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Abstract
A two-year trial was carried out on sweet sorghum, grown in semi-arid environments of southern Europe. The tri-
al was aimed to monitor the main components of the crop N-balance under different irrigation regimes and nitro-
gen fertilization rates, in factorial combination. A rainfed condition (only one watering soon after sowing) was com-
pared with a deficit irrigation regime and a full irrigation treatment (50 and 100% restoration of total crop water
consumption, respectively) in a similar way, an unfertilized control was tested with respect to N application rates
of 60 and 120 kg ha-1, respectively. Crop nitrogen uptake always showed to be the highest N-balance components
and was included in the range of 125-194 kg ha-1 during 1997-1998, with respect to the total shoot biomass, accord-
ing to the nitrogen fertilization rate; consequently, it significantly reduced both nitrogen concentration in the soil
solution and the total nitrogen loss due to drainage. Nitrogen concentration in the drainage water didn’t result to
be strictly dependent on the rate of fertilizer applied but on the actual soil nitrogen content; the maximum regis-
tered value of total nitrogen lost by leaching was 1.9 kg ha-1. Differently, total nitrogen loss due to volatilisation
was proportional to the amount of fertilizer applied; irrigation favourably reduced this kind of loss. The limited
amount of N-volatilisation loss was probably due to the neutral pH soil conditions; as an order of magnitude, re-
ferring to the highest fertilized but rainfed treatment, the utmost N-volatilisation loss was equal to 5.5 Kg ha-1, as
an average over the three years, that is to say less than the 5% of the fertilization rate. A fertilisation rate of 120
Kg ha-1 of nitrogen, together with water application, generally produced a balance between crop N-uptake and to-
tal N-loss due to volatilisation and drainage (only the stalk biomass was considered in this calculation). Lower rates
of fertilizing nitrogen, indeed, determined a depletion in the soil nitrogen content because of the high crop biomass
and the strong N-uptake by the crop, while rainfed conditions at the highest fertilization rate generally established
a N-surplus.

Key-words: crop N-uptake, N-fertilizer loss, nitrogen use efficiency, Sorghum bicolor.

1. Introduction

Sweet sorghum (Sorghum bicolor L. Moench)
for biomass and ethanol production was re-
cently fostered by the European agricultural
policy to promote non-food crops. In fact, sweet
sorghum is a potential source of ethanol, which
can be directly used in a mixture with gasoline,
or react with isobutylene to form ethyl tert-butyl
ether (ETBE), an octane additive for gasoline
(Barbanti et al., 2006). The climatic conditions
of southern Europe are well suited to this crop

(Mastrorilli et al., 1995). Previous studies car-
ried out in southern Italy highlight the good
production potentials of this species though
they strictly depend on irrigation practices
(Perniola et al., 1992). As a matter of fact, in se-
mi-arid environments, the summer growing sea-
son has to rely upon irrigation to get adequate
yield response (De Franchi et al., 1994).

The interaction between irrigation regime
and nitrogen application rates is a crucial aspect
of the cropping technique, in order to obtain the
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most convenient yield as well as an efficient use
of nitrogen and water applied together with the
minimum risk of environmental impact due to N
leaching or volatilisation (Perniola et al., 1999).
A fast growing, high biomass crop, such as sweet
sorghum, is able to considerably influence both
water and nitrogen balance in proportion to its
sink activity, exploiting soil reserves, and the set
of agrotechnical inputs applied.

A proper way to account for the use and fate
of nitrogen in the soil-plant-atmosphere contin-
uum is to solve the N-balance; this “book-keep-
ing” criterion allows to optimise the fertilisation
technique and to achieve a sustainable use of
the soil nutritional resources.

The limited amount of available information
on such topics, particularly with respect to sweet
sorghum grown in semi-arid environments of
southern Europe, encouraged to plan and start
this trial. The first purpose of the study was to
monitor the main components of the nitrogen
balance as applied to sweet sorghum under dif-
ferent irrigation regimes and nitrogen fertilisa-
tion rates. Some indexes on nitrogen use were
derived from this balance; they proved to be
useful to check the proper N-fertilization rate
and irrigation regime.

2. Materials and methods

2.1 Description of the experimental areas 

The trial was carried out over a two-year peri-
od (1997-98) in southern Italy, at Gaudiano di
Lavello (41°03’ N, 15°42’ E) in 1997 and 1998.
Gaudiano is an inland area at the north of the
Basilicata Region, about 300 m above the sea
level. Table 1 reports the main soil characteris-
tics of the experimental area.

2.2 Description of the trial 

Sweet sorghum (cv. Keller) was sown on May
(21 May, 1997; 21 May, 1998) with rows 50 cm
apart and an average plant density of 11 plants

m-2 at harvest. Before sowing, 150 Kg ha-1 of
P2O5 and 100 Kg ha-1 of K2O were applied. Oth-
er cropping practices included hoeing for weed
control and hand harvesting in late October.

Three irrigation regimes (irrigation only at
sowing, V0, re-establishment of 50 and 100% of
total water consumption during the whole grow-
ing cycle, V50 and V100) were factorially com-
bined with three nitrogen fertiliser rates (un-fer-
tilised control, N0, application of 60 and 120 Kg
ha-1 of nitrogen as ammonium sulphate, 1/3 of
which at pre-sowing and 2/3 at the beginning of
stem elongation, N60 and N120).

The unconstrained crop water consumptions
(ETc) were continuously detected through two
2x2 m mechanical weighing lysimeters located
in the middle of the plots V100N0 and V100N120.
The irrigation frequency was determined by
keeping the allowable soil water depletion con-
stant (equal to 30 mm until full ground canopy
cover and to 50 mm later on) and by corre-
spondently changing the watering time intervals.
The crop was drip-irrigated with driplines 1 m
apart and on-line drippers of 2 l h-1 at 30 cm
spacing.

2.3 Data acquisition and processing 

The crop water balance:

± ∆θ = R + Ir – ET – Ro – Dr (1)

was solved measuring or estimating the follow-
ing components: the rains (R) were daily de-
tected at the agro-meteorological stations; the
exact watering volumes (Ir) were measured
through volumetric valves at the head of each
experimental plot; runoff losses (Ro) were con-
sidered to be zero, the land being flat and the
rain intensity never exceeding the soil infiltra-
tion rate; drainage water (Dr) was estimated as
the difference between inflow (R + Ir) and the
soil water storage capacity for 90 cm depth at
each irrigation time or rain event, considering
the soil water amount before the event. As re-
gard the V100N0 and V100N120 treatments, the ETc

Lovelli S., Monteleone M., Posca G., Perniola M.

254

Table 1. Main soil characteristics at the experimental station.

Locality Sand Loam Clay Organic Total P2O5 K2O pH Soil bulk Field Wilting
matter Nitrogen density Capacity Point

-0.3 bar -15 bar
(%) (%) (%) (%) (g/Kg) (ppm) (ppm) (Kg/dm3) (% d.w.) (% d.w.)

Gaudiano 49.7 28.3 22.0 1.58 0.97 88.2 210 7.1 1.25 30.4 16.0
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component of the water balance (as well as Dr)
was directly measured through the lysimeters; as
for the other treatments, the actual ET was esti-
mated by measuring the change in gravimetric
moisture in the soil volume explored by roots (±
∆θ) between each single irrigation event.

The nitrogen balance (Florenzano, 1986):

± ∆SR = F + IW + R – CU – V – L (2)

was set up through measuring or estimating the
following components: variations in the soil ni-
trogen reserve (± ∆SR); nitrogen fertilizer ap-
plication (F); nitrogen content of irrigation wa-
ter (IW) and rainfall (R); crop uptake (CU); N-
volatilisation (V) and N-leaching (L) losses. To
calculate IW, R and L, the concentrations of N-
NO3, N-NO2 and N-NH4 in water samples were
colorimetrically determined and subsequently
read through the spectrophotometer (mod.
Hach Dr 2000); the total water inflow and out-
flow volumes were subsequently estimated ac-
cording to the water balance approach. The con-
centration of other eventual nitrogen com-
pounds dissolved in water was considered to be
negligible (Dowdell et al., 1979).

Drainage water samples were taken directly
from the lysimeters (with respect to the plots
equipped with these devices) or from micro-
lysimeters (soil solution extractor) installed at 30,
60 and 90 cm of depth (in the plots where lysime-
ters were not available). Soil depth in experi-
mental areas is, in the average, 70 cm, therefore
root zone is localized in this soil profile, as a con-
sequence 90 cm is sufficient for the computation
of crop uptake and nitrogen leaching. Crop N-up-
take was calculated by measuring the dry biomass
of leaves, stalks and panicles and determining the
corresponding Kjeldhal nitrogen content.

Volatilisation loss of N-ammonium was de-
tected by capturing ammonia through a static
closed system installed at the soil surface and
saturated with H3PO4 and glycerin. In the lab,
a subsequent distillation and titration of the am-
monium ion (Marshall and Debell, 1980) al-
lowed the measurement of this component of
the N-balance. Frequency of volatilisation mea-
surement was every three days immediately af-
ter fertilization and subsequently was weekly,
each measurement was the cumulated value of
the previous period.

N-denitrification (N2, NO and N2O) is gen-
erally considered to be negligible in agricultur-

al systems (Smith et al., 1990), especially when
anaerobiosis conditions do not occur, in fact ac-
cording to our irrigation scheduling (the aver-
age irrigation interval was ten days, and with ir-
rigation we restored only the field capacity), and
considering rain regimes during the experiment
and soil characteristics the denitrification should
be really negligible, for this reason these kind
of losses was not detected. In this work, the vari-
ations in the soil nitrogen reserve were calcu-
lated as residue of the N-balance.

The apparent nitrogen recovery 

ANR = (CUf – CU0) / F (3)

was also determined as the ratio of the in-
creased nitrogen uptake by the fertilised crop
(CUf) as compared with the unfertilised crop
(CU0), over the fertilization rate (Varvel and Pe-
terson, 1991). This indice assumes that the whole
crop nitrogen uptake is derived from fertiliser.

The nitrogen agronomic efficiency 

NAE = (Yf - YNo) / F (4)

was determined as the ratio of the fertilized
crop production (Yf) as compared with the un-
fertilized crop production (YNo) (kg of dry bio-
mass) over the fertilization rate (kg) (Giardini,
1989a).

The experimental treatments were arranged
in the field according to a split-plot design with
three replicates, the irrigation regimes in the
plots and the nitrogen rates in the sub-plots. The
percent data were submitted to the analysis of
variance after angular transformation. The mean
discrimination was performed according to the
LSD test.

3. Results

3.1 Climatic pattern and water balance during the
two experiments

Referring to the whole growing cycle (from May
through October), the average temperature var-
ied from a minimum of 21.6 °C in 1997 to a
maximum of 23.8 °C in 1998, being however
close to the long term mean of 22.1 °C; the ra-
diative load was slightly higher in 1997 (with an
average daily value of 265 W m-2 during two
years). The overall precipitation recorded in
each experimental year (Tab. 2) was approxi-
mately close to the long term mean of the same
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period (191 mm), with slightly lower values in
1997 (161 mm) with respect to the 1998 (182 mm).
The seasonal irrigation volume (Tab. 2) supplied
to fully satisfy crop water requirement (ETc =
607, 896 mm respectively in 1997, 1998), varied
between 416 mm in 1997 and 696 mm in 1998
(Tab. 2); considering the long extent of the crop
cycle and the great crop vegetative vigour, these
high and uneven irrigation volumes are well rep-
resentative of the irrigation requirements of this
crop in southern Italy (Perniola et al., 1992).

In 1998, where rainfall events never exceed-
ed 15 mm, no drainage losses were measured
from the lysimeter station located in treatments
V100. Conversely, in 1997, corresponding to the
days soon subsequent to rainfall events exceed-
ing 20 mm, a copious drainage was measured
(in the lysimetric treatments V100) and estimat-
ed (in the other treatments). Over the whole
growing period, the V100 drainage volumes to-
talled 111 mm in 1997 (Tab. 2). In 1997, the
drainage volume dropped to 37 mm in the V50
treatment and became zero in V0 (Tab. 2).

3.2 Nitrogen balance 

The nitrate concentration of the soil solution
measured at Gaudiano in 1997 the average ni-
trate content in leaching waters varied from 17.5
mg l-1 measured on 20 June 1997 to 4.5 mg l-1

on August 21, 1997. Therefore, at Gaudiano, ni-
trate concentration in drainage water never ex-
ceeded the allowable European threshold of 50
mg l-1 for water potability (Dir. 91/676/CEE).

Considering the total nitrogen content in the
drainage volumes of percolation waters (also in-
cluding the form of nitrites and ammonia, gen-
erally only present as trace), the amount of to-
tal nitrogen lost by leaching was greater in the
higher water regimes they varied from 0.6 to 1.9
Kg ha-1 of N respectively in the treatments
V50N60 and V100N120. The effect of the fertiliser
rate on nitrogen losses by leaching (Tab. 3) was
always not significant.

Table 4 reports nitrogen cumulated losses by
volatilisation in the form of ammonia at the end
of the crop cycle. The statistical analysis has not
shown any effect related to the year; whereas a
decreasing fertilisation rate determined a sig-
nificant reduction in nitrogen losses; in 1997 on-
ly, an increasing irrigation regime significantly
reduced N-volatilization. The effect of fertilisa-
tion was particularly evident in the days imme-
diately after the fertilizer application (data not
shown), due to the fact that nitrogen was sup-
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Table 2. Water balance for the three irrigation treatments in the two experimental years (all data are expressed in mm).

Irrig. Rain Irrigation Evapotranspiration Drainage Reduction in the
Treat. soil water reserve

1997 1998 1997 1998 1997 1998 1997 1998 1997 1998

V100 161 182 527 696 607 896 111 0 30 18
V50 161 182 325 378 539 644 37 0 90 84
V0 161 182 124 80 370 372 0 0 85 110

Table 3. Nitrogen loss by leaching in 1997, all data are ex-
pressed in kg ha-1.

1997
N fert. rate N120 N60 N0
Irrigation

V100 1.9 1.7 1.6
V50 0.7 0.6 0.6
V0 - - -

F-test§ LSD
Irrigation ** 0.90
N fert. rate n.s.
Irrig. x N fert. ** 0.11

§ ** highly significant (P < 0.01); * significant (P < 0.05); n.s.
not significant.

Table 4. Nitrogen loss by ammonia volatilization in the three
irrigation regimes and the three nitrogen fertilization rates
during 1997 and 1998 sweet sorghum growing cycle. All da-
ta are expressed in kg ha-1.

N dose 1997                 1998

Irrigation N120 N60 N0 N120 N60 N0

V100 3.7 2.6 1.9 5.4 4.9 3.8
V50 3.4 3.2 2.2 5.1 4.6 3.5
V0 5.0 4.0 2.8 5.9 4.9 4.3

F-test§ LSD F-test§ LSD
Irrigation * 0.22 n.s. -
N fert. rate ** 0.18 ** 0.41
Irrig. x N fert. n.s. - n.s. -

§ ** highly significant (P < 0.01); * significant (P < 0.05); n.s.
not significant.
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plied as ammonium sulphate (Giardini, 1989a).
Among the negative components of the ni-

trogen balance, crop N-uptake was significantly
the highest (Tab. 5). In 1998, the irrigation
regime significantly interacted with the nitrogen
regime on the level of N-uptake. Crop N-uptake
was lesser under conditions of limiting water
supply and was not affected by the amount of
fertiliser applied. Irrigation not only increased
N-uptake, as a consequence of the increased
crop growth, but also made the fertilisation ef-
fect clear. Considering the highest irrigated
treatments, averaging over the two years 1997-
98, total above-ground crop nitrogen uptake in-
creased from 159 to 253 Kg ha-1 and stalk up-
take increased from 87 to 152 Kg ha-1 of N, mov-
ing from treatments N0 to N120, respectively. This
occurred both as a result of the greater soil ni-
trogen availability and the greater amount of
dry biomass produced, at harvest, in the more
fertilised treatments; these latter, indeed,
showed a higher efficiency in the assimilation
processes (data not shown). It’s worth to note
that quite high amounts of nitrogen uptake were
also recorded in the un-fertilised treatments

(Tab. 5). Considering the shoot N-uptake
(leaves+stalks+panicles), averaged over the two
years, 74 to 159 Kg ha-1 of N were removed from
the soil moving from V0N0 to V100N0, respec-
tively.

Nitrogen supply through rainfall and irriga-
tion varied as a function of water inflow, the
minimum value was of 5.6 Kg ha-1 measured in
1998 in the un-irrigated treatments to a maxi-
mum value of 38,97 Kg ha-1 of N in 1998 in the
V100 treatments. The average nitrogen concen-
tration was 1.0 mg l-1 in rainfall water, and 5.6
mg l-1 in irrigation water derived from a surface
reservoir.

Figure 1 summarizes the apparent nitrogen
balance, obtained as the difference between ni-
trogen input and output, until the end of the
growing cycle, measured over the two experi-
mental years. Considering the total shoot N-up-
take (stalks + leaves + panicles), a generalized
reduction in soil nitrogen reserve is observed.
In particular, the balance closed with a loss even
when an application rate of 120 Kg ha-1 N was
applied. Nitrogen deficit was particularly severe
in the irrigated treatments where, as already
mentioned, crop uptake played a significant
role.

Ital. J. Agron. / Riv. Agron., 2008, 4:253-260

257

Table 5. Crop nitrogen uptake as influenced by irrigation
and nitrogen fertilization in the two experimental years; all
data are expressed in kg ha-1.

Shoot (Stalks+leaves+panicles)
1997 1998

N120 N60 N0 N120 N60 N0

V100 281 224 190 226 182 129
V50 236 191 188 199 163 97
V0 105 87 76 115 95 73

F-test LSD F-test LSD
Irrigation ** 45.8 ** 9.2
N application ** 35.1 ** 5.5
Irrig. x N appl. n.s. ** 9.6

Stalks
1997 1998

N120 N60 N0 N120 N60 N0

V100 152 131 96 152 112 79
V50 115 112 104 128 96 45
V0 45 36 24 56 44 37

Irrigation F-test LSD F-test LSD
N application ** 34.8 ** 37.6
Irrig. x N appl. ** 19.1 ** 23.6

n.s. * 29.2

** highly significant (P < 0.01); * significant (P < 0.05); n.s. not
significant.
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Figure 1. Apparent nitrogen balance at the end of the crop
cycle as influenced by irrigation and nitrogen fertilization
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3.3 Nitrogen agronomic efficiency

Irrigation enhanced the Apparent Nitrogen Re-
covery (ANR) in better irrigated treatments
(Fig. 2). Irrigation equally improved the nitro-
gen agronomic efficiency (NAE) (Fig. 3), high-
lighting a positive interaction between irrigation
and fertilisation. The fertiliser rate being equal,
the increase in yield with respect to the unfer-
tilised control, for each unit of applied fertilis-
er, was gradually greater with increasing irriga-
tion regime.

Differently from irrigation, fertilisation did
not improved the above-said efficiency indexes
(Figg. 2 and 3), except ANR that slightly in-
creased in the fertilised treatments.

4. Discussion

During the two years of trial, the climatic pat-
tern was hot and arid, as it is typically the case
in the investigated area. The water balance over
the two years is considered to be sufficiently
representative of the investigated area. The full
and regular re-establishment of evapotranspira-
tion through irrigation, keeping the soil close to
field capacity over most of the growing cycle,
created the conditions for draining the amount
of waters exceeding the soil storage capacity but
this occurred only after abundant rainfall.

Nitrogen losses by leaching depend on the
nutrient concentration in drainage water, main-
ly in the nitrate form, and on the correspond-
ing drainage volumes. As previously reported, in

1998 no drainage occurred, so that such losses
were zero during the growing cycle. In the oth-
er year, the nitrate concentration of the waters
collected from the lysimeters and from the mi-
cro-lysimeters largely varied as a function of the
timing of collection, the fertiliser rate and the
location.

In our experiment, the role of the crop was
significant. The reduction in the nitrate content
of the soil solution as the growing cycle ad-
vances is certainly to be correlated with the crop
nitrogen uptake. Other authors (Barbanti et al.,
2006) think that sorghum can be considered a
suitable crop in order to drain excessive soil ni-
trogen reserves, otherwise originating high nu-
trient loads for the environment to cope with.
In fact this crop is able to meet peak N needs
along growth.

As for the nitrogen losses by volatilisation
of ammonia, the positive effect of irrigation is
explained by considering: i) the NH4

+ transfer
in the soil by mean of water flow favours the
sorption of the NH4

+ on cation exchange ca-
pacity, reducing, in this way, the loss of NH4

+ by
volatilisation from the soil surface, ii) the re-
duced gas diffusion when soil porosity is filled
with water. However, in general, also the losses
in this form were rather reduced: in the treat-
ments exhibiting higher losses (V0N120) with an
average value of 5.5 Kg ha-1 over the two years,
they represented only 4.7% of the fertiliser rate.
The observed data are consistent with other tri-
als on this crop (Barbanti et al., 2006). For sure,
the soil conditions positively influenced the low
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Figure 2. Apparent Nitrogen Recovery (A.N.R.) measured
during 1997-98 on sweet sorghum subject to the irrigated
(V0, V50, V100) and fertilized (N60, N120) treatments. Vertical
bars are standard error of the mean.
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Figure 3. Nitrogen Agronomic Efficiency (N.A.E.) measured
during 1997-98 sweet sorghum subject to the irrigated (V0,
V50, V100) and fertilized (N60, N120) treatments. Vertical bars
are standard error of the mean.
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measured values of such losses, mainly because
of the neutral reaction of the soils of the trial
(pH = 7.1) that were favourable to reduce am-
monium volatilisation (Giardini, l989b). More-
over, Sommer et al. (2004) showed lower am-
monia emissions from ammonium sulphate than
from other fertilizers as urea. In fact ammoni-
um sulphate does not lead to a rise in pH, as
does urea, which in turn enhances volatilisation.
The association of the adopted fertilizer and of
a pH close to neutrality are, therefore, the main
reason of the low emissions observed in our ex-
periment.

As for sweet sorghum nitrogen uptake, the
data reported in Table 5 highlight the high ni-
trogen uptake efficiency and the good capacity
of this species to remove nitrogen available in
the soil, as reported also by other authors
(Gardner et al., 1994).

From the point of view of the environmen-
tal impact, these results could be positively in-
terpreted (due to the good capacity of this
species to remove the nitrogen compounds pre-
sent in the soil), but they should be carefully as-
sessed in terms of soil use sustainability. Indeed,
it is evident that if the shoot of the crop is com-
pletely removed, in order to sustain the soil
chemical fertility in balance with the actual crop
nutrient uptake, it could be even appropriate to
exceed the rates of nitrogen fertilisers applied
in this experiment or compensate for nutrient
losses in the fertilisation scheduling of the suc-
ceeding crops.

As from Figure 1, it is observed that, if we
simply consider the uptake by stalks that rep-
resent the marketable yield, nitrogen was bal-
anced at a fertiliser rate ranging from 40 Kg ha-1

(in the dry treatments) to 100 Kg ha-1 (in the ir-
rigated treatments). In order to reduce the ap-
plication rate of fertiliser and concomitantly
prevent any critical reduction in the soil nitro-
gen reserves, one should recommend sweet
sorghum crop residual buring (mainly consist-
ing of leaves) that with a C/N ratio ranging be-
tween 20/1 and 30/1 (Varvel and Peterson,
1991), favourably contributes to the synthesis of
stable humic acids in the soil (Giardini, 1997).

The greater amount of N derived from fer-
tiliser in treatment N120 is explained on the
grounds that plants cultivated in the more fer-
tilised treatment, by having a greater amount of

readily assimilable nitrogen, preferred nutrient
uptake in that form.

Finally, as previously reported, nitrogen loss-
es in the form of ammonia were rather small,
especially in the irrigated treatments.

5. Conclusions

In conclusion the experimental trial on sweet
sorghum was aimed at studying the agronomic
and environmental aspects as affected by nitro-
gen fertiliser and irrigation through monitoring
the main nitrogen balance components, lead to
the following concluding remarks.

Although an irrigation regime that regularly
and fully re-establishes irrigation requirements
is the most risky in that it leaches soluble ni-
trogen compounds (among which nitrates), the
high uptake of these fractions by sweet sorghum
minimised both nitrate concentrations and total
nitrogen losses in drainage waters. However, es-
pecially on shallow soils, where water excesses
immediately produce drainage, a proper irriga-
tion scheduling is extremely useful to reduce the
risk of leaching and for a sound use of water
resources.

Total nitrogen losses by volatilisation were
proportional to the amount of ammonium sul-
phate applied; however, both due to the
favourable soil conditions (neutral pH) and to
the positive effect of irrigation – in the case of
the irrigated treatments – such losses were very
small.

Irrigation proved to be indispensable for the
economic sustainability of sweet sorghum in the
studied cultivation areas. With respect to the ir-
rigated treatments, the nitrogen fertiliser rate of
120 Kg ha-1, referred to the stalk uptake only,
brought the nitrogen balance of the soil quite
close to neutrality.

Irrigation improved all the nitrogen use ef-
ficiency indexes, highlighting a positive interac-
tion with the fertiliser rate.
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