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ABSTRACT: The climatic projections for this century indicate the possibility of severe
consequences for human beings, especially for agriculture where adverse effects to productivity
of crops and to agribusiness as a whole may occur. An agrometeorological model was used to
estimate sugarcane yield in tropical southern Brazil, based on future A1B climatic scenarios
presented in the fourth Intergovernmental Panel on Climate Change report, in 2007. Sugarcane
yield was evaluated for 2020, 2050, and 2080 considering the possible impacts caused by changes
in temperature, precipitation, sunshine hours and CO, concentration in the atmosphere, as well
as technological advances. Increasingly higher temperatures will cause an increase of the potential
productivity (PP), since this variable positively affects the efficiency of the photosynthetic
processes of C4 plants. Changes in solar radiation and rainfall, however, will have less impact. PP
will increase by 15% in relation to the present condition in 2020, by 33% in 2050 and by 47% in
2080. Regarding the actual productivities (AP), the increase observed in PP will compensate for
the negative effect of the projected increase in water deficit. AP will increase by 12% in relation to
the present condition in 2020, by 32% in 2050 and by 47% in 2080. The increase in sugarcane
productivity resulting from the projected scenarios will have important impacts on the sugarcane
sector.

Key words: global warming, water balance, agrometeorological model, sugarcane yield

MUDANCASCLIMATICASEAVANCO TECNOL OGICO: IMPACTOS
NA PRODUTIVIDADE DA CANA-DE-ACUCARNA REGIAO
CENTRO-SUL DOBRASIL

RESUMO: As projecgdes climaticas para este século indicam a possibilidade de graves
consequéncias para a humanidade, especialmente para a agricultura, com efeitos adversos nas
produtividades das culturas e no agronegécio como um todo. Neste estudo, foi utilizado um
model o agrometeorol 6gico para estimar a produtividade da cana-de-agUcar na regido de Piracicaba,
SP, Brasil, baseado nos cenarios futuros do clima A1B, apresentados no quarto relatério do Painel
Intergovernamental sobre Mudangas Climaticas, de 2007. A produtividade da cana-de-aglcar foi
avaliada nos anos de 2020, 2050 e 2080, levando-se em consideragdo as possiveis alteracdes de
temperatura, precipitagéo, insolagéo e concentragéo de CO, na atmosfera, assim como 0s avangos
tecnoldgicos. O aumento da temperatura acarretara no aumento da produtividade potencial (PP),
ja que essa variavel afeta positivamente a eficiéncia do processo fotossintético das plantas C4;
entretanto, as alteragbes na radiac8o solar e na chuva terdo menores impactos na produtividade.
A PP aumentard cerca de 15% em relacéo a condicéo atual em 2020, de 33% em 2050 e de 47% em
2080. Com relagdo a produtividade real (AP), o aumento da PP compensara o efeito negativo
causado pelo aumento projetado para o déficit hidrico. A AP aumentara cerca de 12% em relagéo
acondicéo atual em 2020, de 32% em 2050 e de 47% em 2080. O aumento da produtividade da cana-
de-aglicar observado na ocorréncia dos cenarios futuros avaliados tera impactos importantes no
setor canavieiro.

Palavras-chave: aquecimento global, balango hidrico, modelo agrometeorolégico, rendimento da cana-
de-acucar
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INTRODUCTION

Global warming refersto an increase in global tem-
peratures. Natural events and human activities are con-
tributing to an increase in average global temperatures.
This is caused mainly by increases in the concentra-
tion of “greenhouse” gases such as carbon dioxide,
methane and nitrous oxide. The global increasesin car-
bon dioxide concentration are due primarily to fossil
fuel combustion and land-use change, while those of
methane and nitrous oxide are primarily due to agri-
culture (Simon & DeFries, 1992; Marengo, 2006; Cerri
et al., 2007). Global warming is projected to have sig-
nificant impacts on conditions affecting agriculture,
including changes in temperature, rainfall and solar ra-
diation patterns. These conditions determine the pro-
duction capacity of the land. Rising carbon dioxide lev-
els would also have effects, both detrimental and ben-
eficia, on crop yields. The overall effect of climate
change on agriculture will depend on the balance of
these effects (Fischer et a., 2002).

Agriculture is the economic activity that most de-
pends upon the weather and climate conditions (Assad
et a., 2004). The climate affects the growth and de-
velopment of plants, as well as the pests that may harm
the crops. Any change in the climate will have impact
on crop growth and development, as well as the rela-
tionship of the plants with microorganisms. One of the
best ways to study the impact of climate change on
agriculture, more specifically on crop yield, is by ap-
plying crop simulation models (Challinor et al, 2005).
These models are tools that simulate the influence of
climatic conditions on the growth, development and
productivity of crops. Their output enables environ-
mental risks and production costs to be minimized,
which may be an important aid to the development of
public policies for decision taking (Pereiraet a., 2002).
Among the available crop simulation models, the Agro-
Ecologica Zones model, based on the DeWit method-
ology and presented by Doorenbos & Kassam (1994),
has proved to be a very useful and accurate way to
estimated potential productivity (Fischer et al., 2002).
Also, when potential productivity is penalized by wa-
ter deficits, during some or all crop development
phases, this model is able to estimate actual produc-
tivity with high accuracy (Rolim et al., 1998; Marin
et a., 2008).

Nowadays, concerns about environmental matters,
fuel reserves and expected future increases in the price
of fossil fuels are causing several changes in the Bra-
zilian energy sector. The search for renewable and less
polluting energy sources benefits sugarcane produc-
tion, since alcohol is an aternative that may substitute
fossil fuels (Goldemberg & Lucon, 2007).

This work used a crop simulation model to deter-
mine the potential productivity changes and climatic
risks associated with sugarcane production under sce-
narios of expected climate change and technological
advances. The climatic data from an eighty-year pe-
riod for the Piracicaba region, State of S&o Paulo, Bra-
zil, were modified according to the prognoses for the
fourth IPCC report and used to quantify the possible
impacts of climate change on sugarcane crop produc-
tivity. Historical sugarcane yield data for the state of
S0 Paulo was also evaluated to quantify the effect of
technological advances in the future scenarios.

MATERIALAND METHODS

L ocation and weather data

This study was carried out for the Piracicaba re-
gion, State of S&o Paulo, Brazil, which is one of the
main sugarcane production regions of the state. The
climate of the area is tropical (wet summer and dry
winter). Weather data were taken from the database
of aconventional agrometeorological station located at
the following coordinates. 22°42' S; 47°38 W; and 546
m asl, in Piracicaba, for the period 1927 to 2006. Data
were considered in 10-day time intervals, and the vari-
ables included in this study were: air temperature
(maximum, minimum and mean), sunshine hours, and
rainfall, which were used to estimate potential evapo-
transpiration, climatological water balance, crop wa-
ter balance and sugarcane potential and actual
productivities.

Sugar cane potential productivity model

The crop potentia productivity (PP) was estimated
by the Agro-Ecologica Zones moddl (AZM) (Doorenbos
& Kassam, 1994). This model estimates the maximum
yield of a crop which would be obtained with a highly
productive variety, very well adapted to the respective
growth environment; with water, nutritional and
phytosanitary requirements supplied, and with the pro-
ductivity conditioned only by the genetic characteris-
tics of the crop and the environmental conditions (so-
lar radiation, photoperiod and air temperature).

The potential productivity of the crop is given by
the gross productivity of the dry matter in a standard
crop, taking into consideration some coefficients re-
lated to the characteristics of the crop. The crop pro-
duction varies according to the species, type of car-
bon fixation metabolism and temperature, due to cli-
matic adaptations.

The following equations describe the procedures for
estimating PP, using the AZM (Barbieri & Tuon, 1992):

PP=PPG* C,, * C,* C,* C,* CD [kgDM ha(‘;])
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where: PPG is the gross potential productivity, in dry
mass (kg DM ha™) of a standard crop; C_,, isthe cor-
rection for the leaf area index of the specific crop; C,
is the respiration coefficient, to account for losses by
the respiration process, C, is the harvest index for the
specific crop; C,, is the correction coefficient to con-
sider the weight of the water content in the harvested
product; and CD is the duration of the crop cycle
(day).
The gross potential productivity is given by:

PPG = PPGo + PPGc  [kg DM ha™ d™] (2)

where: PPGo and PPGc are respectively the gross po-
tentia productivity obtained during overcast and clear
sky conditions. These variables are given by the fol-
lowing expressions.

PPGo = (31.7 + 5234 Rg) cTo (1 - WN) [kg DM ha™* d]
(3)

PPGc = (107.2 + 8.604 Ra) cTc /N [kg DM ha™ d]
(4)

where: Ra is the extraterrestrial solar radiation
[MJ m? d]; n is the effective number of sunshine
hours; N is the maximum number of sunshine hours;
and cTo and cTc are the photosynthesis efficiencies
during overcast and clear sky conditions, respectively.
Both cTo and cTc are function of air temperature, and
are given by the equations adjusted for sugarcane by
Barbieri & Tuon (1992):

a) For T > 16.5°C
cTo=—-1.064 + 0.173 T — 0.0029 T? (5)
cTc = —4.16 + 0.4325 T — 0.00725 T? (6)

b) For T < 16.5°C
cTo = — 4.16 + 0.4325 T — 0.00725 T? (7)
cTc =—9.32 + 0.865 T — 0.0145 T? (8)

where T is the average air temperature during the 10-
day period.

The C_,, for each 10-day period was calculated as
afunction of the leaf areaindex (LAI), which was de-
termined for sugarcane by power-exponentia functions
that have accumulated degree-days (DD) as dependent
variable, using a base temperature of 18°C (Teruel et

a., 1997):

LAl = €% (£ DD)*"™ g®#*P®  for plant crop
(9)

LAl = €% (= DD)**? g*®¥%=PP  for ratoon crops
(10)

where DD was calculated as the difference between
average temperature and base temperature.

The LAI values for each period (i) were then used
to determine C , by the following polynomial equa-

LAI

tion (Barbieri & Tuon, 1992):
Ciay = 0.0093 + 0.185 LAl — 0.0175 LAI(i)2

LAI(i)

(for LAl >5,C_, = 0.5) (11)

The respiration coefficient (C.) of the model was
computed as a function of the average temperature (T)
in the period, being C, = 0.6 for T < 20°C, and C_, =
0.5 for T = 20°C. The adopted harvest index (C,) for
the sugarcane crop was 0.8 (Doorenbos & Kassam,
1994). The water content correction (C,) was calcu-
lated by the following expression (Pereiraet a., 2002):

C, = (1-0.01 U%)* (12)

where U% is the percentage of water in the canes,
taken as 80% (Doorenbos & Kassam, 1994).

Finally, the duration of the sugarcane crop cycle
(CD) was taken as 16 months or 485 days for a plant
crop and 12 months or 365 days for ratoon crops, as
normally observed in the Piracicaba region. The plant
crop was established in March of each year and har-
vested in June of the next year. The ratoon crops were
divided into three different cycles of maturation: early
ratoon, from April to March; mid ratoon, from August
to July; and late ratoon, from October to September.

Estimating actual productivity as a function of wa-
ter deficit

The actual productivity (AP) for sugarcane in the
context of this study refers only to water-limited yield,
and does not account for fertilization levels and pest
damage. The AP for sugarcane was calculated by a
model that estimates the yield rate due to the potential
productivity (PP) and relative water deficit, which oc-
curs in each phase of development, according to the
water deficit sensitivity index (Ky). Thus, by know-
ing the relation between actual and crop evapotrans-
piration (ETa/ETc), PPand Ky, it is possible to deter-
mine (AP) of acrop by the following equation (Barbieri
& Tuon, 1992; Doorenbos & Kassam, 1994; Pereira
et a., 2002; Marin et a., 2008):

AP= H {PP [1- Ky, (1- ETa/ETc)]} (13)

Potential (ETP) and crop (ETc) evapotranspiration

The potential evapotranspiration (ETP) was esti-
mated by the Thornthwaite method using the concept
of an “effective temperature” (Camargo et al., 1999).
The Thornthwaite (1948) method, which considers a
standard evapotranspiration (ETp) for a thirty-day pe-
riod with a twelve-hour photoperiod, was modified by
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Camargo et al. (1999) to be employed in any climatic
condition. To this end, an effective temperature (Tef)
is used, which considers the local thermal amplitude:

Tef = 0.36 (3 * Tmax — Tmin) (14)

where: Tmax is the maximum temperature and Tmin
the minimum temperature, both in °C. Consequently,
the potential evapotranspiration is no longer underes-
timated in dry climate conditions or overestimated in
humid environments (Camargo et al., 1999).

Crop evapotranspiration was determined by the
product between ETP and crop coefficients (Kc) for
each phase of the sugarcane crop, as recommended
by FAO (Table 1).

Determination of the crop water balance

The method of Thornthwaite & Mather (1955) was
used to process the sequential crop water balance in
ten-day time steps, using the “BHcult” program made
by Rolim et al. (1998) in an electronic worksheet, with
the adaptations proposed by Barbieri et a. (1997). This
method proposes that the variation of water storage
in the soil follows an exponential function during the
drying process. It considers the effective deepness of
the roots, the physical characteristics of the soil, and
the change in water content as a function of the bal-
ance between rainfall (P) and crop evapotranspiration
(ETc). As aresult, the water balance provides estimates
for the actual crop evapotranspiration (ETa), water
deficit (WD), and water surplus (WS) for each pe-
riod (Pereira et al., 2002). This method was adopted
because it is simple and accurate enough for the pur-

poses of this study, as proved by Rolim et a. (2001)
and Marin et a. (2008).

Calibration of the models used to estimate poten-
tial and actual productivity

The models used for estimating potential and ac-
tual productivity in this study were previously cali-
brated for the sugarcane crop by different authors. In
this work, calibrated values of Ky were obtained from
Santos et al. (2006) and Gazzola (2007), who used
identical parameterizations for the AZM. The Ky val-
ues resulting from the calibration process are presented
in Table 2.

Figure 1 presents the result of the calibration pro-
cess obtained with data from Santos et al. (2006) and
Gazzola (2007), for the Piracicaba region. A high
agreement between estimated and observed actual pro-
ductivity data was observed, with a slope of 1.02, and
R® of 0.83 (p < 0.01). This calibration process was
made with data from awide range of water deficit con-
ditions, during four consecutive years with harvests
from April to November of each year. The results show
that the model can explain 83% of yield variation, be-
tween 60 and 130 t ha™, which is a good performance
for the purposes of this study.

Analysis of the sugarcane productivity for the cur-
rent climatic conditions

The potential and actual sugarcane productivity
data, obtained by the calibrated Agro-Ecological Zones
and water deficit penalization methods, were deter-
mined for an eighty-year historic series, considering

Table 1 - Crop coefficients (Kc) for sugarcane plant and ratoon crops for different development phases. Adapted from

Doorenbos & Kassam (1994).

Plant Crop Ratoon Crop
Days of the cycle Kc Days of the cycle Kc
1-61 0.40 1-61 0.40
62-153 0.75 62-153 0.75
154-244 1.10 154-244 1.10
245-334 1.25 245-334 1.25
335-485 0.70 335-365 0.70

Table 2 - Water deficit sensitivity index (Ky) calibrated for the sugarcane crop in different periods of development. Source:

Santoset a. (2006) and Gazzola (2007).

Ky

Phenological phase

Sugarcane plant and early
sugarcane ratoon

Late sugarcane

Medium sugarcane ratoon
ratoon

Sprouting and establishment 0.75
Period of high vegetative growth 0.75
Harvest formation 0.50
Maturation 0.10

0.80 0.70
0.80 0.70
0.70 0.50
0.30 0.10
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the observed conditions of temperature, precipitation,
sunshine hours and the current CO, concentration in
the atmosphere. This analysis was taken to be the cur-
rent scenario (CO).

Future climate projectionsfor the Piracicaba region

The climatic conditions of the scenario A1B (IPCC,
2007) were then used in the simulations. This scenario
was adopted because it presents the most rational use
of energy sources, combining fossil and non-fossil fu-
els. Changes of temperature for A1B scenario range
from 1.7 to 4.4°C for 2100. It also indicates that there
may be -5 to +5% variations in rainfall during sum-
mertime, and -5 to -10% variations during wintertime
for the Piracicaba region (IPCC, 2007).
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Figure 1 - Relationship between actual productivity, estimated
by the AZM model, and observed under field
conditions in the Piracicaba region. Adapted from
Santoset al. (2006) and Gazzola (2007). * Significant
at 1%.
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Regarding the influence of cloudy conditions on
solar radiation, the relationship between monthly rain-
fall and sunshine hours for Piracicaba was established
to determine the effect of changing rainfall on the
availability of solar energy for the sugarcane crop in
the future scenarios (Figure 2). Even considering the
weak relationships between rain and sunshine hours
(R* = 0.20 for Spring/Summer and R* = 0.23 for Fall/
Winter) and the high related uncertainty, these relation-
ships were used in the future scenarios to describe the
tendency of less'more sunshine hours during the sum-
mertime and more sunshine hours during the winter-
time, asimplied by the possible A1B rainfall estimates
(Tables 3 and 4).

A linear increase from 370 ppm (current concen-
tration) to 721 ppm by 2080 was used to evaluate the
effect of the increasing CO, concentration in the at-
mosphere. The increment in sugarcane productivity
caused by that increase was considered to be 0.029%
ppm™, according to Tubiello et al. (2000).

Scenarios with combinations of increases in tem-
perature (1, 2 and 3°C), variations in precipitation and
sunshine hours, and increases in CO, concentration in
the atmosphere (440, 559, and 721 ppm) were used
to analyze the sugarcane productivity changes, caused
by climate forecasts for the Piracicaba region (Tables
3, 4 and 5), for the years 2020, 2050 and 2080.

The importance of technological advances was also
highlighted in this study, since the genetic improvement
of crops, associated with adequate management prac-
tices, is responsible for the increase in sugarcane pro-
ductivity seen in recent decades (Figure 3). The con-
sidered sugarcane crop technological trend was estab-
lished from the Automatic Recovery System (SIDRA)
database of the Brazilian Institute of Geography and

15 Fall/Winter
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Figure 2 - Relationship between monthly rainfall (Prec) and average daily sunshine hours, during Spring/Summer (a) and Winter/Fall (b)

seasonsin Piracicaba, SP, Brazil.
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Table 3 - Future climate scenarios with combinations of changes in temperature (AT) and rainfall (AP), according to the

prognosisof the IPCC’'sA 1B model.

Scenario Year AT AP
Spring Summer Autumn Winter
OC DO = - m e

Co 2006 0 0 0 0 0
Cl1 2020 1 0 -5 0 -5
C2 2020 1 0 0 0 -5
C3 2020 1 0 +5 0 -5
C4 2020 1 0 -5 0 -10
C5 2020 1 0 0 0 -10
C6 2020 1 0 +5 0 -10
C7 2020 1 0 0 0 0
C8 2050 2 0 -5 0 -5
9 2050 2 0 0 0 -5
C10 2050 2 0 +5 0 -5
Cll 2050 2 0 -5 0 -10
C12 2050 2 0 0 0 -10
C13 2050 2 0 +5 0 -10
Cl4 2050 2 0 0 0 0
Cl15 2080 3 0 -5 0 -5
C16 2080 3 0 0 0 -5
C17 2080 3 0 +5 0 -5
C18 2080 3 0 -5 0 -10
C19 2080 3 0 0 0 -10
C20 2080 3 0 +5 0 -10
C21 2080 3 0 0 0 0

100 - the linear regression equation obtained between pro-

95 - Y= 0.45x - 812.66 ductivity and years, it can be inferred that the produc-
0 | R2=0.75* tivity increasg caused by technological advances Wa?
hol calculated, with an average constant rate of 0.43 t ha-
=% per year.
= 80 1 The yield increment caused by technological ad-
E 75 | vances was adopted as constant throughout the ana-
é o ] lyzed pe_riod, qonsi Qering that new varieties produ_ced
= ° by genetic engineering and best management practices
§ 65 1 developed within the next 70 years will alow the sug-
@ 60 1 arcane crop to have an increasingly better yield effi-

5 ciency. Under this assumption ayield plateau hypoth-

50 esis was not adopted for the study period.

1975 1980 1985 1990 1995 2000 2005 2010 Data analysis
Year

Figure 3 - Technological trend of sugarcane productivity in the
State of S&o Paulo, Brazil, from 1980 to 2006.
*Significant at 1%.

Statistics (IBGE, 2007), using the census for 1980 and
1985, and the data from the Municipal Agricultural Pro-
duction (PAM) database for the period between 1990
and 2006, for the State of S&o Paulo, Brazil. Based on

The simulations of sugarcane potential and actual
productivities for the Piracicaba region, for an eighty-
year period, were performed for each of the estab-
lished scenarios to determine the sugarcane temporal
yield variability under such conditions. This procedure
was adopted to obtain the average productivity and its
variability, expressed in terms of the standard devia-
tion. Therefore, for each scenario the model was run
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Table 4 - Future climate scenarios with changes in sunshine hours (An), according to the rainfall prognosis of the IPCC’s

A1B model.
Scenario Year An
Spring Summer Autumn Winter
_________________________________ O = e e e

(0] 2006 0 0 0 0
Cl 2020 0 +1 0 +4.3
C2 2020 0 0 0 +4.3
C3 2020 0 -6.5 0 +4.3
C4 2020 0 +1 0 +5.9
C5 2020 0 0 0 +5.9
C6 2020 0 -6.5 0 +5.9
Cc7 2020 0 0 0 0
Cc8 2050 0 +1 0 +4.3
c9 2050 0 0 0 +4.3
C10 2050 0 -6.5 0 +4.3
Cl1 2050 0 +1 0 +5.9
C12 2050 0 0 0 +5.9
C13 2050 0 -6.5 0 +5.9
Cl4 2050 0 0 0 0
Cl15 2080 0 +1 0 +4.3
Cl6 2080 0 0 0 +4.3
C17 2080 0 -6.5 0 +4.3
C18 2080 0 +1 0 +5.9
C19 2080 0 0 0 +5.9
C20 2080 0 -6.5 0 +5.9
C21 2080 0 0 0 0

80 times, one time for each year of the 80-year pe-
riod to incorporate the climate variability. The
productivities were analyzed in two ways: individually,
for each type of sugarcane crop (plant crop and ra-
toon crops); and considering the general productivity,
calculated as afunction of the usual percentage of each
type of sugarcane in the field in a commercial crop
(15% of the area with plant crop, 25% with early ra-
toon crop, 39% with mid ratoon crop, and 21% with
late ratoon crop).

RESULTSAND DISCUSSION

Impact of future scenarios on potential and actual
sugar cane productivity

The potential productivity for each type of matu-
rity cycle of the sugarcane crop in the future scenarios
is forecast to increase when compared to the current
scenario (Figure 4). For CO, the potential productivity
of the sugarcane plant crop reaches 148 t ha™,
whereas for the sugarcane ratoon crop the potential
is 112 t ha™ for the early cycle, 97 t ha™ for the me-
dium cycle and 116 t ha™ for the late cycle. The gen-

eral average potential productivity for sugarcane in the
Piracicaba regionis 112.5t ha™.

Considering the future scenarios, the potential pro-
ductivity of the sugarcane plant crop may range from
168.5 to 170.4 t ha™in 2020 (C1 to C7), from 191 to
193t ha™in 2050 (C8 to C14) and from 209.6 to 212.1
t ha™in 2080 (C15 to C21). For sugarcane ratoon
crops, the potential productivity for scenarios C1 to
C7 (2020) may range from 127.6 to 129.4 t ha™ for
the early cycle, from 111.5 to 113.1 t ha™ for the mid
cycle, and from 131.9 to 133.8 t ha™* for the late cycle.
For 2050, corresponding to scenarios C8 to C14, the
potential productivity may increase further, ranging
from 147.5 to 149.5 t ha™ for the early cycle, from
130.3to 132.1t ha*for the mid cycle, and from 152.1
to 154.2 t ha ™ for the late cycle. Finally, in 2080, sce-
narios C15 to C21, the ratoon crop potential produc-
tivity may reach the following ranges: from 162 to 164
t ha™ for the early cycle; from 145 to 146.7 t ha™ for
the mid cycle; and from 167.1 to 169.2 t ha™ for the
late cycle (Figure 4).

Considering the proportion of the areas of each
type of sugarcane maturity cycle in the field, the gen-
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Table 5 - Future climate scenarios based on combinations
of productivity changes caused by CO, increases
(AProd CO,), according to the prognosis of the
IPCC'sA1B model (IPCC, 2007) and technol ogical
advances (AProd TA).

Scendrio Year AProd CO, AProd TA

% t ha™!
Co 2006 0 0
Cl 2020 +2 +6.02
C2 2020 +2 +6.02
C3 2020 +2 +6.02
C4 2020 +2 +6.02
C5 2020 +2 +6.02
C6 2020 +2 +6.02
Cc7 2020 +2 +6.02
C8 2050 +5.4 +18.92
C9 2050 +5.4 +18.92
C10 2050 +5.4 +18.92
Cl1 2050 +5.4 +18.92
C12 2050 +5.4 +18.92
C13 2050 +5.4 +18.92
Cl4 2050 +5.4 +18.92
Cl15 2080 +10 +31.82
Cl6 2080 +10 +31.82
C17 2080 +10 +31.82
C18 2080 +10 +31.82
C19 2080 +10 +31.82
C20 2080 +10 +31.82
C21 2080 +10 +31.82
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eral potential productivity will change from 112.5t ha™
(CO) to the following ranges. from 128.4 to 130.2 t
ha™in 2020, from 148.3 to 150.1 t ha™ in 2050, and
from 163.6 to 165.6 t ha™in 2080 (Table 6), which
correspond to increases of approximately 15%, 33%,
and 47%, respectively.

The potential productivity is determined by solar
radiation, temperature, photoperiod and genetic char-
acteristics of the crop. As aresult, increasingly higher
temperatures will cause an increase of the potential
productivity, since that variable affects the efficiency
of the photosynthetic process. For our study, without
considering the other effects, an increase in tempera-
ture of 1, 2 and 3°C resulted respectively in 6.4, 12.1
and 17.0% yield increments in relation to the present
conditions. This can be confirmed by the analysis made
by Melo et al. (2007), who stated that the production
of dry matter by sugarcane increases with higher tem-
peratures.

An increase in temperature caused by higher CO,
concentration in the atmosphere tends to shorten the
growth and development cycles of some C4 species,
which may cancel the advantages of the CO, fertiliza-
tion (Streck, 2005). This is likely to occur with an-
nual crops, which have their development cycles
mainly controlled by air temperature. In the case of a
sugarcane crop, this is not a fact since this crop is
semi-perennial and its cycle is controlled by farmers
who allow the plantsto remain in the field for a growth
period which ranges from 10 to 24 months (Alfonsi
et a., 1987).

The results of potential productivity within each
considered time period are very similar (Figure 4),
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Figure 4 - Potential productivity for sugarcane plant and ratoon (early, mid and late) crops under current conditions (C0O) and for
different future scenarios (from C1 to C21) in Piracicaba, SP, Brazil. The bars represent the standard deviations for an 80-

year period.
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which implies that the impacts of the assumed varia-
tion due to temperature, CO, and technology on pro-
ductivity were higher than the impact of sunshine
hours. Whereas increments in yield were from 6 to
17% due to increases in temperature, from 2 to 10%
due to CO, and from 6 to 32 t ha™ due to technology,
the variation in sunshine hours only resulted in yield
variations between -0.28% and +0.93%.

The actual productivities, in which the effect of the
water deficit is considered, show similar behavior to
the potential productivity in the future scenarios (Fig-
ure 5). In the current climate conditions (C0), the ac-
tual productivity is 110 t ha™ for the sugarcane plant
crop, 83 t ha™for the early ratoon crop, 74 t ha™ for
the mid ratoon crop, and 73 t ha™ for the late ratoon
crop. For the future scenarios, the actual productivity
of the sugarcane plant crop may range from 122 to
123 t ha™in 2020 (C1 to C7), from 139.4 to 140.6 t
ha™in 2050 (C8 to C14) and from 154.7 to 155.9 t

ha™in 2080 (C15 to C21). For ratoon crops, the ac-
tual productivity for scenarios C1 to C7 (2020) may
range from 91.6 to 93 t ha for the early cycle, from
83.5 to 84.4 t ha* for the mid cycle, and from 80.2
to 81.4 t ha* for the late cycle. For 2050, correspond-
ing to scenarios C8 to C14, the actual productivity may
increase, ranging from 108 to 109.4 t ha* for the early
cycle, from 99.2 to 99.9 t ha™ for the mid cycle, and
from 95.4 to 96.7 t ha for the late cycle. Finaly, in
2080, scenarios from C15 to C21, the ratoon crop ac-
tual productivity may reach the following ranges: from
121 to 122 t ha™ for the early cycle; from 112 to 112.7
t ha* for the mid cycle; and 108.2 to 109.3 t ha™ for
the late cycle (Figure 5).

Considering the proportion of the areas of each
type of sugarcane maturity cycle in the field, the gen-
eral actual productivity will change from the present
81 t ha™to the following ranges: from 90.1 to 91.2 t
ha™in 2020, from 106.1 to 107.1 t ha™in 2050, and

Table 6 - General sugarcane potential productivity (PP), considering the proportion of each type of maturity cyclein the
field: 15% with plant crop; 25% with early ratoon crop; 39% with mid ratoon crop; and 21% with late ratoon crop,

in Piracicaba, SP, Brazil.

Scenarios 2020 General PP Scenarios 2050 General PP Scenarios 2080 General PP
t ha™! t ha™! t ha™!

Cl1 130.0 C8 150.1 Cl15 165.3
Cc2 129.8 C9 149.8 Cl6 165.1
C3 128.4 C10 148.3 C17 163.6
Cc4 130.2 Cll1 150.1 Cl18 165.4
C5 129.9 Cl12 149.9 C19 165.6
Co 128.5 Cl13 148.4 C20 163.9
C7 129.5 Cl4 149.4 Cc21 164.6
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Figure 5 - Actual productivity for sugarcane plant and ratoon (early, medium and |ate) crops under current conditions and for different
future scenarios, in Piracicaba, SP, Brazil. The bars represent the standard deviation for an 80-year period.
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from 119.2 to 120.1 t ha™in 2080 (Table 7), which
correspond to increases of 12%, 32%, and 47%, re-
spectively.

Even considering that the water balance would
change in the future scenarios (Table 8), as also
highlighted by Salati et al. (2006) and Horikoshi &
Fisch (2007), the effects of increasing water defi-
cit would have less impact on AP than those caused

by temperature, CO, concentration and technologi-
cal advances. Whereas higher temperatures will in-
crease potential productivity by 6 to 17% in the fu-
ture scenarios, the higher water deficits, resulting
from increasing potential evapotranspiration, will re-
duce actual productivity by 1.7% in 2020, by 3.2%
in 2050, and by 4.5% in 2080. This weak effect of
water deficits on actual yield is explained by the

Table 7 - General sugarcane actual productivity (AP), considering the proportion of each type of maturity cycleinthefield:
15% with plant crop; 25% with early ratoon crop; 39% with mid ratoon crop; and 21% with late ratoon crop, in

Piracicaba, SP, Brazil.
Scenarios 2020 General AP Scenarios 2050 General AP Scenarios 2080 General AP
t ha™! t ha™! t ha™!
Cl 90.9 C8 107.0 Cl15 119.8
C2 91.1 C9 107.0 Cl6 120.1
C3 90.4 C10 106.3 C17 119.5
C4 90.7 Cl1 106.6 C18 119.6
C5 90.8 Cl12 106.7 C19 120.0
C6 90.1 Cl13 106.1 C20 119.2
C7 91.2 Cl4 107.1 C21 120.1

Table8 - Annual rain (P), potential evapotranspiration (ETP), actual evapotranspiration (ETA), water deficit (WD) and water
surplus (WS), obtained by the 10-day normal water balance, for the current scenario and for the scenarios of

climate changes, in Piracicaba, SP, Brazil.

Scenarios P ETP ETA WD WS
--------------------------------------- MM PEI YEAr -= === === == === === m oo oo

Co 1348.3 1486.3 1226.6 259.6 116.2
Cl 1307.1 1586.9 1264.6 322.3 59.5
C2 1336.9 1586.9 1264.6 322.3 79.6
C3 1366.7 1586.9 1264.6 322.3 99.8
C4 1314.2 1586.9 1259.4 327.5 59.5
C5 1331.6 1586.9 1259.4 327.5 79.6
C6 1361.4 1586.9 1259.4 327.5 99.8
Cc7 1342.1 1586.9 1269.7 317.2 79.6
C8 1307.1 1677.6 1298.7 378.9 34.1
C9 1336.9 1677.6 1298.7 378.9 54.2
C10 1366.7 1677.6 1298.7 378.9 74.4
Cl1 1314.2 1677.6 1293.5 384.1 34.1
C12 1331.6 1677.6 1293.5 384.1 54.2
C13 1361.4 1677.6 1293.5 384.1 74.4
Cl4 1342.1 1677.6 1303.9 373.7 54.2
Cl15 1307.1 1759.0 1324.7 434.3 12.6
Cl6 1336.9 1759.0 1327.2 431.8 32.4
C17 1366.7 1759.0 1327.2 431.8 52.6
C18 1314.2 1759.0 1321.6 437.4 12.6
C19 1331.6 1759.0 1321.9 437.1 32.4
C20 1361.4 1759.0 1321.9 437.1 52.6
C21 1342.1 1759.0 1332.4 426.6 32.4
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small differences observed in the relative water defi-
cit (1 - ETa/ETc), used in equation 13. It varied, on
average, from 0.175 for the current conditions (CO)
to 0.203 in 2020 (C1 to C7), 0.226 in 2050 (C8 to
C14), and 0.246 in 2080 (C15 to C21). Such small
effects of water deficits on AP are controlled not
only by the changes in ETP and rain, but also by
the time of the year when they occur, since the sug-
arcane crop will respond with different intensities
to water deficit depending on its growth phase.
While water deficit causes intense yield losses dur-
ing sprouting, establishment and the period of high
vegetative growth, it is favorable during the matu-
ration process having less impact on yield
(Doorenbos & Kassam, 1994).

The sugarcane yield loss from potential to actual
productivity [(1-AP/PP)*100] for the current scenario
(CO) is 28%. It will increase to 30% for scenarios C1
to C7, and to 29% for scenarios C8 to C14. For sce-
narios C15 to C21, such yield loss will decrease to
27%. These results reinforce the weak impact of the
future water deficit scenarios on productivity, as men-
tioned before.

The results of this study, which include the ef-
fect of climate change and technology advances, in-
dicate increases in the potential and actual
productivities of sugarcane in every future scenario
for the Piracicaba region, in relation to the current
conditions. However, these data should be consid-
ered as only an indication of what may happen in
future situations, since the evaluation of the impacts
of climate changes on agricultural productivity by
crop simulation models is very uncertain. The main
reason for caution is related to the climate uncer-
tainty under higher CO, concentrations, as observed
by Challinor et al. (2005). These authors also ob-
served that yield is more affected by perturbation
of climate parameters than crop model parameters
in both the present-day and doubled CO, climates;
crop transpiration efficiency was crucial for crop
model uncertainty in both present-day and doubled
CO, climates; and the response of crop development
to mean temperature contributed little to uncertainty
in the present-day simulations but was among the
largest contributors under doubled CO,.

The direct use of climate change estimates from
large-scale models at a regional level was made with-
out a downscaling technique. Such an approach, us-
ing climate change values calculated at large spatial
resolutions with general circulation models, as pre-
sented by IPCC, 2007, could bring large biases to the
projections at aregional scale, making the results even
more uncertain.

Consequences of the future scenarios on the sug-
arcane sector considering climate changes in the
Piracicaba region

The world supply of energy is mainly based on fos-
sil fuels. Their use on a world-wide scale tends to ex-
haust the sources, leaving a critical condition for fu-
ture generations. Additionally, the use of fossil fuelsis
responsible for serious local pollution problems and for
most of the global emission of gases that cause the
greenhouse effect.

The current challenge is to find renewabl e sources
of energy and to increase the efficiency of their gen-
eration and use. In Brazil, the sugarcane industry pre-
sents an important opportunity for the replacement
of fossil fuels. An increase in sugarcane productivity
as a consequence of climate change may have im-
portant impacts on the sugarcane sector, such as the
possibility that the crop will expand to regions now
unfeasible for production, due to low temperatures
that inhibit the growth of the crop (Zullo Janior et
al., 2006; Melo et al., 2007). An increase in tempera-
ture will entail additional beneficial effects, such as
an increase in productivity, since the air temperature
will be closer to the ideal values for the crop, posi-
tively affecting the photosynthetic efficiency. An in-
crease in the CO, concentration will be another stimu-
lus for the sugarcane plant, since it responds to this
fertilization effect with an increase in biomass pro-
duction (Souza, 2007).

Along with environmental factors, technological ad-
vances play an important role in the development of
the sugarcane crop, since genetic improvement of the
plant, associated to adequate management practices,
is responsible for an increase in productivity of 0.43 t
ha™ per year. This produces an additional 6, 19 and
32t ha™ of yield for 2020, 2050 and 2080 respectively,
which represents around 35, 51 and 61% of the re-
spective total projected increase in general potential
crop productivity. All these factors may lead to an op-
timization of the land use, that is, a higher production
over smaller areas.

CONCLUSIONS

The agrometeorological model was a very useful
tool to describe the effect of climate change and tech-
nological advance on sugarcane productivity. There
will be a beneficial effect of forecasted climate
changes on sugarcane productivity, due to the expected
increases in temperature and CO, concentration. Tech-
nologica advances, which include development of new
varieties and best management practices, will aso con-
tribute to enhance general potential productivity, rep-
resenting 35% of theyield gainsin 2020, 51% in 2050
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and 61% in 2080. Changes in solar radiation and rain-
fall will have less effect on sugarcane productivity,
which is fortunate because forecasts of these variables
have very high uncertainty. The PP will increase by
15% in relation to the present condition in 2020, by
33% in 2050 and by 47% in 2080. Regarding the AP,
the increase observed in PP will mostly compensate
for the negative effect of an increasingly deficit of
water. APwill increase by 12% in relation to the present
condition in 2020, by 32% in 2050 and by 47% in
2080. Although the results show increases in sugar-
cane potential and actual productivitiesin all future sce-
narios, they have to be considered with caution, due
to the high degree of uncertainty related to the limita-
tions of the used agrometeorological model, the un-
certainties of the future climate, and to the large spa-
tial resolution of the adopted climate change projec-
tions.
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