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PHOTOSYNTHETIC RESPONSE TO NITROGEN FERTILIZATION IN
SUGARCANE UNDER RAINFED AND HIGH-TEMPERATURE CONDITIONS'

SERGIO CASTRO-NAVAZ*, MARCOS ROLANDO HERRERA-SEPULVEDAZ, JOSE MANUEL GARCIA-GIRON?

ABSTRACT - Nitrogen is the most important element required for plant growth and development and is the
primary nutrient limiting sugarcane production. Field experiments under rainfed condition and some periods
with high temperature (above 35 °C) were carried out during 2014-2015 at the municipality of Ocampo,
Tamaulipas, Mexico. The objective of the study was to determine the effect of varying doses of nitrogen
fertilizer on leaf photosynthesis, plant growth, total chlorophyll, and juice quality of sugarcane commercial
variety Mex 79-431 in the second ratoon crop. Six nitrogen doses (0, 60, 90, 120, 150, and 180 kg N ha") were
tested and applied as urea 60 days after harvest, at the beginning of the rainy season. The results of the
experiment indicated that the application of nitrogen in ratoon crop had a positive effect on growth and
development. It is important to note that further studies are required on the subject, including timing of nitrogen
application, application method, soil types, other doses, and other genotypes in the region. The maximum
photosynthetic rate (27.68 pmol CO, m? s)was attained at PAR 1500 pmol m™ s™' with 90 kg N ha'. The
highest yield was recorded in ratoon crop with a dose of 120 kg N ha™. At harvest, the juice quality did not
show significant variations among the treatments imposed.

Keywords: Saccharum officinarum L.. Nitrogen. Fertilizer doses. Photosynthesis. SPAD readings. Rainfed.

RESPOSTA FOTOSSINTETICA A FERTILIZACAO COM NITROGENIO EM ACUCAR EM
CONDICOES DE CHUVA E DE ALTA TEMPERATURA

RESUMO - O nitrogénio ¢ o elemento mais importante necessario para o crescimento ¢ desenvolvimento das
plantas e é o nutriente primario que limita a produ¢do de cana-de-agucar. Experimentos de campo sob
condigdes de sequeiro e alguns periodos com alta temperatura (acima de 35°C) foram realizados durante 2014-
2015 no municipio de Ocampo, Tamaulipas, Mexico. O objetivo do estudo foi determinar o efeito de doses
variadas de fertilizante nitrogenado na fotossintese foliar, crescimento das plantas, clorofila total e qualidade do
suco na variedade comercial de cana-de-acucar (Mex 79-431) na segunda safra de soca. Foram testadas seis
doses de nitrogénio (0, 60, 90, 120, 150 e 180 kg N ha™"). Todo o nitrogénio foi aplicado como uréia 60 dias
apos a colheita no inicio da estagdo chuvosa. Os resultados do experimento indicaram que a aplicagdo de
nitrogénio na cultura da soqueira teve um efeito positivo no crescimento e desenvolvimento. E importante notar
que sdo necessarios mais estudos sobre o momento da aplicag@o de nitrogénio, o método de aplicagdo, tipos de
solo, outras doses e outros gendtipos na regido. Os niveis maximos de taxa fotossintética
(27,68 umol CO, m™ s™') foram atingidos a partir de 1500 pmol m? s com 90 kg N ha™. O maior rendimento
foi registrado na cultura da soqueira com uma dose de 120 kg N ha™'. Na colheita, a qualidade do suco nio
apresentou variagao significativa devido aos tratamentos impostos.

Palavras-chave: Saccharum officinarum L.. Nitrogénio. Doses de fertilizantes. Fotossintese. Leituras SPAD.
Cultivo de sequeiro.
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INTRODUCTION

The important economic and social impact of
the Mexican sugar agroindustry is such that it
generates more than 500 thousand direct jobs and
indirect benefits to more than 2.2 million people
(FIRA, 2015). Sugarcane yields in Mexico are low
(74 t ha"), mainly for three reasons: (1) more than
59% cultivation under rainfed condition (SIAP,
2018); (2) low soil fertility; and (3) high air
temperatures (EZENWA et al., 2005; GILBERT et
al., 2008; ZHAO; GLAZ; COMSTOCK, 2010).

Sugarcane growth cycle in Mexico is
approximately 12 to 14 months. This long cycle,
coupled with a high productive potential, requires
large quantities of nutrients to sustain annual
profitable yields and balance soil nutrient depletion
(ZHAO; GLAZ; COMSTOCK, 2014). However,
sugarcane producers are actually reducing
fertilization for two reasons: (1) environmental
protection and (2) decrease in world crop prices
(GALLAIS; COQUE; BERTIN, 2008).

Nitrogen is the primary nutrient limiting
sugarcane production (WIEDENFELD; ENCISO,
2008; NAGA MADHURI et al.,, 2011). It is a key
component in many biological compounds and plays
a major role in photosynthetic activity and crop yield
(TAIZ; ZEIGER, 2006). Variation in nitrogen
availability due to factors such as variety, crop cycle,
agronomic management, soil type, and climate (ISA;
HOFMAN; VAN CLEEMPUT, 2006) affects plant
development and sugarcane production (ZHAO;
GLAZ; COMSTOCK, 2014; SHEKINAH;
SUNDARA; RAKKIYAPPAN, 2012; DINH et al.,
2019). Numerous studies have documented the need
for N fertilization (NAGA MADHURI et al., 2011,
SHEKINAH; SUNDARA; RAKKIYAPPAN, 2012;
IZQUIERDO-HERNANDEZ et al, 2016) in
sugarcane. In Mexico, very little information is
available on how sugarcane responds to N
fertilization at different times of application, from
different sources, with different methods, and at
different doses. In some sugar mills, the same dose
has been used for years without considering these
factors (CASTRO; HUERTA, 2015). Preliminary
studies indicate that the doses used (120-60-60 and
120-60-70) underestimate (SALGADO-GARCIA et
al., 2005) or overestimate (CASTRO; HUERTA,
2015) the crop demand in some areas. A sugarcane
crop with a cane yield of 100 t ha™ removes 207 kg
N from the soil (JAGTAP; JADHAVI; KULKARM,
2006). Substantial amounts of N fertilizer are,
therefore, necessary for commercial sugarcane
production because of the large biomass produced by
sugarcane crops (THORBURN,; MEIER;
PROBERT, 2005). Nevertheless, N requirements by
sugarcane is very low in the plant cane but increase
to a maximum of 160 to 180 kg N ha™' in the second
and subsequent ratoons (ROZEFF; WIEDENFELD,
1998).

Since sugarcane requires substantial amounts
of water, limited water resources during periods of
water stress and high temperatures, especially in
rainfed areas, restrict both sugar and cane yields.
Moreover, responses to N fertilizer is low when
water availability is reduced thus, further affecting
yields (WIEDENFELD, 1995). One of the major
problems that hinder efficient sugarcane production
is the lack of understanding of the varied responses
of sugarcane genotypes to nitrogen (NAGA
MADHURI et al.,, 2011). Variations in varietal
response to nitrogen have been widely reported
(SRINIVAS et al., 2003; NAGA MADHURI et al.,
2011; ZHAO; GLAZ; COMSTOCK, 2014; NAGA
MADHURI; HEMANTH; SARALA, 2011; HARI;
SRINIVASAN, 2005; IZQUIERDO-HERNANDEZ
et al.,, 2016). The common practice is the use of
blanket recommendations without considering
varietal differences in response to fertilizer doses or
differences in physicochemical soil characteristics
among different sites and source of N. An alternative
to identify efficient genotype related N use is the
analysis of physiological traits (REYNOLDS et al.,
2001) but more research on physiological responses
of sugarcane to N rates is required (ZHAO; GLAZ;
COMSTOCK, 2014). In Mexico, little attention has
been given on the physiological responses of
sugarcane varieties to different doses of nitrogen
fertilizer. A better understanding on the subject will
help select promising cultivars with high yields and
high nitrogen use efficiency. Hence, the objective of
the study was to determine the effect of varying
doses of nitrogen fertilizer on leaf photosynthesis,
plant growth, total chlorophyll, juice quality, and
yield on a commercial sugarcane variety in the
second ratoon crop.

MATERIALS AND METHODS

A field experiment was carried out from July
31, 2014 to May 30, 2015 in the municipality of
Ocampo, Tamaulipas, Mexico (22°51'N, 99°20°'W;
altitude 350 m). The second ratoon crop of the
commercial sugarcane genotype Mex 79-431 was
used to study response to varied fertilizer dose
application. Mex 79-431 is a widely cultivated
variety in dryland conditions in Mexico. The
experiment was conducted under rainfed condition
(2212 mm of accumulated precipitation) and periods
with temperatures above 35 °C (25 days in 12
months). The recommended production practices
adopted by the sugar mill in the region were
followed for ratoon crop. The crop was harvested at
12 months. The experiment was laid out in a
randomized complete block design with four
replicates. The plot size in each replication was
5.2 mx 10.0 m (four rows of 10.0 m spaced 1.30 m
apart). The treatments consisted of six doses of N
(0, 60,90, 120, 150, and 180 kg N ha'l), identified as
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DN. Nitrogen was applied as urea 60 days after
harvest and at the beginning of the rainy season (in
June). Application was done manually to bands in
one side of the row. Weed and insect control was
effected when required.

All observations were recorded using
standard procedures. Six sugarcanes stalks from each
plot were randomly selected for estimation of
agronomic parameters (plant height, stalk diameter,
and internode length), yield, and °Brix. Agronomic
parameters and °Brix were measured before harvest
every 30 days. During the maturation phase, in
accordance with Bonnett (2014), after 220 days of
start of treatment, photosynthesis rate [A (umol CO,
m? s)], stomatal conductance [gs (mol m? s™)],
transpiration rate [E (mmol H,0O m? s™)], and leaf
temperature [Ti,r(°C)] were measured in the middle
part of the second expanded young leaf with a LI-
6400 portable photosynthesis system (Li-COR,
Lincoln, Nebraska, USA) equipped with a 2 x 3 cm?
LED chamber; a flow of 500 mol s and a CO,
concentration of 400 pmol mol™' were setup. The
photosynthetically active radiation (PAR) response
curves were constructed at different hours of the day
(7, 10, 14, 17, and 19 h), identified as DAT, on a
completely sunny day for all N fertilizer dose
application treatments. SPAD (soil plant analysis
development) values were also recorded when the
agronomic parameters were measured in all active
leaves at three different parts (apex, middle, and base
of leaf) using a SPAD meter (SPAD-502, Minolta,
Japan). Cane yield was recorded at the age of twelve
months from the plots and were converted to yield
per ha (t ha™'). At the same time, juice samples were
drawn from six canes cut at random in each plot to
determine juice quality (°Brix) using a refractometer

(Pocket Digital, Thompson Scientific, Swedesboro,
NJ, USA). During the experimental period, rainfall
(mm month™), maximum temperature (Ty), and
minimum temperature (Ty,;,) were recorded using a
HOBO Weather Station (Onset Computer Corp.,
Bourne, MA, USA) data logger once every hour.

For the agronomic parameters, SPAD units,
yield, and °Brix, analysis of variance was conducted
for a randomized complete block design. The
Tukey’s multiple comparison test to determine
variation among the six treatments was conducted
(90=0.05). For the N doses factor and yield, quadratic
polynomial regression test was applied. The
statistical software SAS (SAS, 2010) and Sigma
Plot® 13 (Systat Software Inc., San Jose, CA, USA)
were used.

RESULTS AND DISCUSSION

Environmental Conditions

Overall, there was significant variability in
environmental parameters (Figure 1), such as Ty,
Tmin, and precipitation during the experiment. In fact,
the T« fluctuated from 11.0 to 41.5 °C and the Ty,
from 5.4 to 25.5 °C. The T..x reached > 35 °C
during the 25 days of the months of April and May.
This period coincides with the time of low
precipitation and high temperature. A total rainfall of
2212 mm was received during the experiment of
which approximately 51% (i.e., 1119 mm) was
recorded in the months of June (551 mm) and
September (568 mm). The highest precipitation
recorded was in the month of August (253 mm).
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Figure 1. Meteorological data during the experimental period.

Agronomic Parameters

With respect to nitrogen doses, significant
differences were observed in the agronomic

June July Aug Sep Oct Nov Dec Jan Feb Mar Apr May

parameters, such as plant height, stem diameter,
internode length, °Brix, and SPAD in the ratoon crop
(Table 1); however, the interaction nitrogen doses x
days (DN x DAT) was not significant. Similar results
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were reported by Naga Madhuri et al (2011) and
Naga Madhuri, Hemanth and Sarala (2011), who
indicated that yield attributing characters were
positively influenced by the increased dose of
nitrogen. Our results, however, differ from the
results reported by (SHEKINAH; SUNDARA,;
RAKKIYAPPAN, 2012, NAGA MADHURI et al.,
2011, NAGA MADHURI; HEMANTH; SARALA,
2011) in relation to plant height, stem diameter,
internode length, and °Brix with non-significant
differences between treatments (Table 2) as
influenced by nitrogen levels towards the end of the
experiment (261 days after treatment application).
This could be due to the early application of nitrogen
(eight weeks after harvest), which probably was not
sufficient to maintain the observed differences
throughout the cycle until the next harvest. Plant
height is also a major parameter of growth and yield
in sugarcane. Although length, thickness, and shape
of internodes are varietal characteristics, the rate of
elongation and length of internodes are also

influenced by nutrient availability, and hence, plant
height provides information about the general
conditions of the crop (sunlight, air temperature, and
soil water availability). The applied nitrogen has
significant (Figure 2) influence on increase in plant
height, stem diameter, and internode length of +
12.5%, + 5.4%, and + 5.4% respectively. All N
doses had a positive effect on height and produced
tall canes. The results are in accordance with
(NAGA MADHURI et al, 2011, NAGA
MADHURI; HEMANTH; SARALA, 2011) for
promising early and middle maturing sugarcane
varieties. The response in plant height was caused by
a significant response in internode length; the longest
internode was observed 100 days after treatment
application and for the dose treatment of
180 kg N ha™ (Figure 2c). For stem diameter, the
differences were not as consistent as for plant height;
the largest stem diameter was observed with the dose
treatment of 150 kg N ha™".

Table 1. Summary of analysis of variance for agronomic, SPAD, and °Brix characteristics in response to soil nitrogen

content in ratoon crop.

Plant height Stem diameter Internode length
Source d.f. (°Brix) SPAD
(m) (mm) (cm)

Doses (DN) 5 <0.001 <0.001 <0.001 <0.05 <0.001
Days (DAT) 7 <0.001 <0.001 <0.001 <0.001 <0.001
DNxD 35 ns ns ns ns ns
CV (%) 6.4 5.8 6.9 3.9 7.1

d.f.: degrees of freedom; SPAD: soil plant analysis development.

Table 2. Agronomic and °Brix characteristics in response to soil nitrogen content in ratoon crop at 261 days after treatment

application.
Nitrogen Plant Stem Internode
Levels height diameter length Brix SPAD
(kg N ha™) (m) (mm) (cm)
0 1.99 £0.03 27.3+0.29 10.7 £ 0.06 24.5+£0.22 35.0+0.37
60 216+ 0.08 28.8+0.30 10.9+0.32 24.5+0.13 33.2+0.75
90 2.24 +0.03 26.9 +0.62 11.2+0.43 24.1+0.20 349 +0.16
120 2.24+0.08 27.9 +£0.69 11.1+0.50 24.4+0.13 32.5+0.92
150 2.24 +£0.06 28.5+0.80 11.3+0.25 244 +0.14 324+0.14
180 2.24 +£0.06 27.7+0.96 11.2+0.34 24.4+0.07 34.1+£0.14
Tukey ns ns ns ns 1.839
(0=0.05)
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Figure 2. Changes with time in plant height (a), stem diameter (b), internode length (c), and °Brix (d) during growth as

affected by soil nitrogen content.

Physiological Parameters

Photosynthesis, growth, and yield are
associated with N availability, especially in
sugarcane (LEMAIRE; GASTAL, 2018; TAIZ;
ZEIGER, 2006; SHEKINAH; SUNDARA;
RAKKIYAPPAN, 2012; DINH et al., 2019); it is a
long duration crop and requires a lot of nutrients.
This response was observed in this experiment. For
physiological parameters, there were highly
significant differences in A, g, E, and SPAD units
but non-significant differences regarding Tie,r
between both dose treatments and light response
(PAR). The interaction doses x PAR was non-
significant for all physiological parameters (Table 3),
except for E. The coefficient of variation in
parameters such as A and g indicates a high
variability. Similar responses for A, gs, E, and SPAD
units were previously reported when studying
different genotypes and different levels of N
(ZHAO; GLAZ; COMSTOCK, 2014; KUMARA;
BANDARA, 2001), but not for the results obtained
in other experiments (IZQUIERDO-HERNANDEZ
et al., 2016) concerning the effect of N dose. Overall,
the photosynthetic rate varied with the daytime, and
reached the highest level at 14 h (Figure 3a). The
photosynthetic rate was higher at 90 kg N ha’
(Figure 3b) than the other doses of nitrogen (+18.3%
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with respect to 0 N). The photosynthetic rate of 120
kg N ha™' was significantly lower than the A values
of 0 N (-6.1%), although these values are influenced
by the amount of solar radiation received by plants.
In general, our results indicate that the application of
N fertilizer significantly affects the A in sugarcane,
although this depends on the doses and the time of
the day in which the photosynthesis value is taken.
Leaf SPAD readings varied with N doses, compared
with 0 N, and reached the highest level at 150 kg N
ha™ (Figure 3c). These results differ from those
obtained by Izquierdo-Hernandez et al. (2016) who
reported non-significant differences in chlorophyll
activity with different doses of N and therefore
suggesting that the content of N in the soil was
satisfactory. Lower A and SPAD readings in 0 N
may be associated with a significant reduction in leaf
N and chlorophyll, probably due to a reduction of
two important ~ molecules in  sugarcane
photosynthesis, namely ribulose 1, 5 bisphosphate
carboxylase/oxygenase (rubisco) and
phosphoenylpyruvate (PEP) (TAIZ; ZEIGER, 2006).
The role of N is important in chlorophyll formation
and carbohydrate metabolism, and in positive
interactions with other elements to improve the
growth and yield of the sugarcane. In this study, all
doses of N contributed to further increase the crop
growth or crop yield (Figures 2 and 5).
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Table 3. Summary of analysis of variance for physiological characteristics in response to soil nitrogen content in ratoon

crop.
A gs E Ticar Yield
Source d.f.
(pmol CO, m?s™) (mol m_, s™) (mmol H,0 m?s™) (°C) (tha™)
Doses (DN) 5 <0.001 <0.05 <0.01 ns <0.001
PAR <0.001 <0.001 <0.001 ns
DN x PAR 20 ns ns <0.001 ns
CV (%) 23.8 21.6 16.7 1.5 6.7

d.f.: degrees of freedom; PAR: photosynthetically active radiation; A: photosynthetic rate; gs: stomatal conductance; E:

transpiration rate; Tje,s: leaf temperature.
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Figure 3. Photosynthetic rate response to PAR (a) and nitrogen level (b), and SPAD readings (c) of six nitrogen doses in

ratoon crop.

Figure 4 shows the light response curves
obtained for the different N dose treatments. The
maximum A (27.68 pumol CO, m? s™)levels were
attained at 14 h (= 1500 pmol m™ s™") with 90 kg N
ha (Figure 4a). The same response was observed for
E and T,r (Figure 4 c, d). The values of A, obtained
in Mex 79-431 grown under rainfed conditions, were
similar to those observed in other experiments
(ZHAO; GLAZ; COMSTOCK, 2014; IZQUIERDO-
HERNANDEZ et al, 2016; KUMARA,;
BANDARA, 2001; RANJITH; MEINZER, 1997)
under different levels of N. For stomatal
conductance, the response was not consistent for the
doses of N (Figure 4b). Overall, SPAD readings
varied significantly with respect to doses of nitrogen
during all dates (Figure 4e). SPAD readings reached
the highest level with 150 kg N ha™ at 198 days after
treatment. From 44 to 79 DAT, only the 0 N
treatment had significantly lower SPAD readings

1145

compared to the other N treatments. The SPAD
readings, after 107 DAT in the treatment of 150 kg N
ha™', had the highest values compared to the other N
treatments until harvest. After 198 DAT, the SPAD
readings in all treatments sharply declined until the
end of the cycle (261 DAT). This period coincides
with the maturity stage, where the leaf area reached
its maximum growth and where photosynthetic
activity is reduced.

Cane Yield

Cane yield showed a significant difference
with increasing levels of nitrogen application (Table
2). The application of N had a positive effect on
growth, development, and physiological processes
(Figures 2 and 4). Higher N levels helped in
increasing the cane yield (Figure 5). The increasing
cane yield as a function of N doses was adjusted to
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quadratic model, with maximum points estimated for
the rates of 120 kg N ha”. The highest cane yield
was recorded in ratoon crop with a dose between 90
and 120 kg N ha'. A higher cane yield was
harvested due to plant height and internode length.
Our results indicate that at 60 kg N ha™, the highest
yield was obtained (96.3 t ha™), with an increase of
19.8 t ha'. On the other hand, the treatment of 150
kg N ha' had an increase of 16.6 t ha'. The
increases in cane yield varied from 7.47 to 19.8 t,
depending on the doses. Similar results were
observed by Srinivas et al. (2003) and Naga Madhuri
et al. (2011). Using high doses of N at 336 and

40

375 kg N ha and with increases in yields of up to
14.26 t ha', depending on the genotype, Shekinah,
Sundara and Rakkiyappan (2012) found a positive
effect on growth and development processes and the
highest yield (118.6 t ha™) in ratoon crop with
application rate of 280 kg N ha™'. However, this
applied dose is well above the recommended dose in
the region of our study (+160 kg N ha™). Doses
higher than the dose prescribed by sugar mills
(120 kg N ha™) make the cultivation of sugarcane
more expensive under stress conditions brought by
drought and high temperatures.
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Figure 4. Effect of nitrogen application doses on physiological characteristics in response to PAR (a, b, ¢ and d) and during

growth (e) in ratoon crop.
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In general, the yield in ratoon crop with any
dose of N applied in the ecarly stages was
significantly higher than the treatment of 0 N
because the higher nutrition level helped in
increasing the millable canes and maintaining them
(SHEKINAH; SUNDARA; RAKKIYAPPAN,
2012). The genotype Mex 79-431 responded
positively to the applied nitrogen doses. Higher
nutrition levels at early stages helped in increasing

100

growth and metabolism because N also contributes
in chlorophyll and carbohydrate formation and
interacts with phosphorus and potassium to improve
sugarcane vigor (SHUKLA, 2007; SHEKINAH;
SUNDARA; RAKKIYAPPAN, 2012). The
aforementioned coincides with the results obtained
in this study, where all N doses applied contributed
to the increase in yield, as a result of a higher growth
of the crop, mainly plant height.
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Figure 5. Relationship between nitrogen dose treatment and yield of second ratoon crop under field conditions. Standard

errors are indicated by vertical bars.

Juice Quality

Nitrogen is essential for cane growth and
juice quality. The quality of the crop is assessed by
the sugar produced per ton of cane. The juice quality
characteristic of sugarcane in ratoon crop (Table 1),
as indicated by °Brix, was significantly (co= 0.05)
influenced by N levels, especially at the beginning of
the study (Figure 2). This response could be due to
the early application of N. In fact, throughout the
experiment, there was a very similar trend with all N
treatments during growth and development, reaching
an average of 21.3 °Brix at harvest. However, at this
stage, the differences between N doses were not
significant and although the average value obtained
in this study was higher (24.4 °Brix), the results
coincided with those obtained by Bologna-Campbell,
Franco and Vitti (2013), Shekinah, Sundara and
Rakkiyappan (2012), and Naga Madhuri et al.
(2011). This means that the quality of the juice is an
intrinsic characteristic of the genotype, rather than an
influence of the N content in the soil or the tissues of
sugarcane.
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CONCLUSIONS

The results of the experiment clearly showed
that the application of N in ratoon crop had a
positive effect on agronomic parameters, such as
plant height, stem diameter, and internode length, as
well as on physiological processes, such as
photosynthesis  rate,  transpiration,  stomatal
conductance, and SPAD readings. The highest yield
recorded in the ratoon crop was with a dose
treatment of 120 kg N ha”'. At harvest, the juice
quality did not show a significant variation with the
treatments imposed. It is important to note that
further studies on timing of nitrogen application,
application methods, soil types, other doses, and
other genotypes would be necessary to bring even
more understanding on the subject.
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