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Abstract The aim of this study was to evaluate the
response of sugarcane to nitrogen (N) application with drip
irrigation and the relation with carbon isotope discrimina-
tion (A'*C), aboveground dry matter cane yield and the N
balance in consecutive ratoon crops of sugarcane. An
experiment was set up in Jau, SP, Brazil, in which the
second and third ratoon crop cycles (2008/2009 and
2009/2010) were evaluated. The experiment included an
unfertilized N control in both years (T1), and the following
three nitrogen (N) fertilizer rates (in kg ha~') applied in
2008 and 2009, respectively: 70 and 50 (T2), 140 and 100
(T3), and 210 and 150 (T4). Fertilization with N caused a
marked gain in stalk yields by 98 Mg ha™' in 2 years. The
N export with harvest was higher than N application in the
control treatment T1 and at the lower rate (T2); this, in
addition to the observed linear response to N, indicate the
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need to increase N fertilization in irrigated sugarcane. The
values of A'*C decreased with the increase of N supply
showing a significant negative correlation (p < 0.05) with
stalk as well as whole plant aboveground dry matter yields.
The values of A'*C in top leaves may be used as a tool to
characterize the N status of sugarcane plants and its rela-
tion to aboveground dry matter and yield.

Keywords Drip-irrigation - C4 plants -
Water management - Sugar - N fertilization

Introduction

The combination of nitrogen fertilizer and irrigation has
been shown to have positive effect on sugarcane crop yield.
Nitrogen is a structural constituent of many organic com-
pounds, including amino acids and nucleic acids (Epstein
and Bloom 2004). It is the nutrient that most limits the
productivity of sugarcane, a plant of the Poaceae family
which possesses C4 carbon metabolism and is characterized
by high net photosynthesis rates and dry matter production
(Arruda 2012).

Brazil is currently the leading sugarcane producer in the
world (FAO 2014). However, the yield of sugarcane in part
of the country is low, around 70 Mg ha™", largely due to
water deficit which occurs even in regions with adequate
rainfall, but with irregular distribution. This limits the
productive capacity of the crop, which is further reduced
when N is limiting (Gava et al. 2011; Thorburn et al. 2003).

Traditionally, sugarcane in Brazil is grown under rain-
fed conditions. However, with the expansion of sugarcane
towards the Brazilian Center-West regions, characterized
by a long dry winter, the crop may require irrigation in
order to guarantee high yields. In this case, salvage or
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supplementary irrigation is needed to provide water during
periods of water stress and to ensure stability of production
(UNEP 2011).

Globally, approximately 301 Mha are irrigated, which
represents around 20 % of the cultivated land (Gunda and
Youngs 2013). In Brazil, although land with irrigation
potential was estimated at 29.3 Mha (AQUASTAT 2014),
only 4.46 Mha are actually equipped with irrigation, of
which sugarcane accounts for 24 % (IBGE 2006).

The carbon isotope discrimination (ABC) in atmo-
spheric CO, fixation by higher plants can be evaluated by
measuring the natural variation of the heavy carbon isotope
(8"3C) assimilated. This technique can be used as an
indicator to monitor and identify plants under environ-
mental stress conditions such as plants under water deficit
and N deficiency or excess (Meinzer and Zhu 1998; Clay
et al. 2001; Monneveux et al. 2007).

The interpretation of the A'>C values in sugarcane is
more complex when compared to plants of the C; cycle, as
it does not depend only on the internal and external CO,
pressure. A">C of plants with C4 cycle also depends on the
leakiness of CO, between the PEPC and the RuBisCo
compartments (Farquhar 1983; Henderson et al. 1992).
Thus, the values of ABC in C, plants are associated with
the concentration of CO, in the bundle sheath cells, which
is substantially greater than that of the leaf mesophyll cells
and the atmosphere.

The conceptual model of the discrimination of stable
carbon isotopes (A'*C) in C, plants is represented by Eq. 1,
proposed by Farquhar (1983), with alterations by Hender-
son et al. (1992):

ABCy=a+[b4 + ®(b3 — s) — a] x pi/pa (1)

where: a represents the discrimination of the stable C
isotopes of atmospheric CO, diffusing through the stomata
as in Cj plants (+4.4 %o); b3 is the isotopic discrimination
of C that occurs via carboxylation by RuBisCo (+29 %o);
b4 is the isotopic discrimination of C during the dissolution
and conversion to HCO3; ™ and fixation by PEPC (—5.7 %o);
s is the isotopic discrimination of C of the CO, that is
dispersed to the leaf mesophyll from the total CO, which is
decarboxylated in the bundle sheath cells (41.8 %o); @ is
the leakiness of CO, due to decarboxylation in the bundle
sheath cells; and pi/pa is the ratio of the partial pressure of
CO,, in the intracellular space (stomatal chamber) (pi) and
in the environment (pa), respectively.

Values of A'®C in plants of the C, cycle and their
relation to yield and the efficiency of water and nutrient use
have been the subject of various studies (Hubick et al.
1990; Saliendra et al. 1996; Meinzer and Zhu 1998).
However, for sugarcane, carbon isotope discrimination has
not been well evaluated, considering different cultivars in
contrasting conditions of water availability and nutrition.
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Nevertheless, A3C if well understood will assist in the
prediction of crop yields under different environmental
conditions. A'*C is an important tool for use in genetic
improvement, since it can predict plant responses in a non-
destructive manner and throughout the crop cycle.

In light of the above, the aim of this study was to
evaluate whether N availability in sugarcane irrigation
management practices increases crop yield and has an
effect on carbon isotope discrimination (A13C), as well as
on aboveground dry matter yield and on the N balance in
consecutive ratoon crops of sugarcane.

Materials and Methods

Characterization of the Experimental Area,
Treatments and Experimental Design

The experiment was developed at the APTA West Center
unit, located in the region of Jad, in the state of Sdo Paulo,
Brazil (22°17'S, 48°34'W, at a mean altitude of 580 m
a.s.l.). The second and third ratoons of a sugarcane crop
(2008/2009 and 2009/2010 crop years) were evaluated. The
cultivar used was SP80-3280, which is widely planted in
the states of Sao Paulo and Mato Grosso do Sul (Chapola
et al. 2011) in high fertility soils and is highly responsive to
mineral fertilization.

The soil was classified as a Red Latosol in the Brazilian
system (EMBRAPA 2013) or Typic Hapludox, according
to the Soil Survey Staff (2010). Its chemical and physical
characteristics determined in the 0-25 and 25-50 cm layers
are shown in Table 1.

The experiment consisted of three doses of N under
irrigation, as well as plots without N, namely, T1, unfer-
tilized control; T2, 70 kg ha™' of N in 2008 and
50 kg ha™' of N in 2009; T3, 140 kg ha—' of N in 2008
and 100 kg ha™' of N in 2009; and T4, 210 kg ha~' of N
in 2008 and 150 kg ha~' of N in 2009. A randomized
block design with four replications was used. Nitrogen was
split-applied as urea twice weekly by underground drip
irrigation in small amounts throughout the crop cycle. Each
month, a percentage of the total dose was supplied to the
crop according to the phenological stage of the plants
(Fig. 1); around 4 months before harvest (June/2009 and
July/2010) the application of nitrogen was stopped. This
phase corresponded to maturation of the sugarcane. All
plots were fertilized with a common dose of 150 kg ha™'
of K,0, as potassium chloride, throughout the crop cycle
and application stopped 3 months before harvest. The
doses of N in the third ratoon were smaller than in the
second ratoon because nutrient requirements (and yield)
decrease as the ratoons age.
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Table 1 Chemical and physical characteristics of the soil in the experimental area

Depth (m) pH TOC N-IN P K Ca Mg CEC v Sand Silt Clay
(gdm™) (mg  (mg_ (mmol.  (mmol. (mmol. (mmol. (%) (zkg”) (gkg) (gkg)
kg™) dm™)  dm™) dm™>) dm™) dm™?)
0-0.25 52% 87 6.0 17 1.7 15 7 70 56 660 70 270
0.25-0.50 4.8 7.5 6.6 20 1.2 9 4 32 44 570 100 330
Chemical and particle-size analysis according to Van Raij et al. (2001) and Embrapa (2006), respectively
TOC total organic carbon, CEC cation exchange capacity
*pH in 0.01 M CaCl,
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Spacing and Irrigation Management

The plots consisted of five 30-m rows of sugarcane. In all
treatments the paired-row planting arrangement (planting
in W) was used, with a spacing of 1.80 m between double
rows and 0.4 m between paired sugarcane rows, with a
dripline installed between them for irrigation. The drip-line
adopted was the DRIPNET PC 22135 FL model (Adana,
Turkey), with a 1.0 L h™" flow rate and equipped with drip
nozzles every 0.5 m, which were buried at a depth of
25 cm beneath the soil surface.

Water was applied to replace 100 % of the crop
evapotranspiration (CET), according to the Penman-
Monteith method (Howell and Evett 2004). The frequency
of irrigation considered the available water capacity
(AWC) of the soil of 70 mm, water supplied by rainfall
(R), and the atmospheric demand due to evapotranspira-
tion of sugarcane (CET). The 10-day water balance and
the water deficit (DEF) estimated for both crop cycles are
shown in Fig. 2A, B.

Total rainfall during the first cycle of the study (2008/
2009 crop year) was 1740 mm, well above the historical
mean for the region, which is 1460 mm. In this period,
irrigation was performed with 293 mm of water to a total
of 2033 mm. Crop evapotranspiration (CET) was

1250 mm, and the water deficit was 11 mm. The mean
maximum and minimum temperatures observed were 29.3
and 15.2 °C, respectively. For the second crop cycle of this
study (2009/2010), the measured rainfall was 1435 mm,
which was close to the historical mean for the period. The
quantity of water applied by irrigation was 390 mm, dis-
tributed throughout the crop cycle. The accumulated crop
evapotranspiration (CET) was 1320 mm, with a water
deficit of 28 mm. The maximum and minimum tempera-
tures observed during the development cycle of 381 days
were 29.2 and 16.4 °C, respectively.

Evaluations and Statistical Analysis

In the final harvest of each ratoon crop cycle, 2 m of the
sugarcane row were collected per plot for the determination
of above-ground plant biomass. Tops (green leaves), dry
leaves and stalks were taken apart and weighed. The fresh
material was subsequently ground in a forage chopper and
subsamples was taken for the determination of plant dry
matter after drying in a forced-air-circulation oven at 65 °C
until constant mass. Dried samples were ground and the N
content was determined by the Kjeldahl method (Malavolta
et al. 1997). Subsequently, plants of 30 m of the sugar cane
row were manually dehusked and cut at the soil surface
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Fig. 2 Ten-day water balance
for the 2008/2009 period (A),
and 2009/2010 period (B). 200 -
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level (without burning), and were weighed for the deter-
mination of stalk yield Mega gram per hectare (Mg ha™").
At the same time, ten stalks were collected per plot for
determination of sugar and fiber content. Sugar yields were
calculated taking into account the concentration of total
sugars, measured as degrees Brix, sucrose concentration,
determined by polarimetry (% pol), and fiber content, using
the procedures described by Fernandes (2003).

Assuming that the N content in the soil at the beginning
of the experiment was the same in all treatments, the N
balance of the sugarcane crop was calculated based on the
quantity of N fertilizer supplied via irrigation and that
exported with the harvested stalks.

The results were subjected to analysis of variance
(p < 0.05) and the treatments were evaluated by regression
analysis. Regressions were determined using the SigmaPlot
software (Version 11.0, Systat Software Inc., San Jose, USA).
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For the determination of A'>C, samples of top visible
dewlap leaves (first leaf with visible ligule, as proposed by
Kuijper in Van Dillewijn 1952) were collected from
360-day-old ratoon plants for the 2008/2009 cycle and at
208, 291 and 380 days for the 2009/2010 crop year
(Meinzer and Zhu 1998). Leaves (15 per plot) were col-
lected in the morning, preferentially at about 9:00 a.m.
After collection, the mid-rib was removed and 20 cm
blades of the middle region of leaves were used for anal-
ysis. After washing in deionized water, these samples were
dried in a forced-air-circulation oven at 65 °C. The sam-
ples were then ground in a Wiley mill and stored in snap-
cap plastic containers. The 8'°C isotope composition and
the total N content of the samples were determined in a
mass spectrometer (ANCA-GSL Hydra 20-20 model,
SERCON Co., Crewe, GBR) coupled to a C and N auto-
matic analyzer (Barrie and Prosser 1996).
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Fig. 3 Stalk (A) and sugar (B) yield as affected by N fertilization
evaluated over two cycles of fertigated sugarcane

Values of A">C (%0) were calculated with Eq. 2,
described by Farquhar (1983), Henderson et al. (1992) and
Cernusak et al. (2013).

APCY, = [(67Cy = 6Cy)]/[1 4 (61°C,/1000)] (2)

where: 8'°C, = reference atmospheric CO, isotopic com-
position (8'°C of —8.0 + 0.01 %o) in relation to the Pee
Dee Belemnite (PDB) international standard; 513
Cp = isotopic composition of the sugarcane leaves.

Results
Stalk and Sugar Yield

Nitrogen fertilization promoted significant (p < 0.05)
increments in stalk and sugar yield in the two crop cycles
(Fig. 3A, B). Nevertheless, in each year, there were distinct
responses in relation to the N doses. For the second ratoon
(2008/2009 crop season) there was a quadratic response,
whereas for the third ratoon (2009/2010 crop season) a
linear response was observed.

In the 2008/2009 crop cycle, doses of up to 210 kg ha™"
of N were applied. However, in the second crop cycle, due
to natural aging of ratoons and an increase in the number of
dead plants, the N doses applied were reduced to a maxi-
mum of 150 kg ha™"' of N in the 2009/2010 crop season,
but, it is apparent that yields would have responded to
higher N rates as well (Fig. 3). An increase in the dose of N
from 70 to 210 kg ha™! (2008/2009) and from 50 to
150 kg ha~"' (2009/2010) increased stalk yield by a mean
of 40 %.

Nitrogen fertilization did not affect fiber, total sugar
(Brix) or the commercially recoverable sucrose (CRS)
content of sugarcane (Table 2). In the 2008/2009 crop
cycle the average values of fiber, CRS and total sugars
were 13, 17 % and 22° Brix, respectively. The corre-
sponding values for the 2009/2010 cycle were 16, 17 %
and 24° Brix respectively.

Carbon Isotope Discrimination

There was a decrease in A'>C %o in sugarcane leaves with
the increase of N application, with differences of 0.250 and
0.254 (A%o) between the control and the highest dose of N
for the second and third ratoon, respectively (p < 0.05)
(Fig. 4), with a mean reduction of 0.0014 %o in A*C for
each kg of N applied through fertigation.

Table 2 Fiber, commercially recoverable sucrose (CRS) and total sugars (° Brix) of stalks as affected by N rates applied under fertigation

Cycle 2008/2009

Cycle 2009/2010

N rate Fiber CRS °Brix N rate Fiber CRS °Brix
(kg ha™") (%) (kg ha™") (%)

0 13.6 17.2 224 0 16.8 17.0 24.3
70 13.0 17.1 22.3 50 15.8 16.0 23.6
140 13.6 16.3 214 100 16.3 17.5 243
210 13.6 16.6 22.0 150 16.0 16.8 23.6
R>LR. ns ns ns ns ns ns
R? Q.R. ns ns ns ns ns ns
CV (%) 54 2.9 1.9 4.8 5.8 5.5

ns not significant, CV coefficient of variation, L.R. linear regression, Q.R. quadratic regression
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Fig. 4 Carbon isotope discrimination of '*C (A'*C %o) in sugarcane
leaves as affected by N fertilization under drip irrigation in different
cycles and sampling times. In the 2008/2009 cycle, leaves were
collected 360 days after the previous harvest; the corresponding time
intervals for the 2009/2010 cycle were 208, 291, and 380 days

Significant inverse correlations were obtained between
stalk yield or total above-ground biomass yield and the
values of A'>C in sugarcane leaves for the second (R* = 0.57
and 0.67, p < 0.05) and third (R* = 0.62and 0.66, p < 0.05)
ratoon, respectively (Fig. 5A, B). From the results of Fig. 4,
it can be inferred that A'*C values relates to N concentration
in sugarcane plants because a decrease in A'*C was observed
for total residue biomass and for stalk yield.

Balance Between the N Applied as Fertilizer
and Exported by Stalks

In the sum of two cycles, the balance between N fertilizer
inputs and export with harvested stalks indicates that for

N fertilizer rates (kg ha')
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the low and intermediate N rates (120 and 240 kg ha~' N
in 2 years) the deficits or surpluses of N were small.
However, for the control treatment, about 50 kg ha~! N
was removed from the system with 142 Mg ha™' stalks
harvested in 2 years. This negative balance is relatively
small because only 31 and 36 % of the N contained in the
above-ground biomass was in the stalks in the unfertilized
control whereas the corresponding figures for the fertilized
treatments were 51-64 % (results not shown). For the
treatment with the highest N rate (360 kg ha™!) the aver-
age N surplus was 137 kg ha™', although stalk yields were
much higher (240 Mg ha™') than that of the control
(Fig. 6). All the trash was maintained over the soil. There
was a marked response to fertigation with N: relative to the
control, stalk yields increased by 69 % (98 Mg ha™') in the
sum of 2 years when 360 kg ha~' N was applied (linear
response, R = 0.97 and p < 0.05) (Fig. 6B).

In the unfertilized control treatment T1, the quantity of N in
dry leaves and tops that are returned to the soil was high (around
70 kg ha~' of N), representing 69 % of all N extracted by the
crop. In contrast, in the following year, the values were lower, at
about 30 kg N ha™' (64 % of all N absorbed), y indicating
further depletion of soil N supply in this sandy soil.

The lower proportion of N in dry leaves in the
2009/2010 cycle compared to that of the previous year may
be due to time of harvest and weather conditions, which
may have favored the loss of leaves and the translocation of
nutrients in the 2008/2009 cycle (Fig. 7).

Discussion
The results herein obtained indicate that the demand for N

in irrigated sugarcane ratoons might be greater than the
doses currently recommended for dryland management,

N fertilizer rates (kg ha'")
160 - OON O50N AI00N X150 N
__ y=-156.8%D + 879.3 R2=0.67
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Fig. 5 Fresh stalk and whole plant above-ground dry matter (total DM) yields related to carbon isotope discrimination (A'*C %) over two

sugarcane crop cycles (2008/2009 (A) and 2009/2010 (B)
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Fig. 7 Partition of N in the aboveground parts of sugarcane in two crop cycles: 2008/2009 (A), and 2009/2010 (B)

which range from 100 to 120 kg ha—' N for expected
yields greater than 100 Mg ha™' of stalks (Van Raij and
Cantarella 1996). A recent network of 15 field trials to
evaluate the response of sugarcane ratoons to N rates up to
180 kg ha™" under rainfed conditions in southwest Brazil
showed that the average stalk yield gains were
9.6 Mg ha™', obtained with 148 kg ha~' N, the rate for
maximizing yields; the most economic N rate was
120 kg ha™' (Rossetto et al. 2010). The stalk yield
increases are much lower than the average 49 Mg ha™'
stalk gains obtained with the maximum N rates in the
present study. Gava et al. (2011), working in the same
region of our study, observed yield gains of 25.4 and
35.2 Mg ha™' in plant cane and first ratoon, respectively,
with fertigated sugarcane when compared to a rainfed crop.

Drip irrigation provides some benefits in relation to con-
ventional rainfed management, such as reduction of nutri-
ent losses, since the nutrient is applied in repeated small
doses and meets crop demands for both nutrients and water.
Other studies have indicated that supplying N by repeated
small doses via irrigation increases the N use efficiency
compared to a single application under rainfed farming
(Wiedenfeld and Enciso 2008; Ng Kee Kwong et al. 1999;
Gava et al. 2011). Yields of the second and thirty ratoons in
the range of 100120 Mg ha™' are seldom observed under
rainfed conditions in sandy soils in the state of Sdo Paulo,
such as those of the present study. Nutrients such as K
could also be applied in repeated small doses (Dalri and
Cruz 2008; Ng Kee Kwong et al. 1999). There is currently
no recommendation for N fertilization in sugarcane in
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irrigated management practices in Brazil, and calibration of
this fertilization is necessary.

Thorburn et al. (2003), using N rates up to 240 kg ha™'
N, obtained an increase in stalk yield using drip irrigation
with the cultivar Q124 in four consecutive cycles in eastern
Australia. Wiedenfeld and Enciso (2008) reported linear
responses of stalk yields to increasing N rates with surface
drip-irrigation in semi-arid subtropical climate conditions in
Texas, USA. Crop response to N is intensified with drip
irrigation (Singh and Mohan 1994; Wiedenfeld 1995;
Wiedenfeld and Enciso 2008) due to a decrease in water
restriction and an increase in the concentration of mineral
forms of N in the soil solution, especially in the area near the
emitter throughout the period of sugarcane growth (Stanley
et al. 1990; Thorburn et al. 2003). One role of nitrogen in
plants is to increase cell division and differentiation (Taiz
and Zeiger 2004), which will increase sugarcane stalk yield.

Increasing rates of N did not affect fiber and sucrose
contents and Brix measurements in sugarcane stalks
(Table 2) as was also observed by Dalri and Cruz (2008),
Korndorfer et al. (1997), Trivelin et al. (2002) and Franco
et al. (2010). As sucrose concentrations in the juice were
not affected by the N treatments, the sugar yield response
to N followed the same trend as that of the stalk yield
(Fig. 3B). In contrast, the studies of Singh and Mohan
(1994) and Wiedenfeld (1995) indicated reduction in sugar
content of the stalks with increasing rates of fertilizer N.
This may happen for sugarcane cultivars that are not
responsive to N or in situations with excess N supply,
which was not the case of the present study since yield
responses to N were linear (Fig. 6). According to Muchow
et al. (1996), the supply of high quantities of N stimulates
plant growth and dilutes the concentration of sugars in the
stalk or delay maturation, and consequently, decreases its
industrial quality. Wiedenfeld and Enciso (2008) observed
a small sugar yield increase of about 27 % when N applied
by underground dripline in Chernozems from Texas, USA
increased from 60 to 180 kg ha™"'.

For each mega gram of stalk produced a mean of
1.46 kg of N accumulated in the plant and 50 % of this
(0.73 kg N t~') was exported with the stalks. Bell and
Garside (2014) showed that the sugarcane stalks contained
0.57 kg N t~!' cane under 100 % irrigation condition in
Australia. The treatments had a direct effect on the N
distribution percentage in the aboveground parts of the
plant (Fig. 7). In the T2 treatment in the 2nd ratoon
(Fig. 7A) and T1 in both cycles (Fig. 7A, B), the N con-
tained in the stalks was less than 40 % of all the N
absorbed by the sugarcane plants, whereas for the other
treatments, the N exports were greater than 50 % of the
total N of the aboveground parts. In the T1 treatment, the
lack of N had a direct effect on stalk yield, resulting in
lower percentage of N accumulated in the stalks.
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Relevant amounts of N surplus in the balance of fertil-
izer inputs and exports were only observed for treatment 4
(Fig. 6). The difference between applied and exported N
with the highest rate (360 kg ha~' N in 2 years) was
137 kg ha~! which could potentially be lost by leaching or
in gaseous forms through denitrification. The trash left on
the field in this treatment contained 128 kg ha™' N, which
can be recycled in the field (Fortes et al. 2012; Trivelin
et al. 2013). Although usually more N taken up by sugar-
cane plants comes from soil than from fertilizer (Dourado
Neto et al. 2010; Franco et al. 2011) and hence, losses of
fertilizer N cannot be ruled out, in our study the overall N
balance was quite tight, considering also the N that
remained in the trash which returned to the field and not
taking into account the N in the root system. Therefore,
even for the highest N rate used it is likely that most N
applied could be conserved in the soil and plant system
with the split N application through fertigation. The linear
nature of the yield response is an additional indication of
that.

In maize, also a C4 plant, in the northern USA Clay
et al. (2001) observed that the A"3C decreased when fer-
tilization increased from O to 168, 201 and 234 kg ha=! of
N over 3 years of evaluation, respectively, with low,
medium and high water availabilities. According to the
authors, for each kg of N added, when water was not a
limiting factor, there was a decrease of 0.01 %o in the A'*C
of maize plants. The reduction in the A*C per unit of
applied N observed by these authors was ten times greater
than that observed in this study. However, sugarcane has a
longer growth cycle, exhibiting a much larger biomass
yield compared to maize, thus showing a dilution effect of
N that occurs as the plants grow (Oliveira et al. 2013); in
addition, the N doses in the maize study were also greater
than those used in sugarcane.

According to Meinzer and Zhu (1998), small variations
in the leakiness of CO, from the sheath cells alter the AC
of C4 plants such as sugarcane. In our study, N fertilization
altered the A'’C in plants, as shown by the significant
(p < 0.05) inverse linear correlations (R® = 0.88) for the
first and (R* = 0.95, 0.89 and 0.89) second crop cycles.
Meinzer and Zhu (1998) observed a direct and linear
relationship between the increase in @, the parameter for
CO, leakiness, and A'*C in sugarcane leaves. In our study
the correlation between these parameters was significant
(R = 0.94, p < 0.01) (Results not shown).

Meinzer and Zhu (1998), testing four commercial and
four non-commercial clones of sugarcane, grown with
different doses of N in Hawaii, USA, observed that the
A"3C concentration in the leaves of sugarcane decreased
linearly (R? = 0.84, p < 0.05) with an increase in quantum
yield (photon absorption) of the plants. Saliendra et al.
(1996) observed a reduction in the A®C concentration
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from 4.87 to 3.55 with an increase in the rate of biomass
growth from 45 to 110 mm day~' in four varieties of
irrigated sugarcane. Clay et al. (2001) also obtained an
inverse linear correlation (R* = 0.84, p < 0.01) between
the A'*C concentration and maize grain yield in a maize
crop grown with three levels of irrigation and three levels
of N fertilization.

Lower mean values of carbon isotopic discrimination
were observed for all the treatments in the first crop cycle
(Fig. 4), showing that the values of A'*C vary from year to
year, and even according to the time period within the
growth cycle. Consequently, an absolute value of A'’C
cannot be used as indicator of stress to N and always
requires a reference value. However, A'*C proved to be
well correlated with sugarcane yield, especially in envi-
ronments with reduced water deficit.

The results of treatment T1 (control) indicate the
importance of N fertilization of sugarcane in soils with
small N stocks in the organic matter. Under insufficient N
nutrition the yield decline of subsequent ratoons will be
accelerated and the need to replant the field will be antic-
ipated. The difference in accumulated stalk yield between
the control and the treatment with highest rate of N
(98 Mg ha™') demonstrates the large response of sugar-
cane to nitrogen fertilization. This result draws attention to
the effect of water availability and also to the potential
increase in soil N availability with increasing moisture
(Pilbeam and Warren 1995). Generally, sugarcane
responses to N fertilization are not as large as those
reported here (Carnatiba 1990; Franco et al. 2010). Soil N
availability is strongly connected to soil moisture which
favors N mineralization (Pilbeam and Warren 1995).
However, in our study a possible increment in soil N
mineralization due to favorable soil moisture throughout
the growing season was not sufficient to supply all the N
needed to support high sugarcane yields. Within the con-
ditions of this study, in which N was split-applied associ-
ated with drip irrigation it is evident that there was greater
efficiency of N fertilizer use than that usually measured
under rainfed production where often there is a water
deficit at least in some periods of the growing season.

Conclusions

The high response to N in ratoon sugarcane indicates that
split N application with drip irrigation can substantially
increase stalk and sugar yields even in a region with more
than 1400 mm of annual precipitation. The values of A'*C
in leaves were highly correlated with stalk and above-
ground dry matter yield, and N status of sugarcane plants
under fertigated conditions; thus, it can be used as a tool to
characterize the relationship between N fertilization and

yield of this crop. The supply of water via drip irrigation
could not maintain high crop production without N fertil-
ization; the practice of fertilization was fundamental for
increasing crop yield and replacing the quantities of N
exported by the stalks.
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