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Abstract – A conceptual framework for crop production effi ciency was derived using thermodynamic effi ciency 
concept, in order to generate a tool for performance evaluation of agricultural systems and to quantify the interference 
of determining factors on this performance. In Thermodynamics, effi ciency is the ratio between the output and input 
of energy. To establish this relationship in agricultural systems, it was assumed that the input energy is represented 
by the attainable crop yield, as predicted through simulation models based on environmental variables. The method 
of FAO’s agroecological zones was applied to the assessment of the attainable sugarcane yield, while Instituto 
Brasileiro de Geografi a e Estatística (IBGE) data were used as observed yield. Sugarcane effi ciency production in 
São Paulo state was evaluated in two growing seasons, and its correlation with some physical factors that regulate 
production was calculated. A strong relationship was identifi ed between crop production effi ciency and soil aptitude. 
This allowed inferring the effect of agribusiness factors on crop production effi ciency. The relationships between 
production effi ciency and climatic variables were also quantifi ed and indicated that solar radiation, annual rainfall, 
water defi ciency, and maximum air temperature are the main factors affecting the sugarcane production effi ciency. 

Index terms: Saccharum, pedological aptitude, geoprocessing, agrometeorological modeling. 

Efi ciência da produção de cana-de-açúcar em duas safras 

no Estado de São Paulo
Resumo – Um conceito de efi ciência de produção agrícola foi derivado da Termodinâmica, para gerar um 
indicador para avaliação do desempenho de sistemas de produção agrícola e quantifi cação da interferência dos 
fatores determinantes desse desempenho. Em Termodinâmica, a efi ciência de um processo é dada pela razão 
entre a energia recuperada e a energia utilizada. Para estabelecer essa relação em sistemas agrícolas, admitiu-se 
que a energia utilizada seja dada pela produtividade atingível, estimada por modelos de simulação desenvolvidos 
com base em variáveis ambientais. O método das zonas agroecológicas da FAO foi utilizado para a estimativa da 
produtividade atingível, e os dados do Instituto Brasileiro de Geografi a e Estatística (IBGE), como produtividade 
observada. Avaliou-se a efi ciência da produção de cana-de-açúcar no Estado de São Paulo, em duas safras, e 
calculou-se sua correlação com alguns fatores do meio físico que regulam a produção. Foi identifi cada forte 
relação da efi ciência da produção agrícola com a aptidão agrícola do solo. Isto permitiu inferir sobre o efeito de 
fatores relativos ao agronegócio sobre a efi ciência da produção agrícola. Foi possível identifi car, ainda, que a 
radiação solar, a defi ciência hídrica, a quantidade de chuva e a temperatura máxima são as principais variáveis 
climáticas que afetam a efi ciência da produção agrícola.

Termos para indexação: Saccharum, aptidão pedológica, geoprocessamento, modelagem agrometeorológica. 

Introduction

Agroecosystems can be thought of as machines 
that utilize solar energy to maintain composition and 
organization. From a thermodynamic standpoint, the 
effi ciency of any process can be expressed as the ratio 
of energy output to energy input. This concept has been 
applied to analyze the energy fl ow in agroecosystems, 
since the 1970s (Monteith, 1977), and to analyze the 
relation between biomass chemical energy and incident 
solar radiation. 

However, Monteith (1972) suggests that this approach 
could also be applied to elucidate the biophysical factors 
that affect crop yields at a local scale. Four basic factors 
may affect the regional agricultural development: 
physical processes, including regional pedoclimatic 
conditions; structural components, corresponding to 
the agricultural systems and management practices 
adopted; institutional effects, involving governmental 
actions affecting price, credit, commercialization, and 
incentives; and research and development, related to 
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innovations to increase yield and solve problems that 
restrict agricultural-related activities. 

Based on these factors, a hypothesis that can be 
postulated is that crop effi ciency, as evaluated on a 
regional scale, could serve as a performance indicator 
of the farming development level. Furthermore, this 
spatial representation could facilitate the identifi cation 
of the key factors that affect agricultural production 
and the viability of regional agribusinesses. 

The effi ciency of crop production can be assumed 
as the ratio between observed and attainable crop 
yield. In order to evaluate this tool effectiveness, 
the concept of agricultural effi ciency was applied to 
study the sugarcane performance in the State of São 
Paulo, Brazil, the main region of this crop production, 
representing approximately 60% of the total Country’s 
sugarcane production (IBGE, 2002). The importance 
of sugarcane as a crop has grown in recent years, due 
to its potential as a viable option for renewable and 
clean energy (Goldemberg, 2007), in the context of 
the global warming related to human activities (IPCC, 
2007). In addition to such qualitative aspects, sugarcane 
has an important social and environmental role in the 
Brazilian agribusiness (Macedo, 2007) and has been 
cultivated for many years. The social and economic 
development of several countries has been based on 
sugarcane. The integration of crop growth simulation 
models into geographic information systems allows for 
agricultural production performances to be evaluated 
on a geographic scale, as well as for the diagnosis 
of inhibitory factors, in cases of low effi ciency, or 
benefi cial factors that determine high indices of 
effi ciency.

The objective of this study was to determine the 
crop production effi ciency as an indicator for the level 
of agricultural development for a particular system, by 
relating it to climate and soil parameters and inferring 
about how outside farm factors can affect fi eld farm 
production. 

Materials and Methods

Observed sugarcane yield (OY) data for each county 
in São Paulo State, Brazil, during the growing seasons 
of 1995/1996 and 2002/2003, were obtained from 
the Brazilian Institute of Geography and Statistics 
(IBGE). These growing seasons were selected because 
they represent two different economic conjunctures 

of the sugarcane agribusiness in Brazil. During the 
growing season of 1995/1996, Brazil experienced 
the effects caused by deregulation of the sugarcane 
sector. According to Shikida & Bacha (1999), 1995 
represented the end of the period known as deceleration 
and crisis of the Brazilian sugarcane agribusiness. 
The deregulation of sugarcane was completed during 
2002/2003 (Marjotta-Maistro, 2002), and agribusiness 
adapted easily to this change with the economic promise 
of sugarcane crops, mainly due to the rise in bi-fuel 
vehicles in Brazil, as well as the growing international 
use of ethanol. Other critical differences between these 
two periods were the ethanol and gasoline price ratios, as 
discussed in Goldemberg (2007) and Macedo (2007).

To assess the potential yield (PY), without any 
restriction element, and the attainable water-limited 
yield (WLY) (Bowen & Baethgen, 2002), the 
Doorenbos & Kassam (1979) approach (Equation 1) 
was applied, based on meteorological data supplied by 
the Brazilian Agrometeorological Monitoring System 
(www.agritempo.gov.br). The data for each time series 
spanned from the beginning of September until the end 
of August for the next year, representing a typical late 
growing season. For the growing season of 1995/1996, 
62 weather stations constituted the meteorological 
database, and for the growing season of 2002/2003, 
37 composed the database. The crop coeffi cients were 
obtained in Doorembos & Kassam (1979) by assuming 
a growing cycle of 12 months, taking into account the 
adjustments provided by Barbieri (1993) (Equation 2):

       

(1)

in which: Ky is a water defi cit sensibility factor that 
ranges from 0.1, during ripening, to 0.75 throughout 
vegetative development (Table 1). The actual crop 
evapotranspiration (ETa) was computed for a 10-day 
time step, using a crop water-balance simulation 
technique. The Kc coeffi cients and development stages 
used were described by Doorenbos & Kassam (1979) 
(Table 1), and the available soil water was chosen 
according to Alvarez et al. (2000) and Smith et al. 
(2005). Reference evapotranspiration was estimated 
following Camargo et al. (1999).

PY = -6.2501 + 0.2187S + 0.3304T                  (2)
in which: T is the mean air temperature (oC) for 10 days; 
and S is the incident solar radiation (MJ m-2 d-1), 
which was computed as a function of air temperature, 



Sugarcane crop effi ciency in the State of São Paulo 1451

Pesq. agropec. bras., Brasília, v.43, n.11, p.1449-1455, nov. 2008

according to Meza & Varas (2000) and Conceição & 
Marin (2007).

Data points of WLY, with grids defi ned by 
meteorological station network, were applied to 
generate maps covering the State of São Paulo using the 
ordinary kriging method available in the geostatistical 
module of ArcGis 9.2. To obtain the information layer 
constituted by sugarcane crop effi ciency, maps of OY, 
also interpolated by ordinary kriging, were divided by 
WLY maps, both with 900 m spatial resolution. 

To check the infl uence of abiotic factors on 
sugarcane crop effi ciency, two different statistical 
tests were applied. For soil, the Spearman rank 
correlation coeffi cient (Snedecor & Cochran, 1982) 
was used to compare values of effi ciency, for counties 
where meteorological stations were installed, using 
discrete classifi cation values of soil aptitude for 
sugarcane, ranging from 1 to 5 following Brasil (1979) 
(Figure 1). 

In order to assess the statistical relationship 
between climate and effi ciency, the Pearson coeffi cient 
(Snedecor & Cochran, 1982) was applied by comparing 
sugarcane effi ciency against total annual rain, solar 
radiation, maximum and minimum temperatures, and 
total annual water defi cit. All variables were tested 
at the county scale, in an attempt to normalize the 
number of observations for both growing seasons, and 
to minimize any interference on the coeffi cient. 

Results and Discussion

Estimated WLY values ranged from 47 to 
158 Mg ha-1, which is consistent with yield limits of 
sugarcane observed during experimental conditions, 
when all yield-reducing factors are controlled (Maule 
et al., 2001). 

Throughout the period analyzed between the 
two growing seasons, increasings were observed 
as follows: an approximate 3% for OY; 17% in the 
cropped area; and 7% in the number of counties with 

economic sugarcane production, mainly in the West 
and Northwest regions (Figure 2), replacing what was 
originally pastureland (Macedo, 2007). 

Mean values of effi ciency ranged from 0.387 to 
0.433, between 1995/1996 and 2002/2003, which were 
mainly observed in the traditional sugarcane plantations 
of São Paulo, such as in Ribeirão Preto, Jaú, and 
Piracicaba. The major areas of sugarcane plantations 
had high quality agricultural soils such as Oxisols 
(Haplustox) (Brasil, 1979). In the West region, Figure 3 
demonstrates that OY was lower in the central region 
because of the higher water defi cits and soil types that 
cannot support the same yield level as those observed 
in the traditional sugarcane plantations. Koffl er & 
Donzeli (1987) claim that, despite the tolerance of 
sugarcane to soils with low fertility, soils with good 
physical and chemical conditions are essential for high 
yield levels. 

The maps of sugarcane effi ciency (Figure 3) indicate 
a rise in effi ciency levels throughout the period, 
especially in traditional regions, where crop yield level 
increased above the overall average level of the State. 
This increase can be attributed to the adequate climate 
and soil conditions associated with an improvement in 
crop management support, due to the rise of sugarcane 
and gasoline prices (Goldemberg, 2007).

A high degree of dependence was identifi ed between 
effi ciency and soil aptitude variability, as indicated by 
the Spearman test. For the 2002/2003 growing season, 
the Spearman coeffi cient was 0.36, indicating that 36% 
of crop effi ciency was due to soil aptitude (Table 2). For 
the growing season of 1995/1996, Spearman analysis 
explained 44% of the effi ciency variation derived from 

Development stages Days after

September

Kc coefficients

(dimensionless)

Available Soil

water (mm)

Planting to 0.25 full canopy 30 0.5 50
0.25 to 0.75 full canopy 150 0.8 70

0.75 to full canopy 300 1.1 100

Ripening 360 1.0 100

Table 1. Parameters used to model sugarcane development 
and yield, in 1995/1996 and 2002/2003, in the State of São 
Paulo, Brazil.

Good

Excellent

Inapt

Regular

Restricted

City

River

Figure 1. Soil aptitude map for agriculture, in the State of 
São Paulo, Brazil. Source: adapted from Oliveira (1999). 
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soil characteristics. Although physical characteristics 
of soils could be assumed to be stable over time, 
fertility management can vary greatly in accordance 
with economic conjuncture and prices (Santos, 2005). 
Furthermore, sugarcane has demonstrated marked 
responses to higher quality management related to 
soil mineral nutrition (Kofl er & Donzeli, 1987). 

The difference between two Spearman coeffi cients 

indicates that sugarcane plantations respond more 

distinctly to soil aptitude, when other factors act on 

vegetative development and yield formation phases 

are controlled.

These data suggest that the ethanol conjuncture 

conditions, during the 2002/2003 growing season, 

were much more favorable than those observed in 

1995/1996. Furthermore, this explains the heightened 

response to soil conditions during the fi rst period, since 

fertilization can correct some nutritional limitations of 

soils and minimize the difference between soils. Brazil 

experienced the impact caused by the sugarcane sector 

deregulation during the 1995/1996 growing season 

(Goldemberg, 2007); and the agribusiness sector had 

already adapted and dealt with positive infl uences on 

sugarcane prices and commerce during the 2002/2003 

period, as previously discussed. Other important 

differences between these two dates were the ethanol 

and gasoline price ratios, as discussed in Goldemberg 

(2007).

BA

0 to 25 Mg ha
-1

26 to 60 Mg ha
-1

61 to 85 Mg ha
-1

86 to 110 Mg ha
-1

111 to 140 Mg ha
-1

A B

0 to 10%

11 to 30%

31 to 50%

51 to 70%

71 to 100%

Figure 2. Spatial distribution of sugarcane production in the State of São Paulo, Brazil, during growing seasons of 1995/1996 

(A) and 2002/2003 (B). Source: IBGE (2002).

Figure 3. Spatial variation of sugarcane production effi ciency, in the State of São Paulo, Brazil, during the growing seasons 

of 1995/1996 (A) and 2002/2003 (B). 
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In an attempt to demonstrate that management 
can affect crop effi ciency, considering all agriculture 
activities and not only sugarcane, it was observed that the 
total for simple fertilizer, acquired by fi nal consumers 
in Brazil, was 10.8 million Mg during the growing 
season of 1995/1996, while it reached 22.8 million Mg 
in 2002/2003 (Brasil, 2005). Additionally, there was 
a signifi cant rise in areas with effi ciency above 70%, 
from the 1995/1996 to the 2002/2003 growing season 
(Table 3), emphasizing the yield gain due to the 
improved scenarios for sugarcane agribusiness. 

The production of ethanol-powered vehicles was 
strongly reduced in Brazil during the 1990s, and sugar 
prices were not high enough to support the sugarcane 
agribusiness with the same vigor as in the 1980s. After 
2002, this scenario was completely modifi ed, due to: 
the high price of petroleum derived fuels; the rise in 
ethanol and sugar prices (Cezar, 1998); the advent of 
fl ex-fuel vehicles in Brazil; and to worldwide concerns 
regarding the environmental issues related to global 
warming (Kheshgi et al., 2000; Goldemberg, 2007). 

Spearman coeffi cient variation also exemplifi es how 
macroeconomic scenarios may affect the agriculture 
production, since the expectation for profi t or loss is 
the main factor by which producers must plan and 
decide about their production system. Consequently, 
this has a major impact on crops occupying large areas 
and on the strategic importance of these crops use for 
food or bioenergy. 

Pearson coeffi cients, shown in Table 4, allow for the 
elucidation of how signifi cantly the weather infl uences 
sugarcane effi ciency in São Paulo State. Weather 
factors affected crop effi ciency in the following order: 
solar radiation, annual accumulated water defi cit (WD), 
maximum air temperature (Tmax), and minimum air 
temperature (Tmin). 

In São Paulo State regions where sugarcane have 
been cultivated during the last 30 years are characterized 
by high quality environmental conditions regarding 
temperature and annual rainfall. Some recent studies 
have shown that sucrose accumulation in sugarcane 
stalks is a continuous process rather than a response 
to water defi ciency or cold temperatures (Lisson, 
2005). Thus, the strong correlation with solar radiation 
emphasizes that sugarcane yield has a close relationship 
with the absorption and use of radiation by canopy 
(Cheeroo-Nayamuth et al., 2000; Lisson, 2005).

Water defi cits play an important role in activating 
sucrose accumulation, but they have a negative effect on 
crop growth (Keating et al., 1999; Cheeroo-Nayamuth 
et al., 2000). In the present study, however, since water 
defi cits and solar radiation are positively correlated, 
the high WLY values were found in the region with 
high water defi cits, explaining the positive Pearson 
coeffi cients observed (Table 5). However, it is reasonable 
to suppose that the same analysis would be made for 
the Central-West or Northeast regions of Brazil, where 
water defi cits are higher, the Pearson coeffi cients would 
be negative due to WLY decrease .

Despite the effects caused by low temperatures, 
the correlation indexes obtained were below the 
expectation based on previous studies, which seems 
to be related to the narrow temperature range of main 
producer localities, in the State of São Paulo, since these 
areas do not experience the low temperature limits. 
As discussed for water defi cit, the air temperature in 
the region showed a relatively small spatial variation, 

Growing season Spearman coefficient

1995/1996 0.44**

2002/2003 0.35**

Table 2. Spearman coeffi cients, alongside the number of 
points used in the evaluations of soil variability aptitude of 
crop effi ciency, during two sugarcane growing seasons, in 
the State of São Paulo, Brazil.

Table 3. Area of effi ciency classes of sugarcane crop 
production, during two growing seasons, in the State of São 
Paulo, Brazil.

**Signifi cant at 1% probability.

**Signifi cant at 1% probability.

Growing season

1995/1996

Growing season

2002/2003

Crop efficiency

km2 % km2 %

0–10% 59,285 24 55,855 22

11–30% 40,634 16 33,985 14

31–50% 42,648 17 35,185 14

50–70% 89,275 36 85,268 34

>70% 16,965 7 38,513 15

Growing

season

Solar

irradiance

Maximum

temp.

Minimum

temp.

Annual

rainfall

Water

deficit

1995-96 0.39** 0.10** 0.29** -0.25** 0.31**

2002-03 0.22** 0.07** 0.17** -0.23** 0.14**

Mean 0.31 0.09 0.23 -0.24 0.23

Table 4. Pearson coeffi cients obtained for two growing 
seasons, by comparison of sugarcane crop effi ciency with 
solar irradiance, minimum and maximum air temperatures, 
annual rainfall, and total annual water defi cit.
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and this may explain the weak relation with crop 
effi ciency. In contrast, expanding the analysis for 
Southern region of Brazil, a higher correlation would 
be found for minimum temperature than it was for 
São Paulo, as base temperature can range from 8oC 
for node appearance (Campbell et al., 1998; Keating 
et al., 1999) to 18oC for other physiological processes 
(Lingle, 1999).

Despite the clear nature of this information, in zoning 
procedures, correlations indexes can give objective 
criteria, when considering the several environmental 
layers. Greater correlations were observed for soil 
classifi cation and solar radiation, in both growing 
seasons, followed by accumulated annual rainfall and 
water defi cits. This kind of information is important 
for indicating the main variable to be observed, when 
the research project’s goal is to fi nd areas where crop 
can reach maximum effi ciency.

Conclusions

1. There is a marked difference in crop effi ciency 
values between the two analyzed growing seasons, 
in the State of São Paulo, due to economical, 
agronomical, and industrial changes in the sugarcane 
agribusiness. 

2. Sugarcane crop effi ciency demonstrates a strong 
correlation with soil aptitude, for both growing 
seasons, followed by solar radiation, annual rainfall, 
and water defi cits. 
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