
Abstract

The sustainability of biomass sorghum (Sorghum bicolor L.
Moench.) in the Mediterranean environment is linked to the possibil-
ity of increasing crop productivity by using conventional clean water
and wastewater irrigation. An experimental setup was arranged in
Southern Italy during 2012 and 2013 seasons to determine the poten-
tial productivity of biomass sorghum irrigated with conventional water
at different irrigation regimes (100 and 50% of calculated evapotran-
spiration) and different types of municipal wastewater. During the
sorghum growing season, the crop development (biomass and leaf are
index) and the soil water content were monitored for all irrigation
treatments. The data obtained showed that the dry biomass of
sorghum irrigated with the deficit treatment (17 t ha–1) was lower
compared with conventionally irrigated sorghum. For both seasons and
under full irrigated conditions, sorghum irrigated with wastewater
produced on average more dry biomass (23 t ha–1) than the crop irri-
gated with conventional water (20.5 t ha–1), using the same irrigation
volumes. 

Introduction

Sorghum (Sorghum bicolor L. Moench.), a C4 species (using the
malate cycle) of tropical origin, is the fifth most important cereal crop
in the world and can be used as green fodder, thatch and silage as well
as to produce syrup and fuel (ethanol). It is grown in 99 countries
across the world on 44 million hectares, mainly in areas which are too
dry for corn production. 

Compared with other crops, sorghum is more environmentally sus-
tainable (Dalianis, 1996), particularly because of its relatively low
nitrogen (Dercas et al., 1995) and water requirements (Steduto et al.,
1997; Mastrorilli et al., 1999; Vasilakoglou et al., 2011) and its high
efficiency in transforming consumed water and captured energy into
dry matter.

The interest in sorghum for areas of Southern Europe is related to
its potential as an energy crop, due to the sugar content in the stem
suitable to produce bio-ethanol fuel, its high growth rate and its bio-
mass energy value (Zegada-Lizarazu and Monti, 2012). 

The European Union indicates that the use of biofuels, which is cur-
rently at 10%, should be increased in the energy mix including fossil
fuels by 2020 (European Commission, 2009). In this respect, sweet
sorghum may be used to produce bioethanol directly from the sucrose
contained its stems and also from its lignocellulosic biomass, after
stem sucrose extraction, as a second-generation biofuel (Cosentino et
al., 2012).

According to Almodares and Hadi (2009), sorghum used for bio-
ethanol production can be an alternative crop to corn in areas where
water availability is limited during the growing season. Despite the
yield potential of sorghum as an energy crop has been repeatedly high-
lighted (Smith and Doran, 1996; Steduto et al., 1997), the agricultural
techniques for production under limited water conditions require fur-
ther investigations (Vasilakoglou et al., 2011). This is a crucial point
in the pedo-climatic context of Mediterranean Europe where high tem-
peratures and high solar radiation are favourable to sorghum eco-
physiology, however the scarcity of water resources limits its cultiva-
tion unless a suitable exploitation plan of the available water
resources (included wastewaters) is developed and alternative irriga-
tion strategies (regulated deficit irrigation) to optimise the biomass
yields are developed.

This study compares yields from sweet sorghum irrigated with con-
trolled water stress and wastewater at different refining degrees, in a
typical semi-arid environment.

The main obstacle to the reuse of wastewater for irrigation is due to
the strict limits imposed by national and regional laws issued for pre-
venting sanitary and hygienic risks in relation to its use. However it
should be taken into account that, contrary to what is prescribed by
law, the irrigation of energy crops does not require the same water
quality needed for food crops. 

Furthermore the law does not consider that specific cropping sys-
tems can be designed expressly for soil decontamination. In particular,
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the sorghum crop demonstrated a quite good capacity for uptaking
heavy metals from contaminated soil by accumulating lead in leaves
and cadmium, zinc (Zn) and copper (Cu) in stems (Zhuang et al.,
2009).

Considering the potential of sweet sorghum as an energy crop, and
the importance of reclaimed wastewater as an alternative water
resource, this study aims to assess from the agronomic perspective if a
reduced level of wastewater treatment is compatible with sweet
sorghum productivity. 

Materials and methods

The experimental trials were conducted during the 2012 and 2013
seasons in a private farm located in Southern Italy (Trinitapoli, lat. 41°
21', long. 16° 03', alt. 0 m asl), close a municipal wastewater treatment
plant which supplied different qualities of reclaimed water for irriga-
tion during the two growing seasons.

The site has a Mediterranean climate characterised by warm and dry
summers, with a maximum air temperature ranging from 32°C to 43°C
and a minimum relative humidity ranging from 40% to 15% (Campi et
al., 2009). Precipitations are mainly concentrated in the autumn and
late winter, whereas rain is greatly reduced or absent in the spring-
summer period. The annual average rainfall at this site was 554 mm.

The soil texture is classified as clay-loam (33% clay, 34% silt and 33%
sand) according to the United States Department of Agriculture
(USDA) Classification, and the water contents (% of water respect to
the dry soil in volume) at the field capacity and at the wilting point
were 38% and 26%, respectively (measured using the Richards cham-
bers). The soil water reserve was moderate (180 mm), because the
rhizo-sphere does not develop below 1.5 m in this soil. 

The soil showed a good chemical fertility (Table 1) with an adequate
supply of total N (1.5 g kg–1) and organic carbon (14 g kg–1) and a high
content of phosphorus (P) (71 mg kg–1) that can be assimilated. 

The KWS Bulldozer hybrid was used for the field experiment. It is
characterised by a medium-late vegetative cycle, high size, good toler-
ance to bending, and high yields in dry and green biomass. 

Sorghum was sown on May 28th, 2012 and May 21th, 2013 with a plant
density of 18 plants m–2, and grown with agricultural techniques aimed
to reduce energy inputs: weeding control at the initial stage of the crop
and nitrogen fertilisation of 100 kg N ha–1 after 30 days from sowing.
During the crop cycle there was a substantial absence of phyto-sanitary
injuries (with the exception of a sporadic presence of aphid colonies),
thus avoiding the use of any pesticide treatment.

Sorghum plants were submitted to the following irrigation treat-
ments:
- Conventional water supplied from the water network of the waste-

water plant Consorzio di Bonifica della Capitanata and straight from
Marana Capacciotti dam restoring 100% of the field capacity
(AC100).

- Conventional water restoring 50% of the field capacity (AC50) only
for the 2012 season.

- Purified and refined municipal wastewater from the reclaimed
wastewater plant of Trinitapoli with membrane filtration technology,
restoring 100% of the water lost through evapotranspiration (AF).

- Purified wastewater withdrawn before completing to reclamation
treatment and derived from the secondary treatment, restoring 100%
of water lost by evapotranspiration (AS).
Irrigation treatments were arranged in a complete randomised

experimental design, where blocks of 400 m2 were replicated 3 times.
During the two irrigation seasons, the supplied waters were charac-

terised by the following parameters: electrical conductivity, pH, biolog-

ical oxygen demand, chemical oxygen demand, chlorine, anions (F–, Cl–,
NO3

–, P2O4
– –), cations (Na+, K+, Ca++, Mg++, NH4

+) and sodium adsorp-
tion ratio.

The irrigation water was scheduled once per week by a drip irriga-
tion system, supplying the amount of water lost by evapotranspiration
(ETc). The irrigation volume was calculated according the FAO-56
methodology (Allen et al., 1998), supplying ETc calculated in the previ-
ous 7-day period.

Daily soil water content in the whole soil profile (mm d–1) was mon-
itored by capacitive probes.

Capacitive probes (10HS; Decagon Devices Inc., Pullman, WA, USA)
were installed horizontally into the soil in two layers (–0.3 and –0.6 m)
in only one block of AC100 (in 2012 and 2013) and AC50 treatments (in
2012 season). The probes were connected to a data logger [Grillo MMS;
Tecno.EL srl, San Matteo della Decima (BO), Italy]. A local calibration
was used to calculate the volumetric soil water content. 

The differentiation of the irrigation treatments (AC100 and AC50)
started 30 days after sowing, in order to sustain the crop development
also during the early growth stages of the AC50 treatment. During the
2012 season the irrigation volumes were 300 mm for treatments AC100,
AF and AS, and 200 mm for AC50, while during the 2013 season the irri-
gation volumes were 340 mm.

At regular intervals (every 7-10 days) leaf area index (LAI) and dry
biomass were measured. The LAI was measured by area (LAI-2000
Plant Canopy Analyzer; Li-Cor, Lincoln, NE, USA) and the dry matter
was determined on sampled plants by using a dry-oven (at 65°C for 48
h). At the end of the sorghum cycle (on second week of September) all
plants were harvested from 20 m2 plots, and the above ground biomass
was determined.

The production data were statistically analysed by ANOVA using the
software Statgraphics Plus 5.1 (Statpoint Technologies, Inc.,
Warrenton, VA, USA).

The seasonal irrigation volumes (I) and sorghum yield data were
used to determine the irrigation water use efficiency (IWUE) for the
different treatments, according to the following formula:

(1)

                   Article

Table 1. Main physical-chemical characteristics of the soil.

Parameter                                          Depth (P)
                                    0-0.20 m   0.21-0.40 m
                                            Average          SE        Average        SE    

Clay (%)                                              32.5                  3.6               32.9                 3.2
Silt (%)                                                36.1                  2.3               35.0                 1.7
Sand (%)                                             32.9                  0.3               32.1                 0.4
EC (dS m−1)                                       1.10                 0.14              1.37                0.23
pH                                                         8.08                 0.24              8.25                0.10
Total limestone (%)                         17.2                 1.11              20.2                0.73
Active limestone (g kg−1)               9.85                 0.49              9.93                0.59
C (g kg−1)                                          14.03                0.58             13.76               0.58
N (g kg−1)                                           1.52                 0.04              1.43                0.07
P (mg kg−1)                                       79.75                 5.3              62.21              13.73
Ca (mg kg−1)                                   3285.51             40.39          3283.02           67.13
Na (mg kg−1)                                   180.21              12.27           231.59            32.39
P, phosporus; SE, standard error; EC, electrical conductivity; C, carbon; N, nitrogen; Ca, calcium; Na, sodium.
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Results and discussion

The experimental design ensures a clear differentiation of the water
status of the soil as a function of the supplied water volume (Figure 1).
At the end of the sorghum cycle (85 days after sowing), when irriga-
tions were interrupted, the differences in soil water content between
the irrigation treatments were reduced.

In the 2012 season (Figure 1A), the volumetric soil water content
monitored in the AC100 treatment achieved a field capacity after rain
events or irrigation. The irrigation scheduling prevented the values of
the soil water content from being lower than the readily available water
(RAW) threshold (0.32 m3 m–3). In the AC50 treatment the values of the
soil water content went below the RAW threshold and reached the wilt-
ing point for limited periods, therefore the crop has experienced tem-
porary soil water stress. In the 2013 season (Figure 1B), the soil water
content values of the AC100 treatment were similar to those recorded
during the previous season.

The growth parameters were measured periodically as LAI (Figure 2)
and dry biomass (Figure 3). The irrigation regimes affected the devel-
opment of the crop. Data of LAI and dry biomass have followed the same
trends. In particular, significant differences in growth appeared in July,
during the stem elongation phase of sorghum.

The LAI values were proportional to the irrigation treatments.
During the 2012 season (Figure 2A), reduced irrigation did not prevent
sorghum from achieving the complete volume of the cycle crop. The
limited irrigation supply induced a reduction of 35% of the maximum
LAI values compared with the AC100 treatment, and a 42% reduction
compared with the wastewater treatments (AF and AS). These data
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Figure 2. Leaf area index of sorghum for four water regimes and
two seasons. AC100, conventional water restoring 100% of the
field capacity; AC50, conventional water restoring 50% of the
field capacity; AF, purified water; AS, secondary water.

Figure 1. Water content (Wc) of the soil as a function of the
water regime during the 2012 and 2013 seasons. The dashed
lines correspond to the water contents of the soil at field capacity
(FC) and at wilting point (WP). AC100, conventional water
restoring 100% of the field capacity; AC50, conventional water
restoring 50% of the field capacity; AF, purified water; AS, sec-
ondary water. 

Figure 3. Dry biomass of sorghum for four water regimes and
two seasons. AC100, conventional water restoring 100% of the
field capacity; AC50, conventional water restoring 50% of the
field capacity.
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confirm that hybrids of sorghum biomass tolerate a mild water stress
(Mastrorilli et al., 2011). During the 2013 season (Figure 2B), the AS
and AF treatments induced respectively an increase by 15% and 8% of
the maximum LAI values in comparison with the AC100 treatment.

The highest production of dry matter was observed for the plants irri-
gated with the wastewaters (AF or AS) in both seasons. In the 2012 sea-
son these values were significantly higher than 2 t ha–1 or 4 t ha–1 with
respect to sorghum irrigated with conventional water at the rate of
100% or 50% of ET (AC100 and AC50). Biomass production in treat-
ment AC50 was 20% and 30% lower than that obtained by sorghum irri-
gated with 100% of ET using conventional water and wastewater,
respectively. In the 2013 season, biomass production with treatment

AC100 was significantly less, i.e. 5.1 t ha–1 or 2.1 t ha–1, with respect to
that obtained by sorghum irrigated with wastewater from secondary
(AS) and purified wastewater (AF), respectively (Table 2).

The highest yield recorded under well-watered conditions was sim-
ilar to the yields reported in literature (Curt et al., 1998; Mastrorilli et
al., 1999; Dercas and Liakatas, 2007) and also the effects of deficit irri-
gation on yield is in agreement with the yields reported by other stud-
ies carried out in similar environments. In particular, Cosentino et al.
(2012) showed that a 38% reduction of used water determined a 22%
reduction in yield. In fact, higher performance observed by restoring
the 100% ETc indicates that any effort to maximise sorghum biomass
productivity might be subordinated to an adequate water supply
(Habyarimana et al., 2004).

The irrigation water use efficiency values (Table 3) have shown sig-
nificant differences with the different treatments. The highest value of
IWUE was calculated in the deficit irrigation treatment (2012). In
terms of water quality, irrigation with wastewater has determined high
values of IWUE in both seasons. Therefore these results show that it is
preferable to irrigate with wastewater, because it allows both high val-
ues of IWUE and high production of biomass. Whereas in the case of
irrigation deficit, the high values of IWUE are associated with a low
production in biomass.

The best response in terms of growth and production was observed
in AF and AS treatments and depends on the higher quantity of nutrient
uptake, when wastewater is used for irrigation. For instance, in terms
of contributions of N in nitrate during the two seasons, the average
concentrations reported for conventional, secondary and refined waters
amounted to 4, 10.5 and 3.5 mg L–1 di NO3

– (Table 4), corresponding to
concentrations of 0.9, 2.4 and 0.8 mg L–1 di N, respectively.

The average N supplied with irrigation during the growing seasons
(2012 and 2013) was of 2.8, 7.6 and 2.6 kg ha–1 of N for the AC, AS and
AF treatments, respectively, while P supplied with irrigation water was
7, 32 and 24 kg ha–1 of P for the AC, AS and AF treatments, respectively
(Table 4). During the 2012 survey, the N concentration of two water
samples (from AS and AF) was higher than 290 mg L–1. These values
are exceptionally high and are probably due to a temporary interruption
of ordinary operation of the wastewater treatment plant. However,

                   Article

Table 3. Efficiency of irigation water use (kg m−3) of sorghum
under 4 water treatments for two seasons. 

Treatments                                   2012                       2013

AC100                                                             6.9c                                  6.1c

AC50                                                               8.3a                                    -
AS                                                                   7.5b                                 7.6a

AF                                                                   7.5b                                 6.8b
a,b,c The means without any letters in common are significantly different (P≤0.05), according to the
Tukey test. AC100, conventional water restoring 100% of the field capacity; AC50, conventional water
restoring 50% of the field capacity; AF, purified water; AS, secondary water.

Table 4. Main chemical properties of the 3 water treatments. Average values of water sampled from May to September 2012 and from
May to September 2013.

Chemical properties                                                               2012                                                                             2013
                                 AC100                    AS                AF                             AC100                     AS              AF

EC dS/m                                          0.64                            1.52                   1.47                                        0.62                             1.33                 1.31
pH                                               7.65                            7.57                   7.63                                         7.3                               7.3                  7.44
BOD5 mgO2/L                                           6                                 40                      22                                            3                                 49                     6
COD mgO2/L                                           0                               166                    135                                          10                               103                   43
Active Cl− mg/L                                             0                                  0                        0                                             0                                 10                    0.5
Na+ mg/L                                            48                              128                    119                                          31                               103                  104
K+ mg/L                                             0                                22                      23                                            7                                 28                    29
Ca2+ mg/L                                            51                               83                      92                                           48                               122                  116
Mg2+ mg/L                                            12                               21                      20                                            8                                 16                    21
NH4+ mg/L                                             2                                46                      41                                          0.5                                37                    26
Cl− mg/L                                            53                              182                    197                                          25                               143                  138
F− mg/L                                             1                                  1                        0                                           0.5                                 2                     1.6
NO3

− mg/L                                             5                                11                       3                                             3                                 10                     4
PO4

2− mg/L                                             0                                23                      25                                           18                                22                    10
SAR                                                  2                                  3                        3                                             1                                  2                      2
AC100, conventional water restoring 100% of the field capacity; AF, purified water; AS, secondary water; EC, electrical conductivity; BOD5, biological oxygen demand; COD, chemical oxygen demand; Na+, K+, Ca2+,
Mg2+, NH4

+, cations; Cl−, F−, NO3
−, P2O4

2−, anions; SAR, sodium adsorption ratio.

Table 2. Dry biomass sorghum yield (t ha−1) for two seasons. 

Treatments                                   2012                       2013

AC100                                                           20.8ab                               20.0c

AC50                                                              16.7b                                   -
AS                                                                   22.6a                               25.1a

AF                                                                  22.7a                               22.4b
a,b,c The means without any letters in common are significantly different (P≤0.05), according to the
Tukey test. AC100, conventional water restoring 100% of the field capacity; AC50, conventional water
restoring 50% of the field capacity; AF, purified water; AS, secondary water.
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these values were not considered in the average 2012 data for N con-
centration in the reclaimed waters reported in Table 4. 

These quantities are to be considered in addition to N supplied as
ammonium for fertilisation. Nitrogen supplied to the soil by waste-
water does not cause an environmental issue, because sorghum uptake
determines a great reduction in nitrate concentration of soil water
(Cosentino et al., 2012).

These results are confirmed by the tissue analysis of the plant, sam-
pled in the 2012 season.  The concentrations of N in plant tissues of the
AS treatment are significantly higher (P=0.0023) than those of the AF
and AC treatments: 3.1 g 100 g–1 (AS), against 2.62 (AF) and 2.19 g 100
g–1 (AC). No significant differences were found between treatments in
relation to the heavy metal content, such as Zn (P=0.6568) and Cu
(P=0.7543). However, concentrations of heavy metals in soil and crops
were lower than those indicated by the law (Lonigro et al., 2007). The
uptake of heavy metals depends on the sorghum genotype (Zhang et
al., 2002). Jamali et al. (2008) showed the accumulation of heavy met-
als among five varieties of sorghum. The results concerning the accu-
mulation capacity of heavy metals by Bulldozer are reported in the lit-
erature. 

Conclusions

The scarce water resources demand new strategies for using water
in agriculture. This is a crucial step for the agronomic management of
the energy crops, since their environmental and economic sustainabil-
ity relies on the reduction of agronomic inputs. This research shows
original results regarding the application of wastewater on dedicated
energy crops in the Mediterranean area and indeed has considered
possible ways to irrigate energy sorghum in a sustainable way via the
use of wastewater and deficit irrigation. In fact, the use of wastewater,
even with a reduced reclaimed treatment (AS), increased production
(for an additional contribution of nutrients) without adding heavy met-
als in the environment.

Adequately treated wastewaters can be used for irrigation and repre-
sent a valid alternative to conventional waters. However, although the
production strategy showed positive results in the case of energy
sorghum, public heath related aspects should be considered mainly
regarding the possible presence of protozoan parasites in the soil.
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