.1 239.1 £ 5.1 305+ 0.6 36.1 £ 0.3 143 +£03 177 £ 03
83.0 1177 £ 2.8 2427 +£ 4.0 316 £ 1.1 351 £ 0.1 145+ 0.8 17.5 £ 0.9
124.5 1152 + 1.6 248.1 £ 6.8 31.7 £ 03 346 £ 0.2 150+ 0.3 17.5 £ 0.5
166.0 1137 £ 1.5 2504 £ 2.8 31.1 £ 0.6 347 £ 0.3 15.0 £ 0.2 169 £+ 0.6
F Test 26™ 25™ 5™ 4.7* 3.9% 0.4 ™
C.V. (%) 42 4.6 4.8 1.7 6.8 7.0
K application rate (kg ha™!) Leaf area (cm?) RCC (pg cm™?)

120 DAB 240 DAB 120 DAB 240 DAB

0.0 1,775.9 £+ 46.9 6,088.5 £ 160.8 36.8 £ 0.6 534+ 0.6
41.5 1,807.1 £+ 21.6 5,923.4 £+ 210.6 382 +£0.8 585+ 1.1
83.0 1,819.7 £+ 33.8 5,895.2 £ 153.0 39.1£05 595 £ 0.7
1245 1,960.1 £+ 16.7 5,701.7 £+ 188.2 37.0 £ 0.9 61.0+ 12
166.0 1,946.6 £+ 19.0 5,579.5 £+ 84.9 369 £ 0.6 65.2 + 0.6
F test 8.6%* 1.3™ 21m™ 25. 1%
C.V. (%) 35 6.7 42 32
ns *

, *, and **nonsignificant at 5%, significant at 5%, and significant at 1% probability by the F test, respectively

initial growth, which was not observed in the evaluations at
240 DAB, presenting average values of 17.5 tillers m™'
and 5837.7 cm? of leaf area.

As for RCC, the K application in the soil led to a linear
increase in RCC in the evaluation at 240 DAB
(Y = 0.0627x + 54.319, R* = 0.93%*, F = 93.59%*), with a
maximum content of 65.2 pgcm™> at the dose of
166.0 kg K ha™", being 22% higher than the RCC obtained
in the control (53.4 ng cm_z) (Table 2). For the evaluation
performed at 120 DAB, the average RCC of 37.6 ug cm ™2
was observed regardless of the dose of K.

Physiological Variables

The physiological variables of sugarcane were affected by
increased doses of K fertilizer in the soil application. Net
photosynthesis (Fig. 4a) and transpiration (Fig. 4b) pre-
sented a similar behavior, with quadratic adjustment for
both periods, and increases in the value of these variables
being observed up to the dose of: 108.5 kg K ha™'
(17.07 pmol m™2 s~ ") and 100.3 kg K ha™'
(23.76 pmol m™% s~ ") for photosynthesis, and
110.3 kg K ha™' (6.00 mol m* s™') and 68.5 kg K ha™'
(5.89 mol m~?2 s_l) for transpiration, at 120 and 240 DAB,
respectively.
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Stomatal conductance (Fig. 4c) presented linear
response in the evaluation at 120 DAB, reaching
0.25 mol m~2 s~ ', an increase of 25% when compared to
the control. In the evaluation at 240 DAB, the increase was
explained by a second-order polynomial equation, with the
highest results (0.42 mol m %s™') obtained using
68.3 kg K ha™'. The internal CO, concentration (Fig. 4d)
also presented quadratic behavior at 240 DAB, in which the
dose of 81.1 kg K ha™' provided the highest internal CO,
concentration (231 pmol mol_l). At 120 DAB, no effect of
the treatments was observed for internal CO, concentra-
tion, with an average value of 260 pumol mol .

Yield, Technological Quality, and Differential Profit

The application of K fertilizer increased stem and TRS
production similarly with linear increases, reaching 135.4 t
ha™' of stems and 18.6 t ha™' of TRS with the application
of 166.0 kg K ha™'(Fig. 5). Such results corresponded to
an increase of 22 and 25% in relation to the control,
respectively.

All doses of K applied to the soil produced positive
results for TRS production at the industry level regarding
the differential profit compared to the control treatment
(Fig. 6). The results indicated that all doses were eco-
nomically viable when compared to the treatment without
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Fig. 4 Liquid photosynthesis (a), transpiration (b), stomatal conductance (c), and internal CO, concentration (d) at 120 and 240 DAB of the
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K fertilizer application. However, comparing the analyzed
prices, the dose of 166.0 kg K ha™' was the most efficient,
providing a differential profit of US$ 425.8 ha~' compared
to the treatment without K fertilizer application.

Discussion
Climate Assessments

Sugarcane is a crop grown throughout the Brazilian terri-
tory for its adaptability to wide temperature ranges
(25.0 £ 7.0 °C) and for having a water demand above
1000 mm year™' (Paixdo et al. 2020). Figure 1 confirms
that the climatic conditions met the physiological needs for
much of the crop development in the study region. The
intense growth stage of sugarcane (November to March—
Figs. 1 and 2) is considered one of the crop most critical
phases regarding the water deficit (Machado et al. 2009).
Approximately 70 to 80% of all the biomass accumulated
during the crop cycle is produced in this stage (Oliveira
et al. 2010b). According to Caetano and Casaroli (2017), in
the climatic conditions of Central Brazil, the agrometeo-
rological models estimate potential yield between 160 and

240 t ha~'. However, when this maximum yield is penal-
ized due to the water deficit in the region, it decreases to
128 t ha™'. In the present study, this same response was
observed (Fig. 5a) and yield projections may have been
related to the relative decrease in the WRSI (Fig. 2). In
addition, almost the entire tillering stage and the beginning
of the growth stage presented a water requirement satis-
faction index below the ideal for the plant, coinciding with
the first evaluation of physiological factors (120 DAB).

K Content in the Soil

The application of K in the soil led to higher K contents at
the depths of 0.0-0.2 m and 0.2-0.4 m, with minimal
leaching below this depth due to the water deficit observed
up to 120 DAB. Since it was a clayey soil (440 g kg™ 'of
clay) with high CEC at the 0.0-0.2 m depth (10.3 cmol,
dm™?) (Table 1), studies suggested that K losses by
leaching become quite reduced under these conditions
(Mendes et al. 2016; Flores et al. 2020). In addition, the
study region is characterized by a predominant lithology of
basalt from the Serra Geral formation, and the predominant
relief ranges from smooth wavy to wavy (Santos and
Sparovek 2011; Sa et al. 2016). Basalt consists of minerals
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such as feldspars, feldspathoids, and micas (Crmp 2015),
which tend to form kaolinite (Manning 2010). The point of
zero charge (PZC) of kaolinite is approximately 4.74
(Sousa et al. 2016), at which the total concentration of
anionic and cationic surface sites are equal (Bleam 2012).
Therefore, the evidence presented in Table 1 shows the
ability of K™ to remain fixed at the depths up to 0.4 m. This
behavior can be explained by the fact that the pH is higher
than the PZC and presents net charges on the surface of
clay minerals.

@ Springer

Biometric Variables

Effect in the number of tillers at 240 DAB was not
observed probably due to intraspecific competition among
plants for natural sources and stimulating a vegetative
condition of the plants and due to the interruption of the
tillering process (Marin et al. 2009). Generally, sugarcane
can develop its maximum tillering capacity until 120 DAB,
as demonstrated in this present study (Table 2). This is one
of the reasons nutrients must be available to plants, so that
stems and leaves can achieve their adequate nutrient
uptake, as indicated by Oliveira et al. (2011).

Despite evidences, some studies are reported a com-
pensatory effect of sugarcane in water stress situations
(Ellis and Lankford 1990; Robertson et al. 1999). Rein-
forcing our findings, Otto et al. (2010) proved significant
effect for the number of tillers, with a decrease in response
from the dose of 107.9 kg K ha™" applied to the furrow.

Apparently, K has the ability to stimulate some physi-
ological mechanism that affects the leaf area in the tillering
stage. However, the present study illustrated how K
application can reduce the effects of stress, increasing the
leaf area during the tillering stage (120 DAB) (Table 2). In
this case, K application can be used as strategy in dry
regions or seasons, as observed in several places world-
wide. The same behavior was observed by Smit and Sin-
gels (2006).

Despite the effects of K fertilization in stem diameter,
plant height was not statistically significant. Furthermore,
the opposite was observed in stem diameter, which leads to
the hypothesis that K application in the system stimulated
an anticipation of the increase in stem diameter without
necessarily entering a state of senescence.

In the literature, several researchers reported a positive
response to the application of K for the following variables
of growth and development of sugarcane: number of tillers
(Uchoba et al. 2009; Otto et al. 2010), plant height (Otto
et al. 2010; Flores et al. 2012; Almeida et al. 2015), and
stem diameter (Uchda et al. 2009; Flores et al. 2020).
These studies had the low initial content of K in the soil in
common with the present research.

According to Rocha et al. (2019), the biometric vari-
ables of sugarcane that correlate the most with productivity
are the number of tillers, counted in the initial months of
the crop cycle, and plant height. However, small increases
in each of these categories are not always differentiated by
statistical analysis (Flores et al. 2012), as observed for
plant height at 240 DAB, in which the height increase as
the doses of K increased was notorious, although not being
statistically they significant. When these small differences
are estimated to a population of plants per hectare, it can
lead to increased productivity.
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Physiological Variables

The N metabolism in plants requires adequate contents of
K in the cytoplasm, which can increase K absorption and
consequently allow a rapid assimilation of the NH,"
absorbed, maintaining its content low in the plant and
preventing toxicity (Xu et al. 1992; 2002; Viana and Kiehl
2010). This relationship between K and N may have con-
tributed to an increase in the RCC of sugarcane with
increasing doses of K fertilizer. The absence of a signifi-
cant effect on RCC at 120 DAB can be attributed to the
water deficit observed in the period (Fig. 1), although an
increase in leaf area and tillers was observed (Table 2).
According to Begum et al. (2012), a significant decrease in
chlorophyll content was observed under conditions similar
to those observed in the present study.

Studies performed on different species, including sug-
arcane, under controlled conditions of water stress and
moderate deficit of K observed the inhibition of the
stomatal closure in plants (Singh et al. 1998; Benlloch-
Gonzalez et al. 2008). The present study suggests that
similar phenomena have occurred at 120 DAB, when a
water deficit of 68.06 mm was observed and sugarcane
presented a linear increase in stomatal conductance.
According to Benlloch-Gonzalez et al. (2008), these results
suggested that this physiological phenomenon was wide-
spread among plants and may be the main cause of tissue
dehydration in many non-irrigated crops with low K
content.

K acts directly on stomatal adjustment and can affect
photosynthetic rates (Galon et al. 2013; Izquierdo-Her-
nandez et al. 2016). Furthermore, it influences the turgor of
guard cells, increasing the osmotic potential and resulting
in the absorption of water from adjacent cells (Marenco
and Lopes 2013; Prado 2021). On the other hand, the exit
of ions from guard cells causes water loss and, as a result,
stomatal closure (Marenco and Lopes 2013). Thus, plants
well supplied with K* have increased water use efficiency
(Prado 2021), reinforcing the hypothesis of K being a
strategic nutrient for arid regions or with low water
availability.

Transpiration and photosynthesis are metabolic pro-
cesses that are directly related (Boehringer, 2010). The
results presented in Figs. 4a and b show similar behavior
for these variables. According to Prado (2021), the par-
ticipation of K™ in controlling the stomatal opening/closing
is also important for the photosynthetic rate, as stomatal
opening does not occur regularly in K-deficient plants,
reducing the entry of CO,. Thus, the application of K
fertilizer can increase CO, assimilation by the leaves.
These behaviors were well understood since the application
of K can increase CO, diffusion in mesophilic cells and
also activates RuBisCO carboxylase (ribulose-1,5-

bisphosphate carboxylase oxygenate), contributing to
increase photosynthetic activity (Marenco and Lopes 2013;
Prado 2021).

Yield, Technological Quality, and Differential Profit

This study proved the beneficial effect of K on sugarcane
yield, which was also reported by Flores et al. (2014b) and
(2020), who observed the effects on the stem production of
first and second sugarcane ratoons after the application of
K fertilizer in the soil. Similarly, Pancelli et al. (2015)
observed a yield increase of 29% with the application of K
fertilizer in the soil. Cavalcante et al. (2016) concluded that
the application of K in the soil had a positive effect on the
stem production in the first ratoon. Thus, the present study,
besides shedding light on the evidence already found, also
proved the secondary effects that the application of K can
offer to this agroecosystem. The hypothesis proved by
Flores et al. (2014a) is that when managing sugarcane
ratoons, responses caused by K fertilization are observed in
the permanence of plant roots after cutting the cane plant,
as it stimulates absorption in the first days of budding by
intensifying and altering metabolic flows. As K is the most
extracted nutrient by sugarcane, especially by ratoons
(Korndorfer et al. 2018), this crop is extremely demanding
regarding K nutrition, justifying the linear growth of stem
yield observed in the present study (Fig. 5a).

K improves the functioning of plant metabolism at
proper contents, making the tillers vigorous and con-
tributing to higher stem and sugar yields, increasing crop
yield (Jaiswal et al. 2020). In this context, TRS are the
main indicators of sugarcane quality in Brazil, as it is a
parameter used to pay sugarcane producers regarding the
quality of their production (Cardozo et al. 2014, 2015),
hence the importance of adequate fertilization management
to improve the quality of sugarcane juice. In a study on the
management of K fertilization for sugarcane cultivation,
Otto et al. (2010) also observed significant effect of doses
of K fertilizer on the production of TRS, in which the
authors observed maximum sugar production (25.6 t ha™")
at the dose of 103.8 kg K ha™'. According to Tu et al.
(2017), K fertilization decreases abscisic acid content,
which is inversely proportional to the sucrose content in the
plant, thereby increasing the sugar content in the vegetable.
In addition, K is responsible for the translocation of car-
bohydrates from photosynthesis, mainly from leaves, to the
stems (Marschner 2012), as the data from the present study
also suggested. Moreover, soil application of K frequently
increases the percentage of TRS in the sugarcane juice
(Hunsigi 2011; Gopalasundaram et al. 2012; Zeng et al.
2015), as also observed in the present study.

Sucrose formation is positively related to chlorophyll
content and photosynthetic rate (Begum et al. 2012). The
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present study demonstrated that doses of K increased rel-
ative chlorophyll content, which may have contributed to a
higher production of TRS. In addition, it was confirmed
that the application of 166.0 kg K ha™' via potassium
chloride is feasible for the sugarcane production system
(Fig. 6). Feasibility-related factors are directly involved
with yield, which is recognized as common for large-scale
systems, as commented by Reis (2007) and Cardozo et al.
(2020). According to Mellis and Quaggio (2009), the
financial feasibility found in the present study is compati-
ble with the intended application of K. From the industry
perspective, this behavior is promising for the advantages
of K applications, especially in dry conditions, making
potassium one of the most important inputs in the sugar-
cane complex.
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