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Abstract
Field experiments were carried out during the years 2002, 2004, 2005 and 2006 to analyze water-soil-atmosphere in-
teractions in sprinkler irrigated rice. The research was carried out in Sardinia (39º 59’ N; 8º 40’ E, at altitude 15 m).
The cultivars used in the experiments, respectively in 2002 and in 2004-2005-2006, were Irat 212 and Eurosis. In
each year cultivars were subjected to the same crop management. Irrigation was applied since the emergence with
the sprinkler method, taking into account the loss of water from ‘Class A’ pan evaporation. Soil water content was
monitored at 0.10 m intervals until 1.00-m depth using a ‘Diviner 2000’ (Sentek). In 2002 seven irrigation schedul-
ing treatments were compared. In 2004, 2005, 2006 irrigation treatments provided for optimal soil water conditions
during the growing season.
In 2002 the results highlighted: 1) 0-0.20 m depth was the most important layer for crop water uptake and the best
correlated layer with rice rough yield; 2) the positive relationship between yield and water supply was significant
until 6500 m3 ha-1 of water applied. Further seasonal irrigation volumes did not increase significantly yield.
In 2004, 2005 and 2006 the analysis of the soil water balance at different crop phenological stages allowed to esti-
mate crop coefficients (Kc) using the Penman-Monteith equation and the ‘Class A’ pan evaporation (Kcev).
Kc varied over the three-year period on average from 0.90 to 1.07 and 0.97, respectively for the emergence-end of
tillering, end of tillering-heading and heading-maturing periods, while crop coefficients as a ratio between maximum
crop evapotranspiration (ETc) and Epan, Kcev ranged from 0.78 to 0.92 and 0.81 for the same time periods.
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1. Introduction

Rice is usually cultivated in anaerobic condi-
tions, as the crop grows well under the sub-
merged conditions created by the basin irriga-
tion method. However, this method requires a
huge amount of water, that is variable between
13000 and 20000 m3 ha-1 or even more, depend-
ing on pedoclimatic conditions and cultivars
(Giardini, 1992; Luppi et al., 2000; Spanu et al.,
1989). The high water consumption is mainly at-
tributable to the water lost by soil evaporation
(E), by crop transpiration (T) and by deep per-
colation (D) below the rooting zone conse-
quently to the hydrostatic load of a few satu-
rated centimeters of shallow soil. The amount

of water lost by transpiration is the only loss of
water that is involved in crop production be-
cause transpiration is a driven process for
growth and yield components formation. The re-
duction in E and D components is possible
through the increase of the irrigation efficiency,
which can be achieved through the sprinkler ir-
rigation method. Such method could allow to
grow rice in areas with limited water availabil-
ity and in soils which are not suitable for basin
irrigation. It is an alternative method for rice ir-
rigation to save water, but also to simplify crop
management, to reduce environmental impact
and to make possible the traditional crop rota-
tion for rice.

Many studies have been carried out on the
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physiology and phenology of rice grown in
basins, but only a few works (Arf et al., 2000;
2002; 2003) have been conducted on rice irri-
gated by sprinkler method. Studies are needed,
in particular, on the crop yield response to the
amount of water applied and to the irrigation
interval. The experiments carried out in Sardinia
using sprinkler irrigation have highlighted the
possibility of reducing water use even to 50%
(Spanu et al., 2002; 2003), without decreasing
optimum rice yields.

In order to save water through a rational ir-
rigation scheduling, it is of relevance the calcu-
lation of the maximum crop evapotranspiration
over the entire growing cycle (ETc) and the
crop coefficients related to each phenological
phase.

2. Material and Methods

2.1 Site and Soil

The research was carried out during 2002, 2004,
2005 and 2006 cropping seasons, in Sardinia, at
the experimental fields of the University of Sas-
sari (39º59’ N; 8º40’ E, altitude 15 m). The soil
is a medium clayey textured, Typic Eutric Hap-
lic Fluvisol. Soil chemical properties are char-
acterized by neutral pH, absence of carbonates,
low total nitrogen (0.08%) and organic carbon
(1.35%) and by high phosphorus (189.5 ppm as
P2O5 assimilable) and potassium content (249.5
ppm as K2O exchangable). Water contents at
field capacity and at permanent wilting point
were those typical for this type of soil (FC =
34.5 % volume; WP = 20.35 % volume).

2.2 Crop management

The two cultivars used in the experiments, re-
spectively in 2002 and in 2004-2005-2006, were
Irat 212 and Eurosis, which are two medium-
early maturing type cultivars and two of the best
yielding cultivars in sprinkler irrigated condi-
tions (Arf et al., 2002; Spanu et al., 2003).

In all the years crop management was con-
sistent with local agronomic practices. The seed
bed was prepared by chisel ploughing to a depth
of 0.20 m, followed by a secondary tillage with
a field cultivator. All plots received a basal ap-
plication of 45 Kg ha-1 of N2, 90 Kg ha-1 of P2O5
and 50 Kg ha-1 of K2O before sowing. Additional
nitrogen as Ca(NO3)2 was top dressed at mid-

tillering and stem elongation at 30 Kg ha-1 each
time.

Insect damages were prevented by spraying
40 Kg ha-1 of 7% – chlopyrifos before sowing.

Weeds were chemically controlled by applying
1250 g ha-1 of pendimethalin at pre-emergence.

Cultivars were sown on 28 May 2002, 1 June
2004, 12 May 2005 and 10 May 2006 at 500 vi-
able seeds m-2 with a 14-row planter and in plots
of 15.7 m2 at 3 cm depth.

Irrigation of 100 m3 ha-1 was applied until
emergence with sprinkler method every 2-3
days depending on the meteorological data.

2.3 Treatments and design

The experiment was a complete randomized
block design with four replications.
Irrigation was applied during the emergence-
stem elongation period when the daily Epan
sum reached 20 mm, while during the stem elon-
gation-maturity period when the daily Epan
sum reached 30 mm.

Seven irrigation scheduling treatments were
compared in 2002: treatments V1, V2, V3, V4
and V5, characterized by a difference in the time
interval between irrigation events resulting from
adjusting the Epan with different empirical co-
efficients; treatment VM (medium stressed), in
which irrigation was delayed of 2-3 days com-
pared to V1; treatment VS in which irrigation
was applied when leaf rolling was observed on
the last emerged leaves.

In the three seasons, 2004 -2006, the object of
the study was to estimate only the rice crop co-
efficients using the data from four replications.

2.4 Measurements

Water content was recorded for each replication
in 2004, 2005, 2006, whereas only for two repli-
cations in 2002.
Soil water content was monitored at 0.10 m in-
tervals until 1.00 m depth approximately every
day using a “Diviner 2000” (Sentek).

In 2004, 2005 and 2006 measurements were
made in order to determine in optimal water
availability conditions the ratio (Kc) between
maximum crop evapotranspiration and refer-
ence evapotranspiration (ETo) estimated by
Penman-Monteith method and Kcev as the ra-
tio between maximum crop evapotranspiration
and Class A “pan” evaporation (Epan).

Irrigation was delivered every time soil mois-
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ture in the 0-0.40 m layer decreased below the
field capacity value determined in the field.

Crop evapotranspiration (ETc) during the
growing season was calculated using the data
provided by the “Diviner 2000” and according
to the soil water balance equation:

ET = P – (R+U) ± ∆W

where:
ET = loss of water from the soil by evapora-

tion and from the crop by transpiration;
P = irrigation plus effective rainfall (USDA,

1967);
R = surface runoff;
U = water that percolates downward from

the root zone or, in this experiments,
from the deepest layer monitored by the
probe;

∆W = rate of moisture variation in the 0-1.00
m layer.

In the 4-year experiments soil moisture content
did not vary below the 0.70 m depth as a conse-
quence of the absence of percolation, which was
therefore considered absent. On the other hand, as
result of the flat soil surface and of the low irri-
gation intensity also R component was assumed to
be negligible. Therefore, under optimal soil water
condition, the maximum crop evapotranspiration
can be expressed by the following equation:

ETc = P ± ∆W

Along the growing cycle, the main pheno-
logical stages were recorded. In 0.28 m2 sam-

pling areas plant number at emergence, plant
height at flag leaf auricles and at panicle base
levels, total plant height, fertile and sterile ker-
nels per panicle were recorded.

Grain sample was taken to determine rice
head yield.

3. Results and discussion

3.1 Weather – Year 2002

Weather records were obtained from a meteoro-
logical station located a few kilometres from the
field.

Minima and maxima temperatures were
close to their long term averages. In the mid-
growing season the lowest minimum tempera-
ture (24 °C) was slightly higher than its long
term average, while it was lower at the begin-
ning and at the end of the growing season (re-
spectively, 7 °C and 8 °C). The highest maxima
temperatures were recorded between tillering
and stem elongation and ranged between 37.0
and 40.1 °C. Generally, temperatures were favou-
rable along all developmental stages.

The excessive rainfall markedly increased air
humidity, which occasionally reached values be-
low 40%.

Precipitation differed from the long term aver-
age, with 200 mm falling during the sowing-harvest
period. Rainfall between April and first decade of
May (110 mm) led soil to field capacity.

Figure 1 shows reference evapotranspiration
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Figure 1. Reference evapo-
transpiration (ETo) and rain-
fall trend recorded from May
to October 2002. (S: sowing;
E: emergence; L: stem elon-
gation; SP: heading; M: phys-
iological maturity).
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(ETo) values calculated according to Penman-
Monteith equation and precipitations for the
period from May to October. The highest ETo
values coincided with the period of highest
drought, reaching maxima values (7.7 mm d-1)
at the beginning and at the end of July, while
minima values were observed when rainfall oc-
curred. Over the sowing-maturing period ETo
was 694 mm and rainfall 267.6 mm.

Figure 2 reports the average loss of water at
0.10 m intervals until 1.00 m depth. Values re-
fer to the most irrigated V5 treatment and to
the period from 16 July to 14 October. The high-
est loss of water occurred in the 0-0.40 m layer
(76%), 45% being lost in the 0-0.10 m layer as
a consequence of the highest root density and
evapotranspiration rate. The loss of water was
17% in the layer 0.10-0.20 m and 8%, 6%, re-

spectively, in the 0.20-0.30 m and 0.30-0.40 m
layers.

3.2 Irrigation scheduling and soil water content
variation

Seasonal irrigation volumes ranged between
3916 (VS treatment) and 7794 m3 ha-1 (V5 treat-
ment) and were applied respectively, with 18
and 37 irrigations. The treatments VM, V1, V2,
V3, V4 were irrigated, respectively, with water
volumes of 5082, 5735, 6181, 6677, 7259 m3 ha-1

applied with 23, 27, 29, 31, 34 irrigations.
Figures 3, 4, 5 show soil water content vari-

ation over the 2002 growing season as a func-
tion of the irrigation scheduling. Data were
available at 0.10 m intervals until 1.00 m depth,
but figures report the variation in soil water
content for the layers 0-0.10, 0.10-0.20, 0.20-0.30,
0.30-0.40, 0.40-1.00 m, since the averaged value
over the 0-40 cm is the most important layer for
crop water uptake. To show the most significant
results, only data from treatments VS and V5
are reported in the figures. Whereas, treatments
V2, V3, V4 are not shown because similar in
yields to treatment V5.

Figure 3 presents the variation in soil water
content relative to treatments VS. Note that all
the soil profile was interested to variation in soil
water content, including layer 0.40-1.00 m for a
short time.

Figure 4 shows the variation in soil water
content for treatment V5. All profile was con-
stantly under conditions of high soil moisture,
at about 47% and rarely reached 40%.
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Figure 2. Water losses at different soil depths observed in
V5 treatment from 16 July to 14 October. Each point cor-
responds to the average between 2-replication values.
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In treatment VM only the upper soil layers
(0-0.40 m) showed variation in soil water con-
tent. At deeper soil layer (40-100 cm) variations
were low and scarcely affected yield.

In treatments V1, V2, V3, V4 only the 0-0.10
m layer was influenced by rainfall events. Deep-
er layers were slightly affected by rainfall, but
the response to rain increased if periods be-
tween consecutive irrigations were reduced.

Averaged variation in soil water content of
the layer mainly interested (0-0.40 m) in crop
water uptake is shown in Figure 5 for treatments
VS and V5.

The study of soil water variation highlights
that soil water content in treatment VS reached
the wilting point on several occasions over the
growing season. Such severe water shortage oc-

curred for a short time during the heading
phase, while for a longer period during the ear-
ly maturing phase. Stress conditions determined
shorter neck nodes, lower storage reserves ac-
cumulation and a consequent decreased in yield
(Tab. 1). Vice versa in treatment V5 soil water
content did not reach values below the maxi-
mum field capacity over the whole growing sea-
son.

Variation in soil water content of the 0-0.40
m layer differed between the treatments VM
and VS. Values below field capacity (between
80% and 43% of the available soil water) were
recorded in the last twenty days of September.

The soil water content of the treatments V1,
V2, V3, V4 and VM varied gradually and ac-
cording to irrigation scheduling (data not
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ter content for different lay-
ers of the treatment V5, from
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Figure 5. Variation in soil wa-
ter content of the layer 0-
0.40 m for treatments VS and
V5, from stem elongation to
physiological maturity in the
2002. (L: stem elongation; SP:
heading; M: physiological ma-
turity; FC: field capacity; WP:
wilting point).
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shown). In particular, treatment V1 showed val-
ues below field capacity only in the early phase
of monitoring, while later values ranged be-
tween field capacity and saturation. Treatments
V2, V3, V4 showed similar soil water content
values, close to field capacity, which reflected
the highest yield but not significantly different
among them.

3.3 Development and Yield

Table 1 shows productive and qualitative bio-
morphological parameters.

The limited water availability affected the
growing season duration, lengthening the phe-
nological phases and negatively influencing all
the considered parameters.

Figure 6 shows the relationship between the
crop yield response value, averaged over all treat-
ments, to irrigation treatments (seasonal irrigation
volumes) yield significantly increased up to a sea-
sonal irrigation volume of 6500 m3 ha-1.

The relationship between yield and percent-

age of soil water content is reported in Figure
7. The strongest association with yield (r =
0.85**) was found considering the soil water
content (%) of the 0-0.20 m layer, probably as
a consequence of the greater proportion of
roots in this layer. In fact a previous experi-
ments comparing 29 sprinkler-irrigated rice cul-
tivars showed that the root density was higher
in the 0-0.20 m layer (30 cm cm-3) and decreased
to less than 10 cm cm-3 in deeper layers (Spanu
et al., 2004).

3.4 Weather conditions relative to the period
2004-2006

The maxima and minima temperatures for 2004
season were close to the typical pattern. The
highest temperature value was 40 °C at the be-
ginning of July. Temperature values were close
to 37 °C during several days until the first
decade of September. Minimum temperature af-
ter sowing reached 11 °C and later ranged be-
tween 14 and 24 °C. Daily average minimum
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Table 1. Bio-morphological parameters for the compared treatments.

Treatments Sowing - Sowing -  Total height Yield (13% grain 1000 Kernel Rice head
Heading maturity plant moisture content) Weight yield

days days cm t ha-1 g %

V1 96.5 a 141.5 bc 78.2 a 7.23 bc 24.0 bc 67.7 ab
V2 94.5 b 139.5 cc 77.3 a 7.64 ab 24.6 ab 68.2 ab
V3 93.5 b 139.0 cd 83.2 a 7.97 ac 25.0 ac 70.8 ac
V4 93.0 b 138.5 dc 80.6 a 8.04 ac 24.6 ab 68.2 ab
V5 92.5 b 138.3 dc 79.5 a 7.90 ac 25.2 ac 69.8 ab
VS 97.0 a 145.0 ac 66.0 b 4.10 dc 23.0 cc 67.0 bc
VM 96.0 a 141.0 bc 73.8 a 5.94 cc 24.5 ab 68.0 ab

Means sharing the same letter do not differ significantly from one another (Duncan test at P ≤ 0.05).
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Figure 6. Rice yield versus seasonal irrigation volume. Each
point corresponds to the average of 4 replications.

Figure 7. Relationship between rough rice yield and percent-
age of soil water content observed in the layer 0-0.20 m.
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temperature during ripening was close to 10 °C.
Minimum air relative humidity was on aver-

age 34%, ranging between 14% and 78%.
Figure 8 shows as varied daily reference

evapotranspiration (ETo) values calculated by
the Penman-Monteith equation and daily rain-
fall. The highest daily ETo values (7.8 mm) were
recorded in July, while the lowest values (less
than 2 mm) at the end of the growing season in
correspondence of rainy or cloudy days. Most of
the values were between 5 and 6.5 mm. The cu-
mulated ETo from sowing to maturity was 715
mm.

Precipitations fell mainly at emergence (18

mm) and during the end of the season without
affecting the ripening phase.

Maximum temperature pattern for 2005 was
similar to 2004, if some high values were ne-
glected. Also minima temperatures did not dif-
fer from typical values, ranging between 15 and
24 °C for the greatest part of the experiment.

Minimum air relative humidity did not differ
from the value recorded in 2004. Maxima and
minima values were, respectively, 88 and 12%.

In Figure 9 ETo and rainfall values for 2005
are reported. Mean values of ETo varied from
4 to 6 mm and decreased at the beginning and
at the end of the season. The highest values (7.8
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mm) were recorded at the end of June and in
July. The cumulated ETo from sowing to matu-
rity was 736 mm.

May rainfall favoured seedling emergence
and increased the soil water reserves; August
and September rainfall increased the amount of
soil water available to the crops without hin-
dering the harvest.

Maxima temperatures for 2006 were higher
than the long term average ones and varied
from 36 °C to 40 °C between heading and ma-
turing phases. Whereas the lowest temperatures
varied from 17 and 21 °C at the beginning of
the growing season to 18 °C at later stages.

Figure 10 shows ETo and rainfall pattern for
2006. ETo values were on average 5.5, 7.0 and
6.5 mm, respectively, at the beginning, in the
middle and at the end of the growing season.
Seasonal cumulated ETo was 837 mm. Total sea-
sonal rainfall was 121.2 mm and was mainly con-
centrated in September.

3.5 Irrigation volumes and soil water content
variations

Monthly irrigation volumes differed as a conse-
quence of the different monthly rainfall and
temperature pattern, while seasonal irrigation
volumes were similar over the three-year peri-
od. In fact seasonal irrigation volumes in 2004,
2005 and 2006 were 6678, 6774 and 6928 m3 ha-

1 respectively. Figures 11, 12, 13, show soil water
content variation averaged for the layer 0-0.40
m, respectively for 2004, 2005 and 2006.

In 2004 soil water content dropped below
field capacity at the beginning of the growing
season, probably as a consequence of the high
temperatures during the previous year and of
the scarce rainfall from autumn 2003 to winter
2004, which did not contribute to recharge soil
water content.

In 2005 and 2006 soil moisture was mostly
above field capacity, except for only a few days
in the middle of the growing season.

3.6 Phenological phases, yield and its compo-
nents

The crop parameters observed during the three
years of research did not differ significantly. The
duration of the periods from sowing to heading
and from sowing to maturity were on average,
respectively, 97 and 138 days. Total plant height
was on average 70 cm. Yield at 13% moisture,
1000 kernel weight and rice head were on av-
erage, respectively, 8.6 t/ha, 25.0 g and 65%.

3.7 Crop coefficients estimated over the period
2004-2006

The crop coefficients Kc were calculated as a
ratio between maximum crop evapotranspira-
tion (ETc) and reference evapotranspiration
(ETo) computed with the Penman-Monteith
equation: Kc = ETc/ETo; the crop coefficients
Kcev as a ratio between ETc and the Class A
‘pan’ evaporation Kcev = ETc / Epan.

The maximum crop evapotranspiration was
determined in non-limited water conditions, tak-
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to (M) in 2006. (S: sowing; E:
emergence; L: stem elonga-
tion; SP: heading; M: phyisio-
logical maturity).
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Figure 11. Soil water content
variation in the layer 0-0.40
m, rainfall and irrigation tim-
ing for (S) to (M) in 2004. (S:
sowing; E: emergence; L: stem
elongation; SP: heading; M:
physiological maturity; FC:
field capacity; WP: wilting
point).
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Figure 12. Soil water content
variation in the layer 0-0.40
m, rainfall and irrigation tim-
ing for (S) to (M) in 2005. (S:
sowing; E: emergence; L: stem
elongation; SP: heading; M:
physiological maturity; FC:
field capacity; WP: wilting
point).

F.C.

W.P.

ing into account precipitation, irrigation, water
losses until 1.00 m and assuming negligible the
water storage and percolation below 1.00 m
depth. This assumption was supported by the
uniform soil content pattern of the layer 0.90-
1.00 m (Fig. 14).

Kc and Kcev were determined at different
crop stages: a) from emergence to the end of
tillering; b) from the end of tillering to heading;
c) from heading to maturity.

Kc values for the three-year period are re-
ported in Table 2. The analysis of variance in-

Table 2. Crop coefficients (kc=ETc/ETo) values obtained on rice crop during three years research (2004-2005-2006), where
ETc and Eto are, respectively, Crop maximum Evapotranspiration and Reference Evapotranspiration.

Year Emergence-end of tillering End of tillering-heading Heading-maturing Total growing period

2004 0,88 1,06 0,94 0,96 a
2005 0,88 1,21 0,97 1,00 a
2006 0,94 0,94 1,00 0,96 a
Mean 0,90 b 1,07 a 0,97 b 0,97

Heach value correspond to the average over 4-replication. Means followed by the same letter are not significantly different at 
P ≤ 0.01.
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Figure 14. Averaged soil wa-
ter content variation for the
layer 0.90-1.00 m. Each point
corresponds to the average
over 4-replication values.

Figure 13. Soil water content
variation in the layer 0-0.40
m, rainfall and irrigation tim-
ing for (S) to (M) in 2006. (S:
sowing; E: emergence; L: stem
elongation; SP: heading; M:
physiological maturity; FC:
field capacity; WP: wilting
point).
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Figure 15. Relationship be-
tween values of Class A ‘pan’
evaporation (Epan) and eva-
potranspiration (ETo). ETo
was calculated with Penman-
Monteith metod.
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dicated the absence of significant differences in
Kc values between individual years. On the con-
trary, Kc values were significantly different
among the crop stages. Therefore, the averaged
long term Kc value for each crop stage was con-
sidered.

Figure 15 reports the significant relationship
(r = 0.98**; n = 448) between the Class A ‘pan’
evaporation (Epan) and the daily reference
evapotranspiration (ETo) estimated by Pen-
man-Monteith method.

Data from field experiments located in S. Lu-
cia during the period 2002-2006 were used to
analyze Class A ‘pan’ evaporation and ETo. The
line was forced through the origin and the slope
was equal to 0.846. With a few exceptions, evap-
oration and ETo values higher than 9 mm rep-
resented the sum of several consecutive days.

Table 3 shows Kcev values. Kcev differences
were significant among years, but the long term
mean was considered because differences were
on average small and lower than the precision
of the probe used to determine soil water 
content.

4. Conclusions

From the present experiments conducted on a
representative rice area of Central Sardinia the
following conclusions can be drawn:
– The sprinkler irrigation method clearly may

lead to agronomic and environmental bene-
fits, but also to economical advantages as im-
portant decreases in water consumption (~
50%) can be obtained without a decrease in
rice yields.

– The relationship between rice rough yield
and seasonal water supply, with regards to
the cultivar Irat 212, showed that yields can
be increased until water supply reached 6500
m3 ha-1 and that further irrigation volumes

were not able to bring convenient increases
in yields.

– Kc long term values varied from 0.90 to 1.07
and 0.97, respectively for the emergence-end
of tillering, end of tillering-heading and
heading-maturity periods. The Kc value for
the first period was influenced by irrigation
interval, which in turn depends on the soil
type. In this work the Kc value can be con-
sidered reliable even for the other rice cul-
tivation areas of Central Sardinia where this
study was carried out.

– As a consequence of the strong relationship
between ETo and the Class A ‘pan’ evapo-
ration (Epan) data, Kcev values can be con-
sidered as equivalent to Kc values.

– The Kc and Kcev values calculated through
this experiment are average values for the
reference periods and are therefore suited
for an a priori evaluation of the water re-
quirements of sprinkler irrigated rice, but not
for scheduling irrigation. A correct irrigation
scheduling has to be based on daily values
of Kc and Kcev, which can only be obtained
through lysimeter-based studies.
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