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INTRODUCTION

Sugarcane is a high-yielding crop that requires
significant amount of nutrients, since mineral ele-
ments comprise about 3% to 5% of its dry matter.
Sugarcane yields about 25 to 40 t ha! of dry matter
in typical average Brazilian farming conditions, of
which about 60% to 70% are removed from fields
as stalks. Thus, sugarcane fertilization may be
undertaken considering that significant amount
of nutrients are exported with the harvested
parts. Information gathered by several authors has
shown that the above-ground portion of sugarcane
contains the following nutrients for each 100 t of
stalks produced: N, 100 to 154 kg, P,O,, 15 to 25
kg, K,0, 77 to 232 kg, and S, 14 to 49 kg (RALJ et
al., 1997; FRANCO et al., 2008a; MOURA FILHO
et al., 2008; ROSSETTO et al., 2008a).

Among Brazilian crops, sugarcane is third in
fertilizer consumption, after soybean and corn. In
2007/2008, cultivation of about 8.3 x 10¢ hectares
of sugarcane required about 3.4 x 10° t of NPK,
which is 13.8% of the Brazilian use of fertilizers
(ANDA, 2007). Sugarcane, however, receives a
relatively small amount of fertilizers — mean 408
kg ha! of NPK (ANDA, 2007) — when the amount
of plant material (mean stalk yield of 77 t ha™)
and its long growth cycle are taken into account.
Recommended nutrient doses for sugarcane in
Brazil, especially N, are generally lower than those
applied in many other countries with similar yields
(HARTEMINK, 2008). The contribution of biologi-
cal nitrogen fixation (BNF) is one of the probable
reasons explaining why less nitrogen is used in

Brazilian sugarcane. Nutrient recycling, common
in the sugarcane industry, is also important for ra-
tional fertilizer use; solid and liquid residues, such
as filter cake, ash, trash, and especially vinasse, are
returned to fields.

Much experience from several research cen-
ters has been gained on sugarcane fertilization and
nutrition for soil conditions in traditional Brazil-
ian producing regions. Recent reviews on this
theme include the publications of CANTARELLA
et al. (2007), KORNDORFER (2008), MELLIS et
al. (2008), QUAGGIO (2008), ROSSETTO et al.
(2008a, b, ¢, d) and VITTI et al. (2008a, b). This
text aims to highlight some aspects about sugar-
cane fertilization for which additional research
is needed to face the challenges of increasing
competitiveness in the biofuel sugarcane industry.

LIMING AND GYPSUM APPLICATION

Brazilian soils are generally acid, which does
not favor root growth because the exchangeable
aluminum content is higher and several other
nutrients are less available. Limestone is used in
agriculture to correct soil acidity and to provide
calcium and magnesium, which are essential for
plants. Limestone requirements vary according to
each crop; different criteria are applied in Brazil
for establishing sugarcane limestone needs. In Sao
Paulo, SPIRONELLO et al. (1997) have recom-
mended raising the base saturation (V) to 60% of
the cation exchange capacity (CEC) and to use do-
lomitic limestone when the level of exchangeable
magnesium becomes lower than 5 mmol dm?. In
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the Cerrado region, the aim has been to raise V to
50% (SOUSA, 2002). Other criteria in use involve
calculating the dose of limestone to neutralize
exchangeable aluminum and raise the percentage
of exchangeable calcium to 30 mmol dm® (BENE-
DINI, 1988; PENATTI, 1993; KORNDORFER et
al., 1999). In many sugarcane cultivated soils the
exchangeable aluminum content is low, so that
the calcium content is more relevant for defining
the dose of limestone in this last criterion. On the
other hand, several authors have suggested that
sugarcane calcium requirements are met with soil
contents around 7 to 8 mmol  dm’ (ZAMBELLO
JR., 1981; MARINHO, 1983).

Although many studies have been conducted
on acidity correction in sugarcane, there is no con-
sensus on this topic (QUAGGIO, 2008). Sugarcane
is relatively tolerant to soil acidity and the pres-
ence of aluminum (MARINHO, 1983; ROSSETTO
et al.,2004). QUAGGIO and RALJ (2008) gathered
data from papers published in Brazil showing that
this crop responds little to liming of soils with base
saturation above 25% of the CEC, which equates
with a pH rate of 4.5 in calcium chloride. A point to
consider is that sensitivity to soil acidity depends
on the variety. Several studies have been made of
rustic varieties — which are prevalent in farms —
such as SP70-1143; furthermore, micronutrients
were not added in most liming trials, which may
have limited the response to limestone (RAIJ,
2008; QUAGGIO, 2008). In some cases, limestone
need may have been underestimated.

Roots do not develop well in soils with low
subsurface calcium content, because calcium is
poorly mobile in plant phloem; thus, it should
be made available close to the root growth area.
Liming may provide calcium to subsoil layers; in
this case the dose of limestone should be higher
than that calculated to neutralize acidity in the
superficial layer.

Gypsum has been widely employed in sugar-
cane farming to raise subsoil (20-60 cm) calcium
content and to decrease aluminum activity in soil
solution; this improves the chemical environment
for root development. Gypsum is also a source
of sulfur; combining limestone and gypsum may
yield better results for sugarcane crops than ap-
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plying each one singly (MORELLI et al., 1987,
1992; PERNATTI, 1993). Limestone, which is
less soluble than gypsum, is more effective in the
superficial layer, while gypsum acts in the subsoil
because of calcium sulphate mobility in soil solu-
tions. Therefore, gypsum requirements are based
on the chemical features of the subsurface soil
layer (20 to 40 cm): gypsum application should
be done whenever exchangeable calcium levels
become lower than 4 mmol  dm® and aluminum
saturation raises above 40%. Since there is no
reference sulphate adsorption index, the dose of
gypsum is calculated by taking into account the
clay content in the 20 to 40 cm layer: gypsum, in t
ha' =6 x clay, in g kg' (RALJ et al., 1997). SOUSA
and LOBATO (2002) applied a 7.5 factor instead
of 6 in the Cerrado region.

Liming and gypsum application are generally
done when the sugarcane plantation is reformed.
Given that soils tend to acidify with time due to
nitrogen fertilizers and losses by leaching, soils
may become excessively acid at the end of a cycle.
Although response of sugarcane to liming is small,
soil reacidification may decrease the yield and
lower the lifetime of ratoons. To overcome this
problem, QUAGGIO and RAILJ (2008) recommend
reapplying limestone and gypsum in ratoons to
raise the base saturation to 60% whenever the
base saturation in the surface soil layer in ratoons
becomes lower than 40% and soil analysis indicates
aneed for gypsum. RAIJ (2008) noted that several
published reports have indicated responses to
gypsum at higher doses than those currently rec-
ommended. This author, therefore, has suggested
that subsoil fertility should also be taken into ac-
count, and that long-term studies should be carried
out to investigate higher gypsum rates than those
currently employed. The effects of an improved
chemical environment for subsoil root growth as a
result of combining liming and gypsum application
may be interesting, especially in poor soils and in
areas with dry winters, to which sugarcane crops
tend to move.

Calcium silicates or calcium and magnesium
silicates not only provide silicon but also correct
soil acidity, and may eventually replace limestone
in sugarcane crops. Replacing limestone with sili-
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cates is not always economically feasible because
the latter are more expensive. Furthermore, or-
dinary silicates contain little magnesium, which
may limit the use of these materials in soils lack-
ing this element. On the other hand, there may
be advantages in using silicates for sugarcane
planted in silicon-deficient soils. Although this
element is not a plant nutrient, several reports in
the literature have shown beneficial effects when
applying it to sugarcane crops (KORNDORFER,
2008). Large amount of accumulated silicon in sug-
arcane plants increase the thickness of cell walls
and alter the plant architecture, raising the toler-
ance to certain disease and pests, and to drought
and lodging. In several countries, application of
silicon is recommended based on foliar analysis
(KORNDORFER, 2008).

FERTILIZATION OF SUGARCANE
Nitrogen

Nitrogen is the most complex nutrient to
manage in sugarcane fertilization, given its many
interactions with soil organic matter (SOM) and
several possible routes by which nitrogen may be
lost in the soil-plant system. Mineralization of SOM
—the main source of nitrogen for plants — depends
not only on soil and SOM characteristics, but also
on the climate, in particular rain and temperature,
which are hard to predict. Thus, nitrogen is one
of the few nutrients for which soil analysis is not
taken into account for fertilizer recommendations;
this increases the degree of uncertainty when
defining nitrogen doses for sugarcane (CANTAR-
ELLA, 2007).

In quantity, nitrogen is the second mineral
nutrient accumulated in sugarcane plants after
potassium. The above-ground portion of the plant
contains from 0.7 to 1.6 kg of nitrogen per ton of
stalk; the whole plant shows a nitrogen require-
ment of 2.1 to 2.4 kg of nitrogen per ton of stalk
(ORLANDO FILHO et al., 1980; TRIVELIN et
al., 2002a; CANTARELLA et al., 2007). These
numbers suggest that sugarcane extracts over
200 kg ha! of nitrogen to yield 100 t ha™! of stalks,
of which about 90 to 110 kg ha! are exported upon
harvesting.
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Generally, sugarcane plant recovery of nitro-
gen applied as a fertilizer is low, around 20 to 40%
as shown in most studies done with )N (CHAP-
MAN et al., 1992; TRIVELIN et al., 1995, 2002b;
GAVA et al., 2003; VITTI, 2003; AMBROSANO et
al., 2005). These numbers are lower than those
seen in grain crops (FRENEY et al., 1992; DO-
BERMANN, 2005). One of the reasons is that sug-
arcane has a long cycle, which allows it to exploit
soils longer; additionally, fertilizers are applied at
the beginning of growth cycles, and are subject to
immobilization by SOM and/or losses. In fact, soil
becomes the destination for much of the fertilizer
nitrogen (20% to 40%), where it is incorporated
into the nitrogen stock of SOM, as demonstrated in
studies compiled by CANTARELLA et al. (2007).

A small percentage of accumulated nitrogen in
sugarcane derives from nitrogen fertilizers — 15%
to 20% in most studies with fertilizers marked with
BN (SAMPAIO et al., 1984; TRIVELIN et al., 1995;
GAVA et al., 2001b; 2003; BASANTA et al., 2002;
AMBROSANO et al., 2005), suggesting that most of
the absorbed nitrogen in sugarcane originates from
the soil, from BNF, and to a lesser degree, from
airborne solid depositions and rain, among others.

Sugarcane cultivation in Brazil is done using
relatively small amounts of nitrogen fertilizers — 30
to 60 kg ha! of nitrogen in the plant cycle, and 60
to 120 kg ha! of nitrogen in ratoon crops (SPIRO-
NELLO et al., 1997; PENATTI et al., 1997; CAN-
TARELLA et al., 2007). Nitrogen rates are gener-
ally higher than 120 kg ha! and, in some cases, may
reach 200 kg ha' N or more (DONZELLI, 2005;
GARCIA et al., 2003; RICE et al., 2006).

The amount of nitrogen fertilizer applied in
Brazilian sugarcane crops is generally equal to or
lower than the amount exported with stalk har-
vesting and trash burning. Nevertheless, sugarcane
has been cultivated continuously for decades — or
even for over a century in certain regions — without
yield loss, apparent soil degradation, or marked
SOM depletion (BODDEY, 1995). In Brazil, this
has been seen as indirect evidence that BNF has
a relevant role in sugarcane nitrogen nutrition
(URQUIAGA et al., 1992; BODDEY et al., 2003).

Since DOBEREINER’S (1961) pioneering
work, isolating N,-fixating bacteria in sugarcane
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roots, several diazotrophic bacteria have been
associated with this crop, particularly those of
the Glucanoacetobacter, Herbaspivillum, and
Burkholderia genuses, which have been detected
in sugarcane stalks, leaves, roots, and vascular
system (BALDANI et al., 1997; REIS et al., 2004;
CABALLERO-MELLADO et al., 2004; PERIN et
al., 2006).

Diazotrophic bacteria may promote plant
growth not necessarily associated with BNF, but
with phytohormone production, increased plant
enzyme activity, and pathogen control (JAMES,
1997; SEVILLA et al., 2001; PINON et al., 2002;
MARQUES Jr. et al., 2008). URQUIAGA et al.,
(1992), however, using "N to measure nitrogen
balance in long-term studies of sugarcane, have
shown that 60% to 70% of accumulated nitrogen
originated from BNF in some varieties. The amount
of fixated nitrogen reached 170 to 210 kg ha of
nitrogen. However, the contribution of BNF in
the majority of published studies has been below
30% of absorbed nitrogen, sometimes associated
with specific sugarcane varieties (OLIVEIRA et
al., 2002, 2003, and 2006). Surveys using the
0'N technique in several countries have shown a
BNF contribution ranging from 0% to 70%, with
30% as the mean value (YONEYAMA et al., 1992;
POLIDORO et al., 2001).

Practical implications of BNF for sugarcane
plant nutrition are controversial. It is thought that
BNF contribution is relevant, albeit not constant,
under Brazilian conditions. However, studies in
Australia, South Africa, and Spain have suggested
that BNF is not a significant source of nitrogen for
sugarcane in those countries (BIGGS et al., 2002;
THORBURN et al., 2003; HOEFSLOOT et al., 2005;
TEJEDA et al., 2005), although nitrogen fixating
bacteria have been found in fields (BIGGS et al.,
2002; HOEFSLOOT et al., 2005).

There are several reasons why BNF may not
work properly. Application of nitrogen fertilizers
can cause a reduction in microorganism numbers
and in the fixating capability of diazotrophic bacte-
ria (FUENTES RAMIREZ et al., 1999; REIS et al.,
2000; KENNEDY et al., 2004). BNF also decreases
in the dry season (BODDEY et al., 2003), which
usually occurs when most of the ratoons start grow-
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ing in Southwest Brazil. Furthermore, interaction
between diazotrophic bacteria and genotypes is rel-
evant for successful BNF (URQUIAGA et al., 2003;
MUNOZ-ROJAS, 2003; OLIVEIRA et al., 2006).

Inoculating diazotrophic bacteria in sugarcane
plants has not been proven effective to raise BNF
in field conditions because there already is an
established diazotrophic bacteria community in
sugarcane plantations. Furthermore, the produc-
tion of an inoculant with diazotrophic bacteria
for sugarcane has been hindered by the fact the
several species and strains can fix N, from the
atmosphere and it is not clear which one is the
main contributor to NBF (BODDEY et al., 2003).
Recent promising results have been obtained by
inoculating a combination of five diazotrophic
species rather than single species (OLIVEIRA et
al., 2002, 2003, 2006; REIS et al., 2008), which
opens the possibility of raising BNF in sugarcane.
Additional studies are still required before rec-
ommending diazotrophic bacteria inoculation in
field conditions. Partial replacement of nitrogen
fertilizers may result in economic gains and an
improved energy balance for producing ethanol
from sugarcane.

The traditional sugarcane manual harvesting
method after burning of trash is gradually being
replaced by mechanical harvesting without setting
fire to the crop (known as green cane) in order
to reduce harvesting costs and to meet regula-
tory restrictions against plantation burning. Soils,
therefore, now remain covered by a thick layer of
trash containing from 6 to 18 t ha! of dry matter
(mean 14 t ha' in the Central-Southern region).
Trashing increases nutrient recycling, especially
for nutrients that are volatized during burning,
such as nitrogen and sulfur. The presence of
trash implies in changing fertilizing practices, in
particular for nitrogen. Trash makes it difficult to
incorporate fertilizers into soil, a common practice
for fertilizing ratoons after harvesting and burning.
Nitrogen fertilizers applied over trash increases
the risk of temporary nitrogen immobilization by
microorganisms that decompose plant residues
(HAYSON et al., 1990), and may result in signifi-
cant nitrogen losses due to volatilization of NH, if
urea —which represents 60% of nitrogen sources in
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the market —is employed. Losses of NH, may reach
from 20% to 40% or more for nitrogen applied
over sugarcane trash, according to some Brazilian
studies (CANTARELLA et al., 1999; VITTI et al.,
2002, COSTA et al., 2003) and studies in other
sugarcane producing countries (PRAMMANEE
et al., 1989; DENMEAD et al., 1990; FRENEY
et al., 1992). Adding urease inhibitors to urea
may decrease NH, losses, but the degree of loss
depends also on factors such as the temperature,
soil moisture, and rainfall (CANTARELLA et al.,
2008). CANTARELLA et al. (2007) and VITTI et
al. (2008b) have described other possibilities for
reducing NH, losses in sugarcane fertilization.

The need for altering nitrogen rates for sug-
arcane according to the presence of trash is not
clear. Increased nitrogen recycling with trash may
raise the stock of organic nitrogen in soils in the
long term; however, studies in Brazil, Australia and
South Africa have suggested that such changes
are slow and usually restricted to soil depths of
up to 10 cm (GRAHAM et al., 1999, 2000, 2002;
THORBURN et al., 2000; LUCA, 2002). On the
other hand, sugarcane takes up only 5% to 10% of
the nitrogen present in the trash (40 to 80 kg ha
of nitrogen) in the season following trash deposi-
tion (NG KEE KWONG et al., 1987; CHAPMAN et
al., 1992; GAVA et al., 2003; VITTI et al., 2008c).

In the short term, fertilizing nitrogen doses
in unburnt harvested areas may be higher than
in burnt areas because of nitrogen demand by
microorganisms for breaking down trash, as well
as higher stalk production due to increased water
availability (OLIVEIRA et al., 1994), although stalk
yield may not always be higher in green cane areas
(THORBURN et al., 1999; GAVA et al., 2001a; BAS-
ANTA et al., 2003). Nitrogen in a soil-plant system
must reach a new equilibrium in areas managed
with surface trash, after which fertilizing nitrogen
doses may decrease because of an increased stock
and cycling of this nutrient in soil (MEIER et al.,
2002). THORBURN et al. (2002) used a simulation
model and estimated that the sugarcane nitrogen
response in Australia would only stabilize after
30 to 40 years. However, rainfall in the study area
(950 mm a year) was lower than that in most sug-
arcane cultivated areas in Brazil.
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As in Australia, there is no consensus in Brazil
on nitrogen rate changes in green cane. However,
nitrogen rates applied in areas not burnt during
eight to ten years in several sugar mills in Sao
Paulo state have decreased 20% or more. Detailed
studies are required for calculating nitrogen fer-
tilization in unburnt areas, given its economic and
environmental implications.

Phosphorus, Potassium and Sulfur

Phosphorus takes part in complex physical-
chemical soil reactions. It is strongly retained by
iron and aluminum oxides in acid soils, and pre-
cipitates as calcium phosphate in alkaline soils.
Therefore, the concentration of phosphorus in
soil solutions is usually very low. The efficiency
of phosphate fertilization is usually small in that
generally 10% to 30% of applied phosphorus is
absorbed by plants during their growth cycle; the
remaining phosphorus is immobilized in soil, part
of which may be used in subsequent cycles.

Most Brazilian soils are originally poor in
phosphorus. Thus, sugarcane responses to appli-
cations of this element are high, especially in the
plant cane cycle. The plant requirement ranges
from 10 to 40 kg ha* of P,0O, for each 100 tons of
cane, as compiled by ROSSETTO et al. (2008a).
Phosphorus fertilizer is used in larger amount
in Brazil compared to most of the other cane
producers. The mean doses are 120 and 30 kg
ha'* of P,0O, for cane plant and cane ratoon crops,
respectively (DONZELLI, 2007; ROSSETTO et
al., 2008a). Corresponding rates of PO, in kg ha™!
for plant and ratoon crop values are 58 yand 57 in
Australia(DONZELLI, 2007, HARTEMINK, 2008);
60 and 60 in Mexico, and 150 and 75 in Costa Rica,
respectively (ROSSETTO et al., 2008a).

Phosphate fertilization is recommended based
on available P content in the soil. Phosphorus
doses for plant cane range from 40 (for soils with a
high phosphorus content) to 180 kg ha of P,O, for
very low P soils (SPIRONELLO et al., 1997) in Sao
Paulo state. Research results show that in many
cases, phosphorus applied at planting supplies P
for the full cycle; little or no response is seen when
this nutrient is applied to ratoons (BOLSANELLO
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etal., 1993, KORNDORFER, 2004). Nevertheless,
phosphorus fertilization of ratoons may increase
the stalk yield in poorly or non-fertilized areas in
the plant crop cycle (WEBER et al., 2002) in soils
with low levels of available phosphorus (VITTI,
2002) or when soil acidity increases across the
years and decreases phosphorus availability (DE-
MATTE, 2005).

Recommended doses of phosphorus for ra-
toons in Sdo Paulo state are much lower than those
for plant crops: 30 kg ha' of P,O, for soils with
low or very low phosphorus content. Phosphate
fertilizers are not indicated for soils with medium
or high phosphorus content (SPIRONELLO et
al., 1997). Lower doses of phosphorus applied
to ratoons reflect experimental data showing
limited responses to phosphate fertilization after
the first harvest. However, removal of 0.25 to
0.40 kg of P,O, per ton of dry matter harvested
may impoverish the soil across the crop cycle, as
DEMATTE (2005) has shown, which underlines
the importance of replacing at least part of the P
exported in ratoons.

Highly water-soluble sources are indicated
for applying phosphorus in planting furrows, as
demonstrated in pioneer studies of ALVAREZ
et al. (1965). Reactive phosphates and thermo-
phosphates may partially or fully replace these
sources of soluble phosphates in medium or high
phosphorus content soils (CANTARELLA et al.,
2002; ROSSETTO et al., 2002). These options may
be advantageous in specific situations because
reactive natural phosphates are inexpensive, and
thermophosphates contain magnesium and micro-
nutrients, besides silicon, which sugarcane absorbs
in significant amounts.

In soils with low or very low phosphorus,
which limit sugarcane production, high P fertil-
izer rates broadcast and incorporated into the soil
(phosphatation) is an option for totally or partially
substitute for the usual furrow application in order
to rapidly raise soil fertility and increase yields
(ROSSETTO et al., 2002, VITTI, 2002). Low water-
soluble phosphates are appropriate for phosphata-
tion because the thorough mixture and increased
contact with soil facilitate the solubility of these
P sources (KORNDORFER, 2004).
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Significant amounts of phosphorus may be re-
cycled in sugarcane crops by using organic waste,
which reduces the need for mineral fertilizers.
Filter cake is produced in an average of 30 kg per
ton of crushed cane and contains 1% to 3% phos-
phorus. Practically the entire cake filter produced
in sugar mills is reused in agricultural areas in its
natural state or by composting (COLETI et al.,
1986). For calculation purposes, 50% of phospho-
rus in filter cake is available for plants in the short
term (SPIRONELLO et al., 1997).

Potassium is the nutrient extracted in the
highest amounts by sugarcane plants; therefore,
significant responses to potassium fertilization are
expected, especially in low K soils, as has been
demonstrated in recent reviews by KORNDOR-
FER and OLIVEIRA (2005) and ROSSETTO et
al. (2008c).

Managing potassium fertilization is relatively
easy compared to nitrogen and phosphate because
potassium interacts less with soil mineral and
organic components. Exchangeable potassium
content in soil is a good indicator of potassium
needs, and may be used as a parameter for fertil-
izer requirements together with expected yield,
which is relevant for nutrients that accumulate
significantly in plants (RALJ, 1974; ORLANDO
FILHO et al., 1980, RALJ et al., 1997; KORNDOR-
FER et al., 1999, ROSSETTO et al., 2004; 2008c).
Recommended doses for the plant cane cycle for
soils with very low potassium content (< 0.8 mmol,
dm?) in Sdo Paulo state range from 100 to 200 kg
ha' of K,0, depending on expected yield. Corre-
sponding doses for soils with medium potassium
content (1.6 to 3.0 mmol  dm™) are 40 to 80 kg
ha!. Potassium fertilization is not recommended
for soils containing over 6 mmol dm?. Doses range
from 30 to 150 kg ha'' of K,O in ratoon cycles as a
function of nutrient availability in soils and yield
goals (SPIRONELLO et al., 1997). Medium potas-
sium doses applied in sugarcane (plant cane and
ratoons, respectively) in some countries are: 120
and 145 kg ha! of K,O in Australia; 175 and 150
kg ha' of K,O in Costa Rica (ROSSETTO et al.,
2008c). In Florida (US), doses range from 0 to 280
kg ha'' of K,O in plant crops to 0 to 170 kg ha! of
K,O in ratoons (RICE et al., 2006); in Louisiana
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(US), doses are lower, at 55 and 67 kg ha™' of K,0O
for plant and ratoon crops respectively (LEGEN-
DRE, 2001), which reflects potassium supplies in
different soils.

Potassium is usually applied once in the plant
furrow or soon after harvesting, over ratoons, dur-
ing the agricultural year. However, leaching losses
may occur in low CEC sandy soils, especially in
the plant cane cycle because of initial slow crop
growth. Potassium fertilization may be split under
such conditions. A further benefit of K splitting
in soils with a sandy texture is to avoid damage
to sprouting due to excess salt in the plantation
furrow (KORNDORFER, 2005).

Potassium chloride is the most commonly
used potassium source in sugarcane; its cost is
lower compared to other potassium fertilizers, it is
water-soluble, and the nutrient is readily available
for plants. Vinasse is also an important source of
potassium in ethanol-producing companies; sig-
nificant amounts of nutrients may be recycled and
mineral fertilizers can be replaced in parts of the
area (see MUTTON et al, in this book). Vinasse is a
byproduct of ethanol or cachaca fermentation and
is generated in large amounts (between 800 and
199 L per ton of cane when ethanol is produced
from cane juice or from molasses, respectively); it
contains 0.8 to 3.8 g L' of K,O (mean — 2.0 g L"),
depending on the material used for fermentation
(ROSSETTO et al., 2008c). An application of 100
m? ha'! yields from 80 to 380 kg ha™ of K,O gener-
ally more than enough to provide crop needs.

In Sdo Paulo state, the State Environmental
Agency (Companhia Tecnolégica de Saneamento
Ambiental or CETESB) defined the Technical
Standard P4231 (2005) to regulate the dose of
vinasse that can be applied to the fields. This is
calculated such that the amount of exchangeable
potassium in the 0 to 80 cm soil layer does not
exceed b% of the soil cation exchange capacity
(CEQ). In soils with this CEC saturation level, po-
tassium provided by vinasse should be restricted
to replacing the only the amount of K that the
sugarcane plant has extracted, which is estimated
at 185 kg ha'' of K,0O (KORNDORFER, 2005).

Luxury potassium consumption — absorption
of nutrients beyond the necessary amount for
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plant function — may occur in fertile soils or those
fertilized with high doses of potassium or vinasse.
In this case, accumulated potassium in sugarcane
plants may reach values well beyond the mean
values mentioned above: 0.77 to 2.32 kg of K,O per
ton of stalk. For example, FRANCO et al. (2008a,c)
measured K uptake in plant cane grown in a high
available K Dystrophic Red Latosol in Jabotiacabal,
and found 589 kg ha™' of K,O in the above-ground
parts and 659 kg ha' of K,O in the whole plant —
including its underground portion — at harvesting
time, with a stalk yield of about de 146 t ha'.

High vinasse rates generally delay cane ma-
turity by stimulating vegetative growth, which
decreases the sucrose content in stalks (SILVA
et al., 1976; ORLANDO FILHO et al., 1995), thus
affecting raw material quality for industrialization.
However, this effect appears not to be associated
with excess potassium, but rather with excessive
amount of other nutrients, such as nitrogen, or
with organic matter in vinasse, since luxury potas-
sium consumption generally does not affect sugar
or sucrose concentration in syrup when provided
as a mineral fertilizer (ORLANDO FILHO et al.,
1980; CHALITA, 1991). Luxury potassium ab-
sorption increases ash content, which negatively
affects sugar crystallization, thus decreasing the
industrial yield. On the other hand, ash may fa-
vorably affect ethanol production by serving as
a source of nutrients for yeast (KORNDORFER,
2005).

Some distilleries have areas for occasionally
dumping vinasse (“sacrifice” areas) when field ap-
plication is not possible and that may accumulate
high amounts of K. Excess soil potassium in such
areas may be removed by cultivating sugarcane
as long as the soil has not become saline or the
extremely high K does not affect plant growth
due to imbalances with other nutrients. Because
of luxury potassium consumption, large amounts
are absorbed from the soil and may be removed in
cane stalks, which generally contain over half of
the potassium content in the above-ground portion
of plants, as the crop is harvested and K exported
from the fields (ROSSETTO et al., 2008c).

The amount of sulfur extracted by sugarcane
is relatively small (0.2 to 0.5 kg per ton of stalk),



412

depending on the variety, soil type and fertiliza-
tion (RAIJ and CANTARELLA, 1997; COLETI et
al., 2002; RALJ et al., 2006; TASSO Jr. et al., 2007,
ViTti et al., 2008a). Sulfur has been neglected in
studies of sugarcane in Brazil. The effect of sulfur
on sugarcane yield is often indirectly inferred in
works aimed at investigating gypsum or fertilizing
sources of nitrogen and phosphorus that contain
sulfur (CANTARELLA et al., 2007). Several au-
thors have suggested that sugarcane responses
attributed to other elements in fertilizers, may
be due to sulfur (VITTI et al., 1992). For ex-
ample, VITTI et al. (1988), citing MALAVOLTA
et al. (1982), have considered that part of stalk
production variations from different sources of
phosphorus were due to the presence or absence
of sulfur in the fertilizer. Similarly, VITTI et al.
(2005) have noted that sulfur-containing nitro-
gen sources (ammonium sulfate, liquid fertilizer
containing vinasse) resulted in higher stalk yields
compared to sulfur-free nitrogen sources (urea,
ammonium nitrate), although the advantage of
ammonium sulfate over urea may also have been
due to lower NH, losses by volatilization. There
may also be synergy between nitrogen and sulfur
in plants. BOLOGNA-CAMPBELL (2007), in a
study using **S, noted that nitrogen fertilization
increased sulfur uptake by sugarcane. The oppo-
site has also been observed. VITTI et al. (2005), in
a study using '°N, showed that nitrogen was used
more efficiently in treatments containing ammo-
nium sulfate compared with those containing urea,
although the effect may be partially attributed to
NH, losses, as mentioned above.

ESPIRONELLO et al. (1987) observed small
responses to sulfur as a nutrient in 2- to 4-year long
studies in four sites. Differences were significant
in only one site, but there was a trend toward
S response in all of them, which suggested that
experimental errors may make small yield incre-
ments unnoticed when using sulfur.

Recommended sulfur rates for sugarcane are
low. VITTI et al. (1992) suggest applying 30 kg
ha™! of sulfur for the cane plant crop and 15 kg ha™!
of sulfur per year for ratoons. For the whole cane
cycle between 50 and 60 kg ha' of sulfur should
suffice (VITTI, 2002; DEMATTE, 2005).
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The frequent application of gypsum and resi-
dues of sugar and ethanol production, common
in the southwest region in Brazil, probably can
supply the S requirements of most sugarcane
plantations. Nevertheless, S deficiencies may oc-
cur where gypsum is not applied or where organic
residues are not returned to the fields, such as in
areas distant from the mill or belonging to inde-
pendent cane suppliers to the industry, or in sites
fertilized with concentrated NPK formulations,
especially in sugarcane plantations harvested after
burning, in which part of the plant sulfur is lost to
the atmosphere rather than recycled in the field
(CANTARELLA et al., 2007; VITTI et al., 2008a).

Micronutrients

Micronutrient extraction by the sugarcane
plant is relatively small, notwithstanding the large
volume of plant material produced. The above-
ground portion of the crop accumulates about 50
g of molybdenum, 500 g of boron, copper or zinc,
from 1,000 to 4,000 g of manganese, and from
4,000 and 10,000 g of iron (ORLANDO FILHO,
1983; FRANCO et al., 2008c; MOURA FILHO et
al., 2008) to yield 100 t of stalks.

Few studies on micronutrients in sugarcane
have been published in Brazil. Responses to mi-
cronutrients in sugarcane have been infrequent,
as shown in the pioneering work of ALVAREZ and
WUTKE (1963), ESPIRONELO (1972), ALVAREZ
et al. (1979), and others. Sugarcane is in fact
thought to respond poorly to micronutrients, es-
pecially in the Southwest region, as demonstrated
in reviews by ORLANDO FILHO et al. (2001) and
MELLIS et al. (2008). It is also likely that many
studies in which micronutrients had no effect on
plants may not have been published.

Part of the reason for poor sugarcane re-
sponses to micronutrients is that for many years
this crop was planted in the best soils of the South-
west region. Furthermore, organic residues from
sugar mills and distilleries were recycled. Thus,
micronutrient fertilization of sugarcane in this
region has been infrequent. On the other hand,
micronutrient deficiencies are known, especially
of copper, zinc and boron in low-fertility soils on
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the coastal flat lands of the Northeastern region
(MARINHO, 1981).

Increased stalk yields due to micronutrient
applications have been reported sporadically in
specific sites. Responses to boron were seen in
studies by ALVAREZ and WUTKE (1963), Al-
varez (1984), and in unpublished work cited by
ORLANDO FILHO et al. (2001). MARINHO and
ALBUQUERQUE (1981) and other authors have
described responses to copper in Sao Paulo (AL-
VAREZ, 1984) and in sandy soils in the Northern
area of Rio de Janeiro, Sdo Paulo and Mato Grosso
do Sul states (ORLANDO FILHO et al., 2001).
AZEREDO and BOLSANELLO (1981) obtained
increased stalk yields by adding 5 kg ha™! of manga-
nese in field trials in Rio de Janeiro, Espirito Santo,
and Minas Gerais states. Other studies reporting
responses to manganese have been conducted
in the state of Pernambuco (ORLANDO FILHO
et al., 2001). Zinc is the micronutrient for which
favorable responses of sugarcane have been most
frequently reported. MARINHO and ALBUQUER-
QUE (1981) found increased stalk yields in North-
eastern Brazil, and ALVAREZ (1984), CAMBRIA
et al. (1989) and ORLANDO FILHO et al. (2001)
reported such increases in Sdo Paulo and Mato
Grosso do Sul. Recent studies showing responses
to zinc applied in sugarcane plantations in the
state of Sao Paulo include those by FRANCO et
al. (2008c) and MELLIS.!

Molybdenum is the nutrient extracted in the
smallest amounts by sugarcane and few studies
with this element are available. ALVARES and
WUTKE (1963) and ALVAREZ et al. (1979) found
responses to molybdenum in trials carried in Sao
Paulo many decades ago. MELLIS and ALVES?
have recently shown increased cane yields by add-
ing molybdenum. Soil depletion of Mo, increased
yields obtained with new varieties and improved
crop management and the larger nitrogen require-
ments associated it may explain these last results.

I MELLIS, E. V. Instituto Agrondémico, Campinas, SP. Per-
sonal communication. Data from the ongoing micronutrient
trial. Network in Sao Paulo state.

2 ALVES, Bruno Rodrigues. Embrapa Agrobiologia, Seropé-
dica, RJ, Personal communication.

413

Favorable responses to iron are improbable in
the acid Brazilian soils. Chloride is applied in large
quantities with potassium and, thus, there are no
reports of chloride deficiencies in sugarcane.

Many authors have associated sugarcane
response to micronutrients with diagnosis of
micronutrient by soil analysis. Critical, albeit
preliminary, levels of micronutrient availability
in soils have been suggested. Responses to cop-
per fertilization are expected in soils with cop-
per levels below 0.6 mg dm? (SANTOS, 1980) or
0.25 mg dm? (MARINHO, 1981) in soils (copper
extracted by the Mehlich-1 solution). Copper in
sugarcane is recommended in Sao Paulo with soil
copper concentration below 0.2 mg dm= in DTPA
extract (SPIRONELLO et al., 1997). MARINHO
and ALBUQUERQUE (1981) have suggested a 0.5
mg dm™ limit for zinc (Mehlich-1); this same limit
is used in the state of Sdo Paulo in DTPA extracts
(SPIRONELLO et al., 1997). MALAVOLTA (1990),
cited by ORLANDO FILHO et al. (2001), has sug-
gested concentration limits for several sugarcane
soil nutrients, defined in studies of various crops.

ORLANDO FILHO et al. (2001) compiled
data in the literature about critical and adequate
foliar concentration ranges for sugarcane micro-
nutrients, although foliar analysis is little used in
Brazilian sugarcane plantations because results
vary widely.

Several experiments that reported low re-
sponses to micronutrients were conducted a long
time ago; thus, micronutrient requirements for
high yields needs to be reassessed. Long-term
sugarcane extraction and export of these elements
has impoverished soils in cultivated areas. On the
other hand, new more productive and demand-
ing sugarcane varieties have been introduced;
furthermore this crop is being grown in poorer
soils, where nutrient deficiencies are more likely
to occur.

Small yield increases are not always con-
sidered as statistically significant; if consistent,
however, they deserve attention. Thus the need
for networked trials to establish more clearly the
critical micronutrient levels in soils and leaves.
Short-term or single crop studies may not be suf-
ficient. FRANCO et al. (2008b), for example, ap-
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plied zinc to plant cane and found increased yields
only in the ratoons.

Recent results have suggested that molybde-
num deserves further attention. Molybdenum has
an important role in biological nitrogen fixation,
and may be relevant for nitrogen fixing endophytic
microorganisms in sugarcane.

ENVIRONMENTAL ASPECTS OF
FERTILIZATION

Nitrogen and other nutrient losses to the
environment

Volatilization of NH, may result in significant
loss of fertilizer nitrogen — especially urea — as
discussed above.

Contamination of underground and surface
water by nitrates from nitrogen fertilizers has be-
come an environmental issue in a few regions of
the world; nitrates may compromise the quality of
drinking water or result in eutrophication of lakes,
estuaries and vast areas in seas (LAGREID et al.,
1999; HOWARTH, 2006; SCAVIA, 2006). Available
data has suggested that NO," losses by leaching
in sugarcane are negligible with current manage-
ment practices (CANTARELLA et al., 2007);
these losses may be relevant in other parts of the
world where higher nitrogen doses are employed
(PRASERTSAK et al., 2002).

Losses by denitrification produce mainly N,
and N,O. The assessment of such losses is done
with great uncertainties because of methodological
limitations. Losses due to denitrification are gener-
ally regarded as responsible for the non-accounted
portion of N in **N-marked nitrogen balance stud-
ies of soil-plant systems, including experimen-
tal errors. These missing N values attributed to
denitrification range from 10% to 30% of the
fertilizer-applied N in sugarcane (CANTARELLA
et al.,2007), but may be overestimated. Increased
amount of trash in green cane areas may result in
higher losses by denitrification.

From the environmental point of view, emis-
sions of N, O are the focus of global carbon balance
regarding fertilizers because this gas destroys
stratospheric ozone and its greenhouse effect is
296 times that of CO,. Current IPCC estimates
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(2006) suggest that 1% of fertilizer nitrogen used
in agriculture is converted into N, 0.

Ammonia and other nitrogen-containing gases
may also be lost when biomass is burned; in ad-
dition, plants with excess ammonia nitrogen or
senescing plants may lose NH, to the atmosphere
(FARQUHAR et al., 1980; SCHJOERRING et al.,
1998; TRIVELIN et al., 2002b).

Phosphorus is also often associated with sur-
face water eutrophication. However, there have
been few reports of excess phosphorus in sugar-
cane crops in Brazil, because tropical soils gener-
ally lack this nutrient and show great capacity to
adsorb and retain it. Surface water contamination
in these soils is mainly due to runoff erosion, since
phosphorus does not move in depth. Phosphorus
transportation resulting in runoff loss is uncom-
mon because it P is mostly applied in plantation
furrows, and little phosphorus is used on ratoons,
where it is most likely to be surface-applied. Fur-
thermore, soil conservation practices generally
used in sugarcane plantations are relatively ef-
ficient for avoiding laminar flow. However, in low-
lands and flood plain in Florida, US, eutrophication
has been associated with P applied to sugarcane
fields (HARTEMINK, 2008).

MUTTON et al. (in this book) discuss environ-
mental issues due to vinasse.

Energy costs of fertilization are relevant when
sugarcane is used for producing biofuels. Some
authors have criticized the use of agriculture —
including sugarcane — for producing biofuels,
arguing that added environmental costs due to
greenhouse gas emissions are higher than those
resulting from burning gasoline (FIELD et al.,
2007; SCHARLEMANN, 2008). CRUTZEN et al.
(2008) have recently stated that N,O released
from soils and nitrogen fertilizers for the produc-
tion of biofuels could offset the benefits derived
from the reduction of CO, emissions by replacing
fossil fuels with biofuels, although in the case of
sugarcane, the authors concluded that there could
be a small environmental gain. However, other
studies indicate that the energy balance sugarcane
ethanol produced in Brazil is positive because
8 to 9 energy units are made available for each
unit of fossil fuel used for producing ethanol; this
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ratio could increase as agricultural and industrial
processes are improved (MACEDO et al., 2008;
BODDEY et al., 2008).

Nitrogen fertilizers made of natural gas or
other oil feedstock require much energy: about
53.8 MJ per kilogram of nitrogen, or about 1,400
m? of natural gas per ton of nitrogen. BODDEY et
al. (2008) calculated that about 25% of the energy
cost of field operations for producing sugarcane
— including inputs, labor, machines and transpor-
tation — are due to the use of nitrogen fertilizers,
notwithstanding the low dose of nitrogen: 56.7
kg ha nitrogen. This suggests that the reduction
or the rational use of nitrogen could improve the
energy balance in ethanol production.

Sugarcane residues recycling

An important point is that part of the fertiliz-
ers used for sugarcane may be replaced by agricul-
tural residues generated in the sugar and alcohol
industry. Exported products — especially sucrose
and ethanol — consist of carbon, hydrogen, and
oxygen, so that the mineral nutrients for producing
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sugarcane can be at least partially recovered and
recycled in agriculture. Improved means of recov-
ering and recycling of vinasse, ash, boiler ash and
filter cake, added to practices that avoid burning of
sugarcane plantations, may improve the efficiency
of the system for managing nutrients, with evident
economic and environmental benefits.

Research challenges and needs

Topics that require further study in the con-
text of sugarcane fertilization for ethanol produc-
tion include:

a) Improving the subsoil chemical environ-
ment, especially in areas with prolonged
dry seasons.

b) Long term management of sugarcane nitro-
gen fertilization in the presence of trash.

¢) The potential of BNF for sugarcane.

d) Assessing the energy-environment balance
in sugarcane fertilization, especially in the
release of greenhouse gases.

e) Improving nutrient recycling in the sugar
and ethanol industry.
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