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abStraCt

increasing attention has recently been given to sweet sorghum as a renewable raw 
material for ethanol production, mainly because its cultivation can be fully mechanized. 
however, the intensive use of agricultural machinery causes soil structural degradation, 
especially when performed under inadequate conditions of soil moisture. the aims of this 
study were to evaluate the physical quality of a Latossolo Vermelho Distroférrico (oxisol) 
under compaction and its components on sweet sorghum yield forsecond cropsowing in 
the brazilian Cerrado (brazilian tropical savanna). the experiment was conducted in a 
randomized block design, in a split plot arrangement, with four replications. five levels of 
soil compaction were tested from the passing of a tractor at the following traffic intensities: 
0 (absence of additional compaction), 1, 2, 7, and 15 passes over the same spot. the subplots 
consisted of three different sowing times of sweet sorghum during the off-season of 2013 
(20/01, 17/02, and 16/03). Soil physical quality was measured through the least limiting water 
range (llwr) and soil water limitation; crop yield and technological parameters were also 
measured. Monitoring of soil water contents indicated a reduction in the frequency of water 
content in the soil within the limits of the LLWR (Fwithin) as agricultural traffic increased 
(t0 = t1 = t2>t7>t15), and crop yield is directly associated with soil water content. the crop 
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introduCtion

Diversification of raw materials for biofuel 
production is the main measure for sustainable 
development of the Brazilian agroenergy sector 
(Stambouli et al., 2012). Special attention has 
recently been given to sweet sorghum (Sorghum 
bicolor L. Moench) as a renewable raw material for 
ethanol production. Currently, approximately 723 
thousand hectares are cultivated with sorghum in 
Brazil, and the State of Goiás is the largest producer 
(Conab, 2015).

Like sugarcane, sweet sorghum has fermentable 
sugars and can be processed using the same 
sugar-alcohol industrial complexes. Sweet sorghum 
has a short life cycle, its cultivation is easy to 
mechanize using the same machinery used for 
sugarcane, and it can be cultivated in the sugarcane 
intercrop period, which decreases the seasonality 
of ethanol production. All these factors make sweet 
sorghum a promising crop for production of energy 
biomass (Souza, 2011).

Because it is highly adaptable to different soil 
and climatic conditions (Mariguele and Silva, 2002), 
sweet sorghum is suitable for cultivation in regions 
or seasons of the year with irregular rainfall, which 
is the case of the interim sugarcane-harvest period in 
the Cerrado (Brazilian tropical savanna) region. Due 
to the length of the sowing season in the southwest 
of Goiás, which provides greater flexibility in the 
establishment of crops in succession to summer 
crops (Pale et al., 2003), sorghum is cultivated when 
the maize sowing season, which is the main second 
crop, is considered inadequate to obtain high yields 
(Coelho et al., 2002).

The development of technologies for sugar 
biomass production under conditions of water 
deficit is necessary to support decision making in 
terms of the sowing deadline that allows adequate 
exploitation of crop yield potential (Magalhães et al., 
2000). The use of sweet sorghum in the off-season 
period can contribute to crop diversification within 
traditional systems of grain production, avoiding 

sown in January had higher industrial quality; however, there was stalk yield reduction 
when bulk density was greater than 1.26 Mg m-3, with a maximum yield of 50 Mg ha-1 in this 
sowing time. Cultivation of sweet sorghum as a second crop is a promising alternative, but 
care should be taken in cultivation under conditions of pronounced climatic risks, due to 
low stalk yield.

Keywords: Sorghum bicolor (l.), sowing time, soil structure, water limitation, least limiting 
water range, agroenergy.

RESUMO: DeSempenho Do Sorgo SaCarino em Função Da CompaCtação Do 
Solo e ÉpoCa De SemeaDura em SaFrinha no CerraDo BraSileiro

entre as matérias-primas renováveis destinadas à produção de etanol, distinção vem sendo dada 
ao sorgo sacarino, destacando-se o fato de ser uma cultura totalmente mecanizável. entretanto, o uso 
intensivo de máquinas agrícolas provoca degradação estrutural do solo, principalmente quando realizada 
em condições inadequadas de umidade. objetivou-se avaliar a qualidade física de um latossolo Vermelho 
Distroférrico sob compactação e componentes do rendimento de sorgo sacarino para épocas de semeadura 
em safrinha no Cerrado brasileiro. o experimento foi instalado no delineamento de blocos ao acaso, em 
esquema de parcelas subdivididas, com quatro repetições. nas parcelas, foram avaliados cinco níveis de 
compactação obtidos pelo tráfego de um trator agrícola nas seguintes intensidades de tráfego: 0 (ausência 
de compactação adicional), 1, 2, 7 e 15 passadas no mesmo lugar. as subparcelas foram constituídas por 
três épocas de semeadura do sorgo sacarino na safrinha de 2013 (20/01, 17/02 e 16/03). Foi avaliada 
a qualidade física do solo, por meio do intervalo hídrico ótimo (iho), a limitação hídrica, além das 
variáveis produtivas e tecnológicas da cultura. o monitoramento do conteúdo de água no solo indicou 
redução da frequência de conteúdos de água no solo dentro dos limites do iho (Fdentro) com o aumento 
da intensidade de tráfego agrícola (t0 = t1 = t2>t7>t15), tendo a produtividade associação direta com a 
disponibilidade hídrica do solo. por sua vez, a semeadura feita em janeiro apresentou maior qualidade 
industrial, porém com redução da produtividade de colmos a partir da densidade do solo de 1,26 mg m-3, 
com produtividade máxima de 50 mg ha-1 nessa época de cultivo. o cultivo do sorgo sacarino na safrinha 
é uma alternativa promissora; no entanto, necessita de cautela quanto ao cultivo em condições de riscos 
climáticos acentuados por causa da baixa produtividade de colmos.

palavras-chave: Sorghum bicolor (l.), época de plantio, estrutura do solo, intervalo hídrico ótimo, 
degradação ambiental, agroenergia.
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full conversion of food-production systems into 
agroenergy for biofuel production.

Intense traffic of agricultural machinery has 
been increasing soil compaction within these 
production systems, resulting in an unfavorable 
environment for crop development (Secco et al., 
2009; Kunz et al., 2013) and a decline in yield 
capacity (Reichert et al., 2009). For this reason, there 
has been increasing concern regarding agricultural 
areas with degradation problems. Comprehensive 
planning to find management strategies that 
minimize negative effects on soil structure is 
therefore necessary (Severiano et al., 2013).

Inadequate soil management changes soil 
physical characteristics, which interact with each 
other. Quality indicators that integrate more than 
one soil property in evaluation of soil structural 
changes therefore better reflect the effects of soil 
compaction on plant development. The least limiting 
water range (LLWR) is a multifactorial soil quality 
indicator that establishes the soil water content at 
which no water limitations to plant growth occur due 
to water availability, aeration or root penetration 
resistance in the soil. The LLWR integrates 
the effects of soil structure in a single measure 
(Silva et al., 2006; Lima et al., 2009).

Although broadly used in soil compaction 
studies, the prediction of biological responses 
through relationships between LLWR and growth 
of plants need to be validated (De Jong van Lier 
and Gubiani, 2015). In this sense, no information 
is available this indicator use for sweet sorghum 
cultivation at different levels of soil compaction 
associated with conditions of water limitation to 
plant growth, as is the case for the off-season in 
the Brazilian Cerrado region.

In Brazil, sorghum is normally cultivated after a 
summer crop (Tardin et al., 2013) in the off-season 
period (January to April), taking advantage of the end 
of the rainy season. Thus, it is essential to evaluate 
the potential of sweet sorghum in compacted soil 
conditions. Within this context, the aims of this study 
were to evaluate the physical quality of a latossolo 
Vermelho Distroférrico (Oxisol) under compaction and 
its components on sweet sorghum yield for second 
crop sowing in the Brazilian Cerrado.

Material and MethodS

The experiment was carried out in a field in the 
municipality of Rio Verde, State of Goiás (GO), Brazil 
(17°48’34.25”S; 50°54’05.36”W; 731 m altitude), in an 
area covered by a latossolo Vermelho Distroférrico 
(Santos et al., 2013), an Oxisol (Soil Survey Staff, 
2014). Chemical and physical soil characterization 
is shown in table 1.

Climate in the region was classified as 
megathermal or tropical wet (Aw) according to 
the Köppen climate classification and is a Tropical 
Savanna subtype, with dry winters and rainy 
summers. Average temperature in the region 
is 25 ºC, and the average (yearly) rainfall is 
approximately 1,600 mm, with the highest rainfall 
occurring in January and the lowest in June, July, 
and August (<50 mm per month).

The soil in the experimental area was tilled by 
performing two crossed subsoiling operations at 
0.40 m depth, one plowing, and two harrowings at 
0.20 m depth to eliminate the history of soil tension.

table 1. Physical and chemical characterization of 
the Latossolo Vermelho Distroférrico cultivated 
with sweet sorghum

attribute Value

pH(CaCl2) 5.2

OM organic matter (g kg-1) 41.33

P (mg dm-3) 12.33

K (mg dm-3) 210.33

Ca2+ (cmolc dm-3) 4.73

Mg2+ (cmolc dm-3) 2.21

Al3+ (cmolc dm-3) 0.00

H+Al (cmolc dm-3) 4.37

Base saturation - V (%) 62.85

Aluminum saturation - m (%) 0.0

SiO2 (g kg-1) 39

Al2O3 (g kg-1) 201

Fe2O3 (g kg-1) 215

Ki 0.33

Kr 0.30

Particle density - Pd (Mg m-3) 2.80

Very coarse sand (g kg-1) 1

Coarse sand (g kg-1) 15

Medium sand (g kg-1) 154

Fine sand (g kg-1) 141

Very fine sand (g kg-1) 53

Silt (g kg-1) 195

Clay (g kg-1) 441

Mean values for 0.00-0.20 m depth; pH in 0.01 mol L-1 CaCl2 
solution; OM: organic matter, Walkley-Blake method; P and 
K: Mehlich-1; Ca, Mg, Al: 1 mol L-1 KCl; H+Al: extractor 0.5 mol L-1 
calcium acetate at pH 7.0; SiO2, Al2O3, Fe2O3: determined on the 
Bw diagnosis horizon; Ki: molecular relationship SiO2/Al2O3; 
Kr: molecular relationship SiO2/(Al2O3 + Fe2O3). All analyses 
were determined according to Embrapa (2011).
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The experiment was conducted in a randomized 
block design, in a split plot arrangement, with four 
replications. The plots were 15.0 m long and 6.3 m 
wide. Five levels of compaction were attained from 
the traffic of an agricultural tractor with a 4.5 Mg 
load. The wheel set used consisted of two back and 
two front tires. All tires were diagonal with the 
following specifications: front axle, 14.9-24, with 
14.9’’ of section width and 24’’ of diameter, and 
inflation pressure of 95 kPa; rear axle, 18.4-34, with 
inflation pressure of 165 kPa.

The following traffic intensities (passes of the 
tractor over the same spot) were used to cause soil 
compaction: T0 - absence of compaction; T1- one pass; 
T2 - two passes; T7 - seven passes; and T15 - fifteen 
passes. The tractor passes covered the whole 
soil surface of the different experimental plots. 
The traffic treatments were applied according to 
Beutler et al. (2007), when the soil water content 
was very close to field capacity (approximately 
0.30 Mg Mg-1) due to rainfall that occurred during 
January, before setting up the experiment.

Subplots were composed of 10 rows with 
0.70 m between them and 5.0 m length, for a total 
of 31.5 m2, and consisted of three different sowing 
times of sweet sorghum during the off-season of 
2013. The three sowing times were separated by 25 
day intervals and were performed on January 20, 
February 17, and March 16. The sorghum cultivar 
used was BRS 506.

Fertilizer applied at sowing was 20 kg ha-1 N, 
50 kg ha-1 P2O5, 40 kg ha-1 K2O, 1 kg ha-1 B, and 
0.15 kg ha-1 Mo in the form of ammonium sulfate, 
simple superphosphate, potassium chloride, boric 
acid, and sodium molybdate, respectively. Based 
on analysis of soil fertility (Table 1), 100 kg ha-1 N 
were applied to top dressing using urea, split into 
two applications performed 15 and 45 days after 
emergence (DAE).

A seeder was used to open the furrows and 
apply fertilizer. Sowing was performed at a 0.02 m 
depth, with 16 plants per linear meter. Plants were 
thinned 15 DAE, leaving the equivalent of 128,500 
plants per hectare, according to May et al. (2012). 
During the whole crop cycle, all the crop handling 
was performed manually to avoid machinery traffic 
on the plots.

Undisturbed soil samples were collected from 
all the subplots using an Uhland sampler in 
aluminum rings of 0.064 m diameter and 0.05 m 
height, with the samples subdivided into depths 
of 0.00-0.05, 0.05-0.10, and 0.10-0.20 m, for a total 
of 360 samples. They were collected 100 DAE at 
the center of the inter-row along a diagonal line, 
with 5.0 m distance between sampling points and 
with the points at the extremity 1.5 m from the 
plot border. One disturbed soil sample at a depth 
of 0.00-0.20 m was also collected from each plot (20 

in total) and used for soil physical characterization 
(Table 1) and determination of the permanent 
wilting point (matric potential -1.5 MPa) using a 
Richards chamber (Embrapa, 2011).

The samples with undisturbed soil structure were 
prepared in the laboratory by removing excess soil 
from the edges of the aluminum cylinders. These 
samples were saturated by water through gradual 
addition of distilled water in trays, and subjected 
to 0.006 MPa matric potential on glass plates in 
Büchner funnels. The volumetric water content 
obtained was considered to the soil microporosity 
and field capacity (Severiano et al., 2011).

Soil water contents were adjusted by natural 
drying (Kondo and Dias Júnior, 1999), ranging from 
0.03 to 0.36 m3 m-3, and soil penetration resistance 
was measured by a penetrometer test. A bench 
penetrometer was used, equipped with an electronic 
speed variator and data-recording system with a 
constant velocity of 0.1667 mm s-1 and a rod (3 mm 
base cone and semi-angle of 30º) equipped with a 
load of 50 kgf connected to a receiver coupled to a 
computer to record the readings via the proprietary 
software of the equipment (Severiano et al., 2008).

After penetrometer readings, soil samples were 
dried in an oven at 105 ºC for 48 h to determine 
bulk density (Bd) (Blake and Hartge, 1986). Total 
porosity (TP) was determined using the equation 
TP = 1 - (Bd/Pd), where Pd is the particle density 
(2.80 Mg m-3, according to table 1).

The penetration resistance curve (PRC) was 
obtained by fitting penetration resistance (PR) to 
volumetric water content (θ) and Bd, using the 
non-linear model proposed by Busscher (1990):

pr = 0.32θ-0.56 Bd5.07, R2 = 0.77** Eq. 1
The LLWR was determined according to 

Silva et al. (1994), considering the soil water content 
retained at the matric potential of -0.006 MPa, 
considered to be the field capacity (θFC) or the soil 
water content at which aeration porosity (θAP) is 
10 %, as the upper limit (UL) (Grable and Siemer, 
1968). The θAP was calculated for each sample using 
the equation θAFP = TP - 0.1.

The water content retained at -1.5 MPa, 
considered the permanent wilting point (θPWP), 
and, or, the water content corresponding to 2.5 MPa 
penetration resistance (θPR), determined using 
equation 1, were considered as lower limits (LL). 
The LLWR was obtained by fitting the limits of 
soil water content to Bd, with the upper limit being 
the lowest value between the θFC and θAP and the 
lower limit, the highest value between the θPWP and 
θPR, considering the mean values of the soil layer 
between 0 and 0.20 m.

Following the sowing of sweet sorghum, soil water 
content (θ) at 0.00-0.20 m depth was monitored daily 
in all plots until plant physiological maturity was 
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reached, for each sowing time, i.e., from days 20/01 
to 20/05, 17/02 to 17/06, and 16/03 to 15/07 for the 
sowings performed in January, February, and 
March, respectively. Sampling was performed using 
a semi-automatic electrical soil sampler at 8:00 a.m. 
The samples were placed in plastic bags and taken to 
the laboratory for moisture determination through 
gravimetry (Embrapa, 2011).

Monitoring of soil moisture was divided according 
to the plant phenology (vegetative phase [VP] and 
maturity phase [MP]) of sweet sorghum. The mean 
duration of VP was from 0 to 74 days after sowing, 
and that of MP was from 74 to 120 days after sowing. 
The LLWR limits were considered as a reference for 
determination of the frequency of occurrence of the 
θ within the range of acceptable soil physico-hydric 
limits during the crop cycle (Fwithin) (Silva and 
Kay, 1997).

Stalk yield was evaluated at 120 DAE when the 
sweet sorghum was at maximum maturity (May 20, 
June 17, and July 15 for the sowings of January, 
February, and March, respectively). Cutting was 
performed in the two central rows using a backpack 
brushcutter at 0.05 m from ground level, separating 
leaves and panicles. The stalks were then weighed 
using a digital dynamometer, with 0.02 kg precision 
and 50 kg capacity.

Ten stalks per subplot were collected to determine 
some technological parameters of sweet sorghum. 
Considering the sugar-alcohol end use of sweet 
sorghum, the following parameters of industrial 
quality were determined: brix (B), juice pol (S), 
sorghum pol (PC), juice purity (Q), total recoverable 
sugars (TRS), sorghum fiber (F), and reducing 
sugars in the juice (RS). Juice was extracted using 
the hydraulic press method (Tanimoto, 1964) and 
analyzed according to Consecana (2006).

Temperature and rainfall were monitored over 
the durationof the experiment (Figure 1).

Soil physical properties and production and 
technological parameters of sweet sorghum data 
were subjected to analysis of variance, followed by 
the Tukey test at p<0.05. Regression models were 
fitted between the yield of sweet sorghum and Bd.

reSultS and diSCuSSion

The θFC and θPWP were positively correlated 
with Bd (Figure 2), although the water limitation 
varied little because the limits remained almost 
equidistant. This pattern can be attributed to the 
higher quantity of particles available for water 
retention per unit of soil volume. This hypothesis 
is in accordance with Magalhães et al. (2009) and 
Betioli Júnior et al. (2012).

Bulk density variation had a strong impact on 
the θPR and θAP. With the increase in Bd, there was 
an increase in the water content needed to maintain 
penetration resistance at non-limiting values for 
plant development (2.5 MPa θPR) and a decrease 
in the water content needed to maintain adequate 
aeration porosity (10 % θAP) (Figure 2).

The LLWR was similar to the available water 
content (AWC = θFC - θPWP) up to 1.27 Mg m-3 Bd. 
At higher Bd, the θPR became the limiting factor, 
replacing the θPWP, which had lower values than 
the θPR. This pattern resulted in LLWR values lower 
than the available water content and negatively 
correlated with Bd. This result characterized the 
soil as physically limiting for plant growth due 
to compaction. Similar results were reported by 
Lima et al. (2012) and Gonçalves et al. (2014), 
indicating that in tropical soils (namely, Oxisols) 
penetration resistence is the main variable 
associated with the decrease in the LLWR (soil 
physical quality).

The LLWR upper limit θAP was higher than the 
θFC for Bd up to 1.40 Mg m-3 (Figure 2). This result 
indicates that anoxia will occur only when the soil 
structure is extremely degraded (such as the effects 
of a high level of compaction) or for relatively short 

figure 1. Monthly (a) and daily rainfall (b) and 
temperature during the sweet sorghum crop cycle.
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time periods when the soil water content is above 
field capacity, due to the dynamic behavior of water 
in the soil (Severiano et al., 2011).

The LLWR became null at 1.36 Mg m-3 Bd 
(critical bulk density - Bdc) (Figure 2). Under 
these conditions, physical limitations of plant 
development are expected at any soil water content, 
due to structural conditions highly restrictive to root 
growth. A Bdc variation from 1.30 to 1.40 Mg m-3 
in soils with conditions similar to the present study 
was reported by Reichert et al. (2009).

The position of each traffic level within the 
LLWR was observed for the mean soil depth studied 
(0.00-0.20 m) (Figure 3). For all the treatments 
except T15, mean Bd was lower than Bdc (T15 = Bdc).

For traffic intensities T0, T1, and T2 (Bd≤1.27 Mg m-3), 
the upper and lower limits were the θFC and θPWP, 
respectively, corresponding to the available water 
content (AWC), and therefore they did not show signs 
of soil structural degradation due to compaction. 
Additionally, the increase in Bd promoted a decrease 
in the LLWR, which was more pronounced following 
the replacement of the θPWP by θPR as the lower limit 
(Figure 3). The LLWR decreased by almost 100 % in 
the treatment with the highest level of compaction 
(T15), whereas for T7 (Bd = 1.32 Mg m-3), there was 
a 52 % decrease.

Monitoring of the soil water content according 
to the LLWR critical limits and at different 
development phases of sorghum (vegetative 

[VP] and maturity [MP] phases) is shown in 
figure 4. The soil water content variation over 
time indicated that there was a decrease in the θ 
within the limits of the LLWR resulting from soil 
compaction for all the sowing times tested. This 
effect was more pronounced for later sowing times 
(January<February<March).

The upper limit (UL) of the LLWR had little 
influence on determining limiting water effects, 
regardless of the degree of compaction. Anoxia 
problems were sporadic, happening after high 
rainfall, so, in general, water content is lower 
than the UL over the following evaluations. These 
results confirm the small limitation of oxygen 
diffusion in soil and root respiration (Blainski et al., 
2009) (Figure 4).

The LLWR lower limits (θPWP for T0, T1, and T2; 
θPR for T7 and T15) frequently resulted in higher 
water limitations in all the treatments. As previously 
noted, the LLWR became null at T15 (UL = LL) and, 
for this compaction level, the occurrence of θ<θPR 
characterized all the soil moisture points outside 
the limits of the LLWR for all the sowing times 
tested. Under these conditions, plants are subjected 
to severe soil physical restrictions, caused by high 
soil penetration resistance.

Occurrence of water limitations during the sweet 
sorghum crop cycle can be quantified through the 
percentage frequency of soil water content within 
the LLWR limits (Fwithin) for the period under 
evaluation (Table 2). For the same traffic intensity, 
the highest frequencies of the θ within the LLWR 
limits for the sorghum vegetative phase were 

Figure 2. Variation of soil water content (θ) with 
increasing bulk density (bd) at the critical 
limits of field capacity (θfC: -0.006 MPa), 
permanent wilting point (θPwP: -1.5 MPa), 
aeration porosity at 10 % (θaP), and soil 
penetration resistance of 2.5 MPa (θPr) of a 
Latossolo Vermelho Distroférrico (oxisol), 
cultivated with sweet sorghum. the shaded 
area represents the LLWR; Bdc: critical bulk 
density for plant development.
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figure 3. the least limiting water range of a Latossolo 
Vermelho Distroférrico (oxisol), at different 
traffic levels of an agricultural tractor with 
4.5 Mg load. the bulk densities shown by the 
vertical dashed lines are associated with t0 = 0, 
t1 = 1, t2 = 2, t7 = 7, and t15 = 15 passes over the 
same spot. Mean values for 0.00-0.20 m depth.
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observed for the January and February sowings. 
During the maturation phase, there was an increase 
in water limitation for plant development with the 
delay in sowing time, except for T15, for which water 
stress resulting from soil-structure degradation was 
observed for the whole crop cycle.

At later sowing times, soil water conditions became 
more limiting for sweet sorghum development, 
regardless of soil compaction, especially for the 
March sowing. Under the conditions of March 
sowing, starting at 45 days of crop establishment, 
there was a high occurrence of moisture points 
outside the LLWR limits. This pattern was mostly 
due to the lower rainfall during the crop cycle 
(Figure 1) in this period, regardless of the level of 
soil compaction.

For soil bulk densities lower than 1.27 Mg m-3, 
the occurrence of limitations to plant development 
did not depend on soil compaction for T0, T1, and T2 
levels (Figure 3, Table 2). Fwithin values between 85 
and 90 % were observed for the vegetative phase of 
January and February sowings, and this factor was 
approximately 60 % for the March sowing.

For the January and February sowings, PR 
was the main physical factor limiting the LLWR 
in treatments involving 7 and 15 tractor passes. 
For the March sowing, the water limitation was 
greater, regardless of the level of soil compaction 
and phenological phase, in accordance with 
Bengough et al. (2011) and Betioli Júnior et al. 
(2012). It was observed that the soil compaction 
brought about by T7 promoted water conditions 
(Fwithin) for vegetative growth of sorghum sown in 
January and February similar to that sown in March 
when the soil was in ideal structural conditions 
(Table 2). This behavior reflects the effect of soil 
compaction on water limitation to crops.

The deleterious effects of water stress were 
promoted by soil structural degradation. It is also 
observed that due to the end of the rainy season, the 
value of Fwithin during the sorghum maturation 
phase also decreased for the later sowing times 
(January>February>March) (Table 2).

An interaction between sowing time and soil 
compaction was observed for stalk yield. Both 
increased soil compaction, resulting from tractor 
traffic, and later sowing times decreased the stalk 
yield of sweet sorghum (Figure 5). The January and 
February sowings resulted in higher stalk yield in 
the municipality of Rio Verde, GO.

The maximum yields observed for the first two 
sowing times were higher than those reported for 
previous studies using BRS 506 sown in December 
(Emygdio et al., 2011; Albuquerque et al., 2012). 
These results confirm the high yield potential of 
sweet sorghum as a second cropin the Cerrado 
region, due to the photoperiod insensitivity of BRS 
506 (Silva et al., 2005), and sweet sorghum potential 

figure 4. time variation of soil water content over a 
sweet sorghum crop cycle relative to the llwr 
critical limits in a Latossolo Vermelho Distroférrico 
(Oxisol). UL: upper limit (θfC -0.006 MPa), and 
LL: lower limit (θPwP -1.5 MPa or θPr 2.5 MPa) of 
the llwr for the monitoring period. 
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for crop diversification in grain production systems 
and its effective inclusion in renewable energy 
production systems.

Highest stalk yields were observed at 1.26 and 
1.22 Mg m-3 Bd for the January and February 
sowings, respectively (Figure 5). This result 
indicates that a slight compaction of oxidic Latosols 
can increase sorghum yield, probably by improving 
water redistribution in the soil profile compared to 
soils without machinery traffic (Severiano et al., 
2011). This slight compaction can increase contact 
between soil and roots and increase nutrient-uptake 
efficiency, compared to excessively loose soils 
(Håkansson and Voorhees, 1998).

It was not possible to fit a regression model 
to the stalk-yield data relative to soil Bd for the 
March sowing. Soil compaction did not affect plant 
development, because of the lower stalk yield in 
this sowing season, mainly associated with the 
climate, which imposed severe water restriction on 
sweet sorghum. A water limitation level between 
55 and 65 % was determinant for stalk yield, due 
to a poor crop establishment time (March sowing) 
or to soil structural degradation (Bd>1.27 Mg m-3), 
responsible for decreases in the LLWR and stalk 
yield (Table 2, Figures 4 and 5).

Water stress causes a series of physiological 
changes, such as stomatal closure, which decreases 
CO2 entry in the mesophyll, thus compromising sweet 
sorghum development (Tardin et al., 2013). However, 

although the water limitation in T7 for the January and 
February sowings was similar to that of T0, T1, and T2 
for the March sowing, a 63 and 59 % decrease in yield 
was observed for the earlier sowing times,respectively, 
compared to the March sowing (Figure 5).

Observation of figure 4 and the previous 
discussion suggested that this difference results from 
the fact water stress observed for the January and 
February sowings took place during the vegetative 

Table 2. The LLWR and frequency of θ within the LLWR limits (Fwithin) during the sweet sorghum crop 
cycle under different traffic intensities in a Latossolo Vermelho Distroférrico (oxisol)

Traffic intensity llwr(1) fwithin
January(2) february(3) March(4)

m3 m-3 %
Vegetative phase

0 0.157 a 86.00 Aa 89.67 Aa 63.66 Ba
1 0.155 a 89.00 Aa 88.67 Aa 59.00 Ba
2 0.153 a 90.67 Aa 88.67 Aa 60.66 Ba
7 0.075 b 57.66 Ab 55.66 Ab 42.00 Bb
15 0.000 c 0.00 Ac 0.00 Ac 0.00 Ac

CV (%) 20.14 6.97 
Maturity phase

0 0.157 a 64.20 Aa 31.11 Ba 20.62 Ca
1 0.155 a 58.52 Aa 27.22 Ba 19.02 Ca
2 0.153 a 61.36 Aa 28.33 Ba 18.48 Ca
7 0.075 b 30.11 Ab 3.88 Bb 1.09 Cb

15 0.000 c 0.00 Ac 0.00 Bb 0.00 Cb
CV (%) 20.14 20.85 

(1) Least Limiting Water Range; (2) Sowings in January, (3) February, and (4) March. Mean values followed by the same uppercase 
letter within the same line and lowercase letter within the same column are not significantly different according to the Tukey test 
(p≤0.05); CV: coefficient of variation.

figure 5. Stalk yield of sweet sorghum at different 
levels of soil compaction and following different 
sowing times. ns: non-significant regression.
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phase, resulting in a decrease in yield due to soil 
compaction. In contrast, the concentration of rainfall 
on the days soon after the March sowing promoted 
higher water deficit at the end of the vegetative 
phase, regardless of the level of soil compaction, 
during which time there is greater accumulation of 
crop biomass.

Recently, De Jong van Lier and Gubiani (2015) 
suggested rethinking its use in Brazil in soil physics 
research due, mainly, to the very few research that 
relates to crop production, although there are studies 
that show (Kaiser et al., 2009; Magalhães et al, 
2009) and others question (Gubiani et al., 2013) 
its effectiveness.

In this context, the data submitted above show 
through LLWR that sowing in January resulted in 
conditions that were more favorable for plant growth 
and development because water restriction was 
pronounced only at the end of maturation (Table 2). 
The lower productivity and lower Bd in maximum 
point observed for the February, in comparison 
the sowing of January, sowing may therefore be 
associated with Fwithin, which decreased at the end 
of the crop cycle, resulting in lower accumulation of 
photoassimilates at the stems (Figure 5).

Although soil compaction had effects on stalk 
yield of BRS 506 sorghum, the technological 
parameters measured were only affected by sowing 
time (Table 3). The industrial quality of raw material 
decreased with decreasing Fwithin during crop 
maturation (Table 2).

Although no influence of soil compaction on the 
industrial quality of sweet sorghum was observed, 
the percentage of dissolved solids and apparent 
sucrose in juice decreased with later sowing times 
(January>February>March) (Table 3). This change 
shows the sensitivity of these industrial quality 
parameters to water deficit, in contrast to sugarcane, 
for which water stress is beneficial to maturation. 
This pattern occurs because maturation of sweet 
sorghum occurs at the same time as grain filling, 
with allocation of photoassimilates from the stalks 
to the grain.

Brix values were satisfactory for the conditions 
studied and similar to the results of Emygdio et al. 
(2011), who reported 17 % for the same cultivar. 
Sweet sorghum harvest is recommended when 
the juice Brix is higher than 15.5 %. This factor is 
important for the quality of juice fermentation and 
consequently for the level of ethanol production 
per hectare (Prasad et al., 2007). The results 
therefore show that sweet sorghum cultivation in 
the off-season, i.e., following summer crops, is a 
promising option for the Brazilian Cerrado region.

Apparent sucrose (S) in the juice for all the 
sowing times was higher than the 8 % minimum 
proposed by Durães et al. (2012) (Table 3). The 
lowest value was found for the March sowing, 
which displayed decreased sucrose in the stalk and 
consequently in the juice. The juice purity (Q) for all 
the sowing times was higher than 80 % (Table 3), 
the minimum value according to Durães et al. 
(2012), and higher than the values reported by 
May et al. (2012) (55 %).

Fiber (F) level varied from 14 to 15 % (Table 3), 
which was in agreement with previous studies using 
the cultivar BRS 506 (Santos, 2007; Borges et al., 
2010; Durães et al., 2012; May et al., 2012). The 
highest mean value was observed for the March 
sowing because it had the lowest PC, S, and Q. In 
addition to the fiber, the concentration of reducing 
sugars in the juice (RS) was highest for the March 
sowing. However, this concentration was lower than 
the levels proposed by several authors (Borges et al., 
2010; Durães et al., 2012; May et al., 2012). It should 
be highlighted that the higher values for these two 
parameters observed for the March sowing resulted 
in a loss of industrial quality because high values of 
F decrease juice yield, and RS directly affects purity. 
Both of the parameters therefore result in lower 
efficiency in industrial recovery of sucrose (Ripoli 
and Ripoli, 2004).

The total recoverable sugars (TRS) concentrations 
for all the sowing times were 60 % higher than the 
values reported by May et al. (2012). The lowest 
mean values were observed for the March sowing, 
for which the observed concentration was 12 % 

table 3. Production and technological parameters of sweet sorghum cultivated in a Latossolo Vermelho 
Distroférrico (oxisol)

Sowing time b(1) S(2) PC(3) Q(4) f(5) rS(6) trS(7)

% kg Mg-1

January 18.13 A 16.23 A 13.20 A 89.50 A 14.31 C 0.57 C 129.93 A
February 17.42 B 15.22 B 12.28 B 87.28 B 14.71 B 0.65 B 121.71 B
March 16.70 C 14.20 C 11.37 C 84.79 C 15.11 A 0.72 A 114.90 C
CV (%) 3.23 4.57 4.24 1.95 2.42 10.86 3.79

(1) B: ºBrix or percentage of dissolved solids in juice; (2) S: juice pol or apparent sucrose; (3) PC: stalk pol; (4) Q: juice purity; (5) F: stalk 
fiber; (6) RS: reducing sugars in the juice; (7) TRS: Total recoverable sugars. For each production and technological parameter, mean 
values followed by the same letter are not significantly different according to the Tukey test (p≤0.05); CV: coefficient of variation.
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lower than the one found for the first sowing time 
(129.93 kg Mg-1) (Table 3).

Evaluation of the industrial quality of sweet 
sorghum indicates that soil and climatic factors 
influenced crop maturation and that those 
plants sown in January and February exhibited 
characteristics desirable for use as energy biomass. 
Sweet sorghum cultivation following the summer 
crop harvest is therefore a viable option for 
production of grain and bioenergy in the same 
agricultural area. However, cultivation of sweet 
sorghum requires caution regarding sowing times 
because the water deficit at the end of the vegetative 
phase and during maturation observed for the later 
sowings resulted in decreased yield and industrial 
quality of stalks.

ConCluSionS

The LLWR was sensitive to soil structural 
changes resulting from agricultural tractor traffic, 
becoming null with higher traffic intensity (T15).

The frequency of the θ within the LLWR 
limits indicated water-stress conditions for sweet 
sorghum were intensified by soil compaction, and 
sorghum yield was directly associated with soil 
water limitation.

Cultivation of sweet sorghum in the sugarcane 
between-harvest period is a promising alternative 
for bioenergy production when sowing is performed 
in January and February.

The limitations of March off-season cultivation 
are not due to the industrial quality of the raw 
material but to low stalk production, which is 
directly associated with the lack of a favorable soil 
water regime.
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