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ABSTRACT

This study is targeted to improve surface irrigation performance of durum wheat in swelling soils. For this purpose,
furrow and border irrigation trials were carried out and evaluated under different soil water depletion rates, furrow
spacing and unitary inlet discharges. Irrigation was triggered whenever the soil water depletion rate reached a predeter-
mined threshold. A comprehensive irrigation evaluation produced hydraulic, agronomic and economic indicators, such
as application efficiency, distribution uniformity, crop yield, gross margin and water productivity. Experimental results
showed that supplied water depths exceeded soil water deficits, inducing relevant vertical and lateral water losses. Al-
though border and furrow irrigation crop yields were virtually tantamount (about 5.5 Mg/ha), furrow irrigation was the
system of choice. An irrigation strategy based on a furrow spacing of 150 cm, an inlet discharge of 2 I/s/furrow and a
soil water depletion rate of 30% required a gross water depth of 4300 m*/ha/yr and generated an optimum crop yield of
58 gx/ha. In the analyzed range of soil water depletion, the gross margin and water value amounted to 1064 - 1390 Tu-
nisian Dinar per hectare (TD/ha) and 0.39 - 0.44 TD/m?®, respectively, for a furrow spacing of 150 cm.
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1. Introduction

Water requirements of irrigated areas are endlessly grow-
ing because of irrigation intensification and the con-
comitant expansion of irrigated acreages. Given the acute
competition between the different sectors (agriculture,
industry, tourism, water drinking, ecological needs), wa-
ter conservation is becoming a must [1]. Acreages served
by surface irrigation have witnessed a noticeable world-
wide regression during the last decade. This decline is
likely ascribed to the low application efficiency of sur-
face irrigation systems [2]. In California, Orang et al. [3]
reported that surface irrigation was practiced on 50% of
irrigated area in 2001 against 80% in the 1970’s. Not-
withstanding this decrease, surface irrigation remains
widespread in California, particularly with field crops
(80%) and vegetables (43%). At the aftermath of efforts
to modernize irrigation in Spain, the area served by sur-
face irrigation has dropped to 37% of the total irrigated
area [4]. Despite public subsidies to curb excessive water
use, surface irrigation is still practiced on more than 54%
of irrigated area in Tunisia. Aquastat [5] argues that
about 25% of the area covered by surface irrigation in
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Tunisia uses modernized techniques. It should be under-
lined that irrigation reengineering is facing several tech-
nical and socio-economic constraints. Improper surface
irrigation strategies on cracked soils are synonymous of
noteworthy water and nutrients losses. These are gener-
ated by the so-called bypass or funnel flow which results
in a preferential flow within cracks [6]. It should be em-
phasized that cracks may result from the use of plowing
tools, earthworms and processes such as swelling and
shrinkage [7]. Moreover, vertisols are renowned by swell-
ing and shrinkage phenomena during the sorption and
desorption phases. Donahue et al. [8] estimated the area
covered by vertisols to 1.8% of the world area. In these
soils, the change of volume in the vertical direction in-
duces the subsidence phenomenon, whereas the change
of volume in the lateral direction causes the formation of
cracks [9]. According to Cabidoche and Ney [10], verti-
sols are composed of smectite clay which may generate a
suffocating environment compromising crop Yields. Liu
et al. [11] asserted that the applied water depth depends
on the size of the cracks, but this interrelatedness is not
lasting because of cracks’ clogging. According to these
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authors, the infiltration flow rate is halved after 200 min-
utes of rainfall. It should be stressed that border irrigation
in swelling soils causes a rapid closure of cracks and
generates a virtually linear wave-front advance 10 min
after the irrigation onset [12]. Under these circumstances,
the humidification front is 3 to 10 times deeper than that
of cracks. Considering water shortages, irrigation of ce-
reals and fodder crops is often deficient in Tunisia. The
triggering of irrigation often occurs at advanced stages of
soil water deficit, leading to a significant depletion of
soil water. It should be stressed that it is strenuous to
tame surface irrigation and monitor it in cracked soils
even with significant inlet discharges.

Studies carried out in Tunisia showed that a water
supply of 200 mm often guarantees an average crop yield
(Ya) up to 50 gx/ha every two years. Such a crop yield is
deemed economically acceptable in arid areas [13]. The
aforementioned water amount is commonly split between
the sowing and flowering periods. Zairi et al. [14] showed
that border irrigation in cracked clay-textured soils re-
quires water supplies larger than 200 mm without achiev-
ing acceptable application efficiencies. This is particu-
larly true for dense crops such as cereals and fodders. It
should be emphasized that the previous assertion remains
plausible as long as the irrigation interval is long. Clem-
mens and Dedrick [15] claimed that irrigation perform-
ance is often more related to on-farm water management
than to the irrigation system itself. The performance of
surface irrigation depends on soil infiltration, soil het-
erogeneity, land leveling, border or furrow length, field
slope and inlet discharge [16,17]. Ignoring this would
lead to excessive water intake and ipso facto to relevant
water losses. The present study is devoted to the com-
prehensive evaluation of surface irrigation performance
in cracked soils. The main objective is to seek for the
optimal combination of relevant parameters which ascer-
tains wise water conservation and acceptable durum wheat
production.

2. Material and Methods
2.1. Experimental Site

Irrigation trials were carried out at the experimental sta-
tion of INRGREF at Hindi Zitoun station. The latter is
characterized by a lower semi-arid bioclimate. Rainfall
episodes are sporadic and the mean inter-annual precipi-
tation is quite small (330 mm). The soil texture is clay-
loamy. The water contents at field capacity and perma-
nent wilting point, measured by Richards’ pressure plates
are 0.306 and 0.149 g/g, respectively. Inasmuch as the
soil is homogeneous and deep, these values produce a
water holding capacity of 230 mm/m. The zone is pro-
vided with a complete climate. The experimental plot of
200 m x 75 m is fed by a well debiting 40 I/s. The longi-
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tudinal slope is equal to 0.2%. Water distribution is per-
formed by PVC gated pipelines. The plot was cultivated
with durum wheat (Karim variety) provided with the
necessary inputs in a timely fashion.

2.2. The Experimental Setup

Three irrigation campaigns were carried out for evalua-

tion purposes. To avoid interferences between neighbor-

ing blocks, these were installed 6 m from each other.

Watering was triggered on the basis of soil moisture

content. These allow the inference of the water holding

capacity depletion level. Irrigation inflow was cut-off
whenever the wave front reached the last 10 m from the
downstream end of the furrow or the border.

The first irrigation campaign was intended to appraise
the effect of the soil water depletion level (p) on furrow
and border irrigation performance and on crop yield. To
this end, two depletion levels were assessed: 60% and
90%. These levels represent water deficits of 140 and
210 mm, respectively. Table 1 shows that the adopted
treatments differed in soil water depletion rate and irriga-
tion system. Following Zairi et al. [13], we adopted a
discharge of 1 I/s/furrow or per meter of border width.

Following the subdivision indicated in Table 1, irriga-
tion evaluation was based upon:

e Comparing the effect of soil water depletion rate on
irrigation performance for the same irrigation system.
The compared strategies were taken separately in
blocks 1 and 2. The furrow spacing and border width
were the same for the two compared strategies,

e Comparing the different irrigation systems within the
same block.

Analysis of the results recorded during the first cam-
paign highlighted the primacy of furrow irrigation versus
border irrigation in terms of hydraulic performance and
crop yield. This result led to drop border irrigation during
the second campaign, and focus only on furrow irrigation.
Table 2 shows that the adopted treatments differed in
unit inlet discharge and furrow spacing (S). The first
campaign revealed that a depletion rate of 90% provides
the best water conservation without significant crop yield
reduction. This is why the treatments carried out during
the second campaign dismissed the depletion rate of 60%.

Table 1. Treatments applied during the first measurement
campaign.

Treatments p (%)
Border: width=6 m
Block 1 Furrow: S=0.75m 60
Furrow: S=1.50 m
Border: width=6 m
Block 2 Furrow: S=0.75m 90

Furrow: S=1.50 m

S = spacing between furrows.
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Table 2. Treatments adopted in the second campaign.

Block Treatments S (cm) Q (I/s/furrow)
F-150-Q, 150 Q=1
Block 1 F-150-Q; 150 Q=2
F-150-Qs 150 Q:=3
F-75-Q, 75 Q=1
Block 2 F-75-Q; 75 Q=2
F-75-Q3 75 Q:=3

In the second column, F refers to furrow irrigation; the
numbers between hyphens refer to furrow spacing (cm);
Q refers to unit inlet discharge; and the subscript refers
to the corresponding treatment.

The third campaign was carried out with an inlet dis-
charge of 2 I/s/furrow. As in the previous campaigns, the
furrows were open at the distal end (free-flowing fur-
rows). Three depletion rates were assessed: 30%, 60%
and 90%. The exhaustion rate of 30% corresponds to a
low soil water deficit, and did not cause any cracking.

2.3. Irrigation Monitoring and Evaluation

Irrigation monitoring focused on 1) hydraulic measure-
ments (advance and recession); 2) gravimetric measure-
ments (soil moisture content) and 3) agronomic meas-
urements (crop yield). Irrigation was evaluated using
indicators: application efficiency (Ea) and distribution
uniformity (DU), as defined by Merriam and Keller [18].
Two additional indicators were used: gross margin (GM)
defined as the gross product minus the variable costs, and
water value (WV). Indeed, the water mobilization is of
prima facie importance in the decision making, particu-
larly in a context of water shortages. The water value
refers to the difference between the production value (PV)
and all variable costs (VC) except those related to the
consumed water (CW). Furthermore, it is interesting to
note that WV s straightforwardly inferred from the re-
lation:

PV —(VC-CW)
10x MAWD

where MAWD refers to the mean applied water depth
(mm).

3. Results and Discussion
3.1. Results of the First Campaign

A severe drought was registered during the first cam-
paign. Indeed, over the cropping cycle (end of November
to mid-June), only 85 mm of precipitation were recorded.
This accounts for 28% of the mean inter-annual rainfall
over the same period. Soil water measurements performed
during sowing revealed about half of the water holding
capacity. To homogenize water storage and enhance
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emergence, a water depth of 40 mm was supplied at that
time. The application of such a small amount of water to
a dry swelling soil was only possible by sprinkling. Apart
from this initial water supply, all treatments were wa-
tered two (with p = 90%) or three (with p = 60%) times
according to the soil water depletion rate.

Table 3 summarizes the applied water depths and hy-
draulic performance corresponding to the watering events
at sowing and after sowing. Regardless of the soil water
depletion rate, experimental results show that border ir-
rigation required the highest mean water depths (MAWD)
compared to furrow irrigation. The lowest application
efficiencies were recorded for border irrigation. On the
other hand, the mean water depths applied to borders
(MAWD) were larger than water deficits (WD). This
overrun was estimated to 35 and 70 mm for depletion
rates of 90% and 60%, respectively. It should be stressed
that the furrow spacing of 150 cm required the lowest
applied water depths (MAWD) compared to borders and
furrows spaced 75 cm. However, the moisture profiles
should be considered with watchfulness because of po-
tential lateral and vertical water losses induced by cracks.
For the same irrigation system, Table 3 shows that mean
applied water depths (MAWD) were quite similar, re-
gardless of the imposed depletion rate. The effect of the
depletion rate on the stored water depths (SWD) was
more noticeable.

Prior to sowing, an initial water depth of 40 mm was
applied by sprinkling to all these treatments. Table 3
shows that furrow irrigation produced the highest appli-
cation efficiencies (Ea). In the overall, the distribution
uniformity (DU) was fairly acceptable for all treatments.
This result is ascribed to the high applied water depths
(MAWD) compared to water deficit (WD). Table 4 sum-
marizes crop yield (Ya) and the water use efficiency
(WUE).

Despite the similar water depths stored during the crop-
ping cycle, Table 4 shows that crop yields were higher
for the depletion rate of 60% than for the depletion rate
of 90%. This result is due to the more severe water stress
under a depletion rate of 90%. This water stress is par-
ticularly harmful if it coincides with a sensitive stage of
crop development. In the backdrop of a semi-arid climate,
the adequate treatment is the one providing the best
combination between crop yield, hydraulic efficiency and
economic income. The results summarized in Tables 3
and 4 show that furrow irrigation implemented with a
depletion rate of 90% produced the highest application
efficiencies and required relatively moderate water ap-
plication. At this level of soil desiccation, Table 5 shows
adequate water use efficiencies and acceptable crop yields,
particularly for furrows separated 150 cm. These results
show that furrow irrigation of wheat is an adequate al-
ternative to border irrigation in the local swelling soils.
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Table 3. Soil moisture conditions before irrigation and hydraulic performance indicators.

Irrigation after sowing

Treatments

WD MAWD Ea DU SWD

(mm) (mm) (%) (%) (mml/irrigation)
Border: p = 90% 210 245 49 93 120
Furrow: S=75cm, p = 90% 210 185 63 62 117
Furrow: S = 150 cm, p = 90% 210 150 65 95 98
Border: p = 60% 140 210 43 95 90
Furrow: S =75 cm, p = 60% 140 170 46 87 78
Furrow: S = 150 cm, p = 60% 140 140 60 92 84

Table 4. Crop yields and water use efficiency as function of applied and stored water depths.

Ya Total Water Depth (mm) e WUE

Treatments - 3

(ax/ha) Applied Stored (mm) (kg/m)
Border: p = 90% 53.5 525 270 127 1.10
Furrow: S =75 cm, p = 90% 53.0 410 275 103 1.14
Furrow: S = 150 cm, p = 90% 56.0 335 230 95 1.36
Border: p = 60% 59.0 675 305 60 131
Furrow: S =75 cm, p = 60% 65.0 550 270 65 154
Furrow: S =150 cm, p = 60% 60.5 455 285 82 1.33

SC = soil water contribution.

Table 5. Comparison of irrigation hydraulic performance after sowing.

Treatment AWD (mm/irrigation) Ea (%) DU (%) MAWD (mm)
F-75-Q: 220 50 70 560
F-75-Q; 220 50 60 560
F-75-Q3 250 50 85 620

F-150-Q, 135 85 65 390

F-150-Q> 150 75 75 420

F-150-Qs 170 55 70 460

AWD: applied water depth (mm/irrigation).

These findings corroborate those of Zairi et al. [19] ob-
tained in the Medjerda lower valley. It should be high-
lighted that the above results are dependent on the used
inlet discharge (1 I/s). The second measurement cam-
paign clarifies the influence of this parameter.

3.2. Results of the Second Campaign

An outstanding drought was registered during the second
campaign too. Cumulative precipitation recorded during
the cropping cycle was 165 mm. This amount accounts
for 55% of the average inter-annual rainfall over the
same period. The gravimetric moisture sampling at sow-
ing revealed that the water holding capacity was filled up
to 25%. All treatments received an initial water supply of
120 mm to ease crop emergence and ensure homogeniza-
tion of soil conditions. Apart from this water supply, all
treatments were irrigated twice from heading to grain
filling. Table 5 summarizes irrigation performance for
the applied treatments. This campaign upholds the afore-
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mentioned results inasmuch as the highest water depths
and the lowest application efficiencies were associated to
a furrow spacing of 75 cm. For the same inlet discharge,
the difference between the mean applied water depth
(MAWD) ranged from 140 mm (Q, = 2 l/s/furrow) to
170 mm (Qq = 1 l/s/furrow).

Table 6 shows that the differences in crop yield (Ya)
are not proportional to the difference between the mean
applied water depths (MAWD). Subsequently, tangible
water savings can be made without noteworthy crop
yield reduction. Thus, the use of a furrow spacing of 150
cm for wheat irrigation in cracked soils seems to be ap-
propriate in this context.

As expected, Figure 1 shows that the fastest wave-
front advance matched the largest inlet discharge. For a
150 cm spacing between furrows, Table 5 shows that the
application efficiency decreased as the inlet discharge
increased. Table 5 also shows that application efficiency
dropped by 30% when the inlet discharge rose from 1 to
3 I/s/furrow, causing a gap of 70 mm between the mean
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applied water depths (MAWD). Amazingly, for the same
furrow spacing, Table 6 shows that the highest mean
applied water depth (MAWD) induced the lowest crop
yield. This result is ascribed to the corresponding low
application efficiency. Given the small difference be-
tween the crop yields generated by the two lowest in-
flows (1 and 2 I/s/furrow), the choice of the inlet dis-
charge must be rational. Figure 1 shows that the choice
of the pair (Q, = 2 I/s/furrow, S = 150 cm) reduced the
irrigation time by 300 min. Based on crop yield, applica-

Table 6. Crop yield, cumulative supplied water depth and
water use efficiency.

Treatments  Ya (gx/ha) MAWD (mm) WUE (kg/m®)
F-75-Q; 49 560 1.07
F-75-Q, 52 560 0.98
F-75-Q; 58 620 0.82

F-150-Q, 55 390 1.18
F-150-Q, 57 420 1.12
F-150-Qs 47 460 1.07

700 1
WF-150-Q,: tav = 3.68 x - 30.63; R*=0.99
®F-150-Q,: tav = 1.92 x - 11.26; R*= 0.99
XF-150-Q;: tav = 1.59 x - 13.3; R*= 0.99
¢ F-75-Q,: tav = 1.59 x - 16.83; R*= 0.99
XF-75-Q,: tav = 1.25 x - 3.66; R* =0.99

AF-75-Q,:tav = 2.77 x - 28.95; R*= 0.99

600

Tav (min)
& 8
o o

[
o
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N
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Figure 1. Advance curves corresponding to a soil water
depletion of 90%.
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tion efficiency and irrigation time, one is led to prioritize
the inlet discharge of 2 I/s/furrow at the expense of 1
I/s/furrow. Water use efficiency (WUE) reported in Ta-
ble 6 advocates for furrow irrigation with spacing of 150
cm.

Gross margins (GM) and water values (WV) reported
in Table 7 corroborate the effectiveness of the discharge
of 2 I/s/furrow. Note that the pair (Q, = 2 I/s/furrow, S =
150 cm) yielded the highest gross margin and water value.
By cons, the pair (Q; = 1 I/s/furrow, S = 75 cm) produced
the lowest gross margin and water value. It should be
borne in mind that variable costs (VC) include seed, wa-
ter, labor, fertilizers, mechanization and weeding costs.

In the foregoing, it has been assumed that the cost of
the other variables (COV) is constant regardless of the
adopted treatment. The cost of water (CW) is calculated
in pro rata with the cumulative distributed water volumes.
It should be stressed that the pair (Q, = 2 I/s/furrow, S =
150 cm) required a relatively low labor cost (LC) and
provided a quite good productivity value (PV). Further-
more, it is interesting to note that GM is equal to:

GM =PV —(LC+CW +COV)

3.3. Results of the Third Campaign

For the third consecutive time, a relevant drought was
registered during this campaign. Incidentally, only 55
mm of precipitation were recorded during the cropping
cycle, which accounts for 20% of the inter-annual aver-
age over the same period. Soil moisture measurements at
sowing revealed that the holding capacity was filled up to
55%. All treatments received a water supply of 100 mm
at sowing in order to foster crop emergence and homoge-
nize initial conditions. Table 8 shows that the number of
irrigation events (NI) depended on the soil water exhaus-
tion rate (p).

Table 7. Gross margin and water value of the various treatments.

Treatments (TE\/;a) LC(TD/ha) (T(I:D\;\r/\a) ('I'CDC;PI/a) (T\I;ﬁ\a) (T%%a) (T\IIDVI\r{F)
F-75-Q 2744 335.64 672 1157 2164.64 579.36 0.22
F-75-Q, 2012 209.49 672 1157 2038.49 873,51 0.27
F-75-Qs 3248 178.93 744 1157 2079.93 1168.07 0.30
F-150-Q; 3080 197.91 468 1157 182291 1257.09 0.44
F-150-Q, 3192 127.08 504 1157 1788.08 1403.92 0.45
F-150-Qs 2632 106.48 552 1157 1815.48 816.52 0.29

1 Tunisian Dinar (1TD) = 0.629 $ at the date of November 19, 2012.

Table 8. Hydraulic performance of irrigations after sowing.

p WD (mm) NI MAWD (mm) Ea (%) DU (%)
p =30% 70 65 75 70
p = 60% 140 110 65 80
p =90% 210 2 145 60 70

Copyright © 2013 SciRes.
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As expected, these results show that the soil water
deficit (WD) and the mean applied water depths (MAWD)
increased gradually as the soil became dry. Contrariwise,
the number of required irrigation events and the applica-
tion efficiency decreased as the soil water exhaustion rate
increased. This behavior is due to the slow advance ve-
locities in dry furrows, as shown in Figure 2. It should
be underlined that the increase of the number of irriga-
tion events induced less soil cracking and hence lesser
water losses. Regarding distribution uniformity (DU),
Table 8 shows that the trend was irregular. The treatment
corresponding to a soil water depletion level of 30%
produced acceptable distribution uniformity and the high-
est application efficiency. Since the mean applied water
depths (MAWD) were lower than the soil water deficits
(WD), one is led to conclude that none of the aforemen-

tioned treatments was capable to induce deep percolation.

Such an irrigation stewardship is not sustainable, as it
favors gradual accumulation of salts within the root-zone.
However, this assertion should be nuanced inasmuch as
cracks foster deep percolation even if the soil water con-
tent is lower than field capacity.

Figures 1 and 2 indicate that wave-front advance
along the furrows was quasi-linear. This result corrobo-

400 7
350 1
300 T
250 A
200
150 1
100 -

50 1

0

Tav (min)

®P =30%: tav = 0.75 x - 8.45; R2 =0.99

Bp =60%: tav = 1.26 X - 10.89; R2= 0.99
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rates that of Waller and Wallender [12] for borders. Ta-
ble 9 summarizes crop yield, mean applied water depth
(MAWD), total stored water depth (TSWD), soil water
contribution (SC), actual evapotranspiration (ETR) and
water use efficiency (WUE) for the various treatments.

Table 9 shows that crop yields (Ya) dwindled as the
mean applied water depth (MAWD) and the total stored
water depth (TSWD) decreased. The difference between
crop yields generated by soil water depletion levels of
30% and 60% was relatively small. Table 9 also shows
that the three treatments had comparable water use effi-
ciencies (WUE), which exclude a priori this parameter
from the comparison criteria. Furthermore, Table 10
indicates that the soil water depletion level of 30% gen-
erated the highest gross margin and better leveraged irri-
gation water. Conversely, the soil water depletion level
of 90% generated the lowest gross margin.

It can be inferred that the soil water depletion level of
30% produced the best results from the hydraulic, agro-
nomic and economic standpoints. However, it is unlikely
that the farmer is able to irrigate his plot when the soil
water depletion levels are very low, given the imperatives
of water availability and labor cost.

AP =90%: tav=1.98x - 15.07; R2= 0.99 ___.-—“"— | ]

x(m)

Figure 2. Furrow irrigation advance curves for the different treatments.

Table 9. Crop indicators for the different treatments.

Depletion Ya (gx/ha) l\/(lﬁ\r/n\/)D TSWD (mm) (ri(r:n) (IrEr-lran) (\k/\g//LrJnE)
p = 30% 58 430 320 30 405 1.43
p = 60% 54 425 280 75 410 1.32
p =90% 51 390 245 40 340 1.50
Table 10. Gross margin and water value for the adopted treatments (S = 150 cm).
Depletion PV LC CcwW cov VvC GM wv ,
(DT/ha) (DT/ha) (DT/ha) (DT/ha) (DT/ha) (DT/ha) (DT/m%)
p =30% 3248 185.76 516 1157 1858.76 1389.23 0.44
p = 60% 3024 182.63 510 1157 1849.63 1174.36 0.39
p =90% 2856 167.36 468 1157 1792.36 1063.63 0.39

1 Tunisian Dinar (1TD) = 0.629 $ at the date of November 19, 2012.

Copyright © 2013 SciRes.
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4. Conclusion

Cereal crops are customarily fed by border, basin or
sprinkle irrigation. For clayey swelling soils, irrigation is
carried out in presence of cracks. Experimental results
show that border irrigation generates noteworthy water
losses. The evaluation of wheat irrigation by furrows was
undertaken although this system is rarely used for irri-
gating dense crops. To this end, the evaluation was based
upon hydraulic, agronomic and economic criteria. The
field trials with open furrows of 200 m long and 150 cm
apart generated conclusive results, particularly with an
inlet discharge of 2 I/s and a soil water depletion level of
90%. Indeed, this irrigation strategy has led to an appli-
cation efficiency of 60%, a distribution uniformity of
70%, a cumulative water supply throughout the vegeta-
tive cycle of 390 mm, a yield of 51 gx/ha, a water con-
sumption efficiency of 1.47 kg/m® a gross margin of
1064 TD/ha and a water value of 0.39 TD/m>. In the lo-
cal swelling soils, experimental results showed that wheat
irrigation by furrows is more adequate than border irriga-
tion form the hydraulic, agronomic and economic stand-
points.
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