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Abgract
Thisstudy was carried out to understand the effects of conventional irrigation (Cl), regulated deficit irrigation (RDI,, and RDI, ) and partial root zone
drying (PRD,, and PRD, ) treatments on water productivity and water use efficiency of sunflower in the Ahwaz Plain, Iran. Irrigation water
productivity for seed yield (WP(Ir)Y) and water use efficiency for seed yield (WUE(Y)) were not significantly affected by conventional and limited
irrigation treatments. In this study, the highest (WP(Ir) Y) was obtained by limited irrigation treatments (RDI_, PRD,, and RDI_ treatments, with
mean 11.62, 11.37 and 11.12 kg mm, respectively.), whereas the lowest (WP(Ir)Y) was obtained from the CI treatment (10.74 kg mm?). The
maximumWUE(Y) wasrelated to RDI_, PRD, and RDI_ treatments, averaged 13.88, 13.59 and 13.29 kg mm'*, respectively. The minimum onewas
also associated with Cl treatment. averaged 12.48 kg mm™. It is concluded that the Cl treatment isthe best choice for maximum yield under thelocal

conditions, but thisirrigation scheme must be re-considered in areas where water resources are more limited.

Key words: Sunflower, water productivity, water use efficiency, conventional irrigation, regulated deficit irrigation, partial root zone drying.

Introduction

Water is essential for both the human society and the ecological
systemsthat humansrely on, but this essential resourceisfinite.
With the population growth and economic development, water
has becomeincreasingly scarcein agrowing number of countries
and regionsintheworld. Asthelargest water user, the agricultural
sector isfacing achallengeto produce morefood with lesswater.
Thisrequires an increase in water productivity (WP) and water
useefficiency (WUE) 27:37:49,

One of indexes used in plant yield and water use discussions,
economically based isWPwhichisdefined ascrop yield to water
use ratio. Water use consists of rainfall, irrigation or irrigation
plusrainfall. WPindicatesproductionlevel per input. WPindexes
have been stricted attention of researchers because of different
aspects (irrigation water productivity in overproduction than
rainfed conditions (or any other treatments), irrigation water
productivity intotal yield, rainfall productivity and productivity
of irrigation water + rainfall in total yield) 2%-3%.37.42.48,

In addition to WP index, WUE is applied in optimization %,
achieving from seed yield to real plant evapotranspiration ratio.
In somereferences evapotranspiration productivity isreferred to
WUE and would be indicated as WP, * %",

Sunflower (Helianthus annuus L.) is commonly grown as a
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dryland crop. Research and farmer testimony have demonstrated
that sunflower respondsto irrigation with yield increases of 100
to 200% over dryland yields common on droughty soils and in
extremely dry years. Sunflower adaptsto awiderange of soilsand
climatic conditions. Low sunflower yields may be caused by any
of thefollowing: incorrect plant population, poor soil fertility, lack
of weed control, diseases, insect damage, bird depredation,
lodging, late planting and harvesting losses. Management of all
factorslisted plus sound water management are essential “.

Instudies?® on the effect of irrigation interval on yield, yield
components and water productivity of sunflower mean valuesfor
WP(Ir)Y (irrigation water productivity for seed yield) were5.19,
5.09 and 3.95 kg seed mm™ for 1986/87 crop season and 5.79, 5.33
and 3.87 kg seed mm* for 1987/88 crop season correspondingto |-
1(40% depletion of availablewater), 1-2 (60% depletion of available
water) and 1-3 (80% depletion of available water) treatments,
respectively. Ininvestigation **of thewater use characteristics of
sunflower (HelianthusannuusL .) under deficit irrigation (Irrigation
- Precipitation) water productivity for seedyield (WP(Ir-P)Y) and
water use efficiency for seed yield WUE(Y) were between 1.9-3.8
and 5.2-9.3 kg mm, respectively, for thetreatments.
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Instudiesof Karaaet al. * average WUE(Y) of sunflower fully
irrigated control was 0.80 kg m whileWUE(Y) va uesof thedeficit-
irrigation treatmentswere0.76, 0.81 and 0.87 kgm3,in S1, S2 and
S3, respectively. At hiomassbasis, water useefficiency for biomass
yield WUE(B) varied from 3.79 kg m®inthe control to 3.46 kg m®
in Sl treatment, 3.70kg M2 in S2 and 4.07 kgm3in S3.

In studies of Karam et al. % on evapotranspiration, seed yield
and water use efficiency of dripirrigated sunflower under full and
deficitirrigation conditions, seed yield at dry weight basison the
well-irrigated treatment was 5.36 t ha. Deficitirrigation at early
(WS1) and mid (WS2) flowering stages reduced seed yield by
25% and 14% (P < 0.05), respectively, in comparison with the
control. However, deficit irrigation at early seed formationincreased
dlightly seed yield in WS3 treatment (5.50 t ha'). WUE(Y) was
foundto vary significantly (P < 0.05) among treatments, wherethe
highest (0.83 kg m®) and the lowest (0.71 kg m®) values were
obtained from WS3 and WSL1 treatments, respectively.

Goksoy et al.' investigated the responses of sunflower
(Héianthus annuus L.) to full and limited irrigation at different
growth stages. They indicated that WUE(Y) did not significantly
change when irrigation amount increased. However, WUE(Y)
valuesranged from 7.66 and 7.12 kg mm, respectively, for M and
rainfed (control) treatments, t0 5.09 and 5.59 kg mm%, respectively,
for HM and H treatments.

Demir et al. 1° studied the response of sunflower (Helianthus
annuusL.) to 14 irrigation treatmentsin asub-humid environment
(Bursa, Turkey). Theyield increased with irrigation water amount,
and the highest seed yield (3.95 t hal) was obtained from the
HFM treatment (full irrigation); 82.9 and 85.4% increases,
respectively, compared to the control. Also, the highest WUE(Y)
(7.80 kg mm2) and (I rrigation — Precipitation) water productivity
for seedyiddWP(Ir—P)Y (10.19 kg mm't) were obtained from the
Ftreatment (deficit irrigationsat flowering stage).

Todorovic et al. “investigated the deficit irrigation of sunflower
under Mediterranean environmental conditions. The experiment
excludes five irrigation regimes: A optimal water supply;
B application of 100% of water requirement up to flowering and
70% thereafter; C application of 70% of water requirement through
the whole season; D application of 70% of water requirement up
to flowering and rainfed condition thereafter and E rainfed
conditions during thewhole season. The averageyield wasrel ated
to theamount of water supply in all treatment except of treatment
D. The highest average yield was obtained for treatment A with
optimal water supply (6.14 t ha?). Water use efficiency was
established also referred to the yield (WUE(Y)). The greatest
WUE(Y) isfor thefull irrigation treatment (1.3 kg m3), followed by
treatment B (1.19 kgn3), rainfed trestment (1.15 kg m3), treatment
C (1.0kg m®) and treatment D (0.72 kg m3).

Rana et al. * studied the effect of basin, furrow and raingun
sprinkler irrigation systemsonirrigation efficienciesand yield of
sunflower. Theresultsindicated significant differencesinthethree
irrigation systems. Highest WUE(Y), i.e. 0.85 kg nr3, was obtained

in case of raingun sprinkler irrigation system as compared to 0.61
and 0.55 kg m® for furrow and basin irrigation systems,
respectively.

Asgari and Nagjafi 3 compared the effects of treated municipal
wastewater and different irrigation systems on maize and sunflower
yields and water use efficiency (WUE(Y)) were studied in a
southern waste water treatment plant in Isfahan, Iran. The
treatmentswerefurrow irrigation with normal water (FIN), surface
dripirrigation with waste water (SDI), sub-surfacedripirrigation
withwastewater at 15 cm depth (SDI 15), sub-surfacedripirrigation
with waste water at 30 cm depth (SDI 30) and furrow irrigation
withwastewater (FIW). SDI 30 resulted inthe highest seed yield
and WUE(Y), while FIN and FIW registered the lowest valuesfor
these parameters.

Although sunflower is known as a drought tolerant crop or
grown under dryland conditions, substantial yield increases are
achieved by irrigation. Thereisno research on sunflower irrigation
intheregion (Ahwaz Great Plainsand all of Khuzestan province)
wherethe study was carried out. Therefore, the main objective of
thisresearch wasto compare the effects of conventional irrigation
(CI), regulated deficit irrigation (RDI) and partial root zonedrying
(PRD) onwater productivity and water use efficiency of sunflower
(HelianthusannuusL.) inAhwaz Plain.

Materialsand M ethods

The experiment was carried out during the growing season of
2010, between February and June, on theirrigation research station
of Ahwaz Shahid Chamran University, in the K huzestan province,
located in the Southwest of Iran, latitude 31° 1818 N, longitude
48°39'68" E and dtitude 18 m above sealevel. Thelocal climateis
arid, summersare hot and dry and wintersare sub mild. According
tolong-term meteorol ogicd data(1966-2009), annua meanrainfal,
temperatureand relative humidity are 230.3mm, 25.4 °C and 48.9%,
respectively (Table 1) %. An arid climate prevailsin the region
according to mean rainfall amount, and rainfall amountsarelow in
the winter period. Seasonal rainfall amount is 111 mm, which
coincideswith 48% of total annual rainfall, for the winter period
(January, February and March). Additionally, total annual
evaporationisnearly tenfold of annual rainfall (2035.3 mm) and
seasonal evaporation in thewinter monthsistwaofold higher than
seasonal rainfall amount 2. Climatologic data of trial yearswere
measured at the synoptic meteorological station nearby the
experimental area.

TheKarun River suppliesall of thewater demands of theregion.
The application of irrigated agriculture has been common in the
study area. The soils of the tria field are Aridic Ustifluvents
according to American Taxonomic Classification ® and Calcaric
Fluvisol according to FAO/UNESCO Classification System, in
which soilsarealluvial. The soil of theareaisof Entisolsorders.
Also, the soil moistureregimeis Ustic whilethe soil temperature
regimeisHyperthermic. Thetype of soil inresearch areawasloam
(average 24% clay, 35% silt and 44% sand content), having 0.07%

Table 1. Mean air temperature, relative humidity and total monthly rainfall and evaporation (1966-2009) at Ahwaz.

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Average
Temperature (°C) 12.2 14.3 18.6 24.5 30.6 35.0 37.2 36.7 332 27.7 20.2 14.2 25.4
Relative humidity (%) 74.1 66.5 57.1 47.7 36.5 29.4 31.2 34.5 36.6 442 57.3 72 48.9
Total
Rainfall (mm) 48.4 37.2 26 22.6 10.3 0.2 0.0 0.1 0.2 2.5 30.2 52.6 230.3
Evaporation (mm) 53 71.96 124 174.9 249 301 300 274.4 209.2 143 82 53 2035.5
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total nitrogen content (Kjeldahl method), 0.11 kg ha! phosphorus
(Olsen method, P,0,), 1.26 kg ha' exchangeable potassium

(ammonium acetate method, K ,0), 1.1% organic matter (Walkley-
Black method), EC 5.7 dSn?, and abulk density of 1.59, 1.57, 1.50
and 1.49gcm2in0-0.30, 0.30-0.60, 0.60-0.90 and 0.90-1.20 m profile,
respectively. The soil pH was 7.97. The water holding capacity
(WC) of theexperimental sitewas133.1 mmina0.9 msoil profile.
WC was determined by the difference between the water content
at field capacity (FC) and at permanent wilting point (PWP). There
isnowaterlogging problem in the area, and the water table of soil
isdeeper than 170 cmin early spring.

The sunflower hybrid Hysun 33, characterized with early
flowering and maturity and mediumyield potential wassownona
total surface area of about 1200 m? of arectangular shape. Inthe
experiments, plot size was 400 m? (25 x 16 n?) at harvest. The
crops were hand sown on 17" February 2010, row spacing was
0.5 m; plant-plant spacing was 0.15 m, and hand harvested on 1%
June 2010, using fertilizer rate of 250, 125 and 250 kg ha' of N, P
and K, respectively. Weed control wasrealized manually a monthly
basiswithout any chemical input. Forty five plantswererandomly
sdlected from each plot (treatment) (at maturity period of the plants)
for measurement of biomassand seed yield. Biomasswas estimated
by weighing thetotal dry matter at harvest and obtaining itswater
content from a sub-sample that was oven-dried at 70°C until
constant weight.

Thecrop evapotranspiration (ETc) was cal culated by following
equation?;

ETc=KcxETo @

where ETo = reference crop evapotranspiration (measured from
class A pan) and Kc = the effects of both crop transpiration and
soil evaporation areintegrated in asingle crop coefficient.

Irrigation water was delivered to the plots with polyethylene
pipes, 75 mm in diameter, and was applied to the tria plots as
controlled by atank which hasawater meter. Required irrigation
water was applied to the plots by short blocked-end furrows.
Therefore, runoff and runon was assumed as zero because the
plots had earthen embankments. Deep percolation was assumed
aszeroin practice®, Therewasno recorded problemswith water
quality.

Threeirrigation methods, i.e. conventional irrigation (Cl, both
sides (both furrows) of plant row watered; applied 100% of water
requirements during thewhol e season), regulated deficit irrigation
(RDI_, and RDI_, both sides of plant row watered, applied 100%
of water requirements up to V8 stage (plant with 8 leaves) then
70% and 50%, respectively, thereafter), partial root-zone drying
(PRD, and PRD,, both sides of plant row alternatively watered;
applied 100% of water requirements up to V8 stage (plant with 8
leaves) then 70% and 50%, respectively, thereafter) and rainfed
(RF, non-irrigated) were applied.

The individual irrigation application depths were determined
on the basis of soil water storage depletion. Soil water contents
weremonitored prior toirrigation (each 1-2 daysbeforeirrigation)
using the gravimetric method ° from the plots of the second
replication of the varioustreatments, and then these valueswere
converted to volumetric water contents using bulk density.
According to the soil water contents measured, the plots of the
treatments were irrigated from deficit moisture content (60%
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depletion of available water) of 0-90 cm soil layer to FC at each
irrigation.

Under full irrigation condition (conventiond irrigation), irrigation
water was applied to 0.9 m of the sail profileto achieve FC, but for
limited irrigation treatments, they were applied 100% of water
requirementsup to V8 stage (plant with 8 leaves) then70% (RDI.,|
and PRD,)) and 50%( RDI, and PRD, ), respectively, thereafter.
The greatest amount of irrigation water was applied to the CI
treatment (623 mm), and thelowest of irrigation amount was applied
totheRDI, and PRD, irrigation treatments (311.5 mm). Thelayout
of the experiments was a completely randomized block design
withthreereplications.

Water productivity and water use efficiency indexes were
determined to evaluate the productivity of irrigation and
evapotranspiration in the treatments. Water productivity indexes
for seed yield was cal culated by following equations:

WP(In)Y =YLD/IRG @)

where WP(Ir) Y = irrigation water productivity for seed yield
(kg mmY); YLD =theseed yield obtained fromirrigation treatments
(kg); and IRG = the seasonal irrigation amount (mm).

WP(Ir + P)Y = YLD/(RAI + IRG) €)

whereWP(Ir + P)Y = (irrigation+ precipitation) water productivity
for seed yield (kg mm?); YLD = the seed yield obtained from
irrigation treatments (kg); RAI = the seasonal rain amount (mm);
and | RG = the seasonal irrigation amount (mm).

WP(Ir-P)Y =(YLD,,

rigation YLD Rainfed )/ IRG (4)
whereWP(Ir—P)Y = (irrigation— precipitation) water productivity
for seed yield (kg mm); YLD, ... and YLD_ . = the seed
yields obtained from irrigation treatments and rainfed treatment,
respectively (kg); and | RG =the seasonal irrigation amount (mm).

Water productivity indexesfor biomassyield are defined asthe
fallowing:

WP(Ir)B = BIO/IRG ©)

where WP(Ir)B = irrigation water productivity for biomassyield
(kg mm1); BIO = the biomass yield obtained from irrigation
treatments (kg); and | RG = the seasond irrigation amount (mm).

WP(Ir +P)B = BIO/(RAI + IRG) (6)

whereWP(Ir + P)B = (irrigation+ precipitation) water productivity
for biomass yield (kg mm®); BIO = the biomass yield obtained
from irrigation treatments (kg); RAI = the seasonal rain amount
(mm); and IRG =the seasonal irrigation amount (mm).

WP(Ir=P)B = (BIO,,0110, = BIOp s V/IRG )

where WP(Ir —P)B = (irrigation — precipitation) water productivity
for biomassyield (kg mm?); B Olrrigation andBIO,, ., =thebiomass
yields obtained fromirrigation treatments and rainfed treatment,
respectively (kg); and | RG = the seasonal irrigation amount (mm).

Water use efficiency indexes for seed and biomass yields

estimated by following equations:
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WUE (Y) = YLD/ETa (8)

where WUE(Y) = water use efficiency for seed yield (kg mmr?);
YLD = the seed yield (kg); and ETa = the actual crop
evapotranspiration amount (mm).

WUE(B) = BIO/ETa ©

where WUE(B) = water useefficiency for biomassyield (kg mm);
BIO = the biomass yield (kg); and ETa = the actual crop
evapotranspiration amount (mm).

Dataanalysis: All statistical analysiswerecarried out using SAS®,
to determine significance among irrigation treatments. Duncan’s
multiple range test (o« = 0.01, oo = 0.05) was used for mean
separation. Also, EXCEL ** was used to draw the histograms.

Resultsand Discussion

Biomass: A significant differencewasfound at the 1% probability
level between different irrigation treatmentsin biomass (Table 2).
Onthisbasis, the maximum biomass was related to Cl treatment
(average 26,920 kg ha'), PRD, treatment (average 18,987 kg ha')
was found the next rank and RDI., treatment (average 16,858kg
ha') was ranked in the third place, RDI_ and PRD, irrigation
treatments (in yield average of 13,575 and 14,146 kg ha?,

respectively) werethefourth rank andfinally the minimum biomass
(8093 kg ha?) wasrel ated to rainfed treatment (Table 3).

Proper water consumption would likely beresulted inincrease
inleaf activity in Cl treatment and thereafter led to increase in
photosynthesis and production food materials and as a result
plant biomass weight would be increased. While occurring
drought stress through the leaf arealoss and their falling would
be result of dropping in photosynthetic supply and falling in
enzymeactivitiesinfluencing on thisprocessand asaresult plant
biomass weight would be reduced. Turner et al. “ found that
water deficit in sunflower reducesdry leaf, stem and root weight
and resultsinlowering of dry plant weight (biomass) and impeding
growth trend. Karam et al. % stated that the maximum biomass
wasrelated towell-irrigated treatment (averaged 19.87 t hat) and
theminimum biomasswasre ated to WS1(deficitirrigation at early
flowering stages)and WS2 (deficit irrigation at mid flowering
stages) irrigation treatmentsinyield (average 16.48 and 17.89t
ha?, respectively). Todorovic et al.  reported that the full
irrigation treatment A had the highest final above ground dry
biomass of 14.9 t ha. Afterward, treatment B had 13.0 t ha'*of
biomass (87.5% of treatment A) and for treatment C (70% irrigation
supply) the biomasswasonly 9.9t ha?, or about 66.5% of thefull
irrigation treatment. The treatment D had at harvesting
approximately the samedry biomass (around 6.5t ha' or 43.6% of

Table2. Resultsof variance analysis (mean square) of biomassand seed yield of

sunflower at Ahwaz region (2010).

full irrigation treatment).Our results are in close agreement with
the above mentioned researches.

Seedyield: Inthesetestsirrigation treatment effects on sunflower
seed yield were significant at the 1% level of probability (Table
2).0nthisbasisthemaximum seed yield wasrelated to Cl treatment
(6687.7 kgha'), RDI. and PRD._ irrigation treatmentswere found
thenext rank (averaged 4845.3 and 4721.7, respectively). Then,
PRD,,and RDI_ irrigation trestments (averaged 3537.3 and 3615.3
kg hal, respectively) werefound inthethird place. The minimum
seed yield (averaged 2370 kg ha') wasrelated to rainfed treatment
(Table3). Seedyield decreased asirrigation water level wasreduced,
moisture stress leads to loss of the final crop yield components.
Seed yield reduction in deficit irrigation conditions seems to be
assigned to reducein growth period and seed filling, head diameter,
seed numbers in head, 1000 seed weight and increase in head
emptiness. In Ferereet al. ** water deficit wasfoundto lead to fall
of seed yield through reduction in seed number in head, dropping
photosynthesis and increase in the seed emptiness percentage.
Pankovic et al. 32 announced that moisture deficit during budding
processto end of flowering had the maximum negative effect on
sunflower hybrid yields because of reduction in head diameter
and seed number in head.

Balanced water consumption during different development
processeslike flowering and seeding seemsto result inimproving
of sunflower seed yield because two important components of
seed yield (seed number in head and 100 seed weight) would be
formed during these processes, while enough irrigation in
vegetative process |eads to desired development of leaf areaand
plant photosynthesis. Desirable seed yield in conventional
irrigation exhibits such due to having high durability of leaf area
in reproductive process, rapid physiologic growth, transferring
enough photosynthetic materials to reproductive organs and
eventually good benefiting from environmental feasibilities. It
could be come to conclusion, therefore, that reason of desirable
seed yield in conventional irrigation isto assign better and more
the photosynthetic materials in favor of reproduction process
and seed filling. Therefore, due to drought stress could be such
justified that improper irrigation treatment accel erates|eaf ageing
and reduced production level and decrease in leaf area and
photosynthesis amount.

Mazaheri Lagab et al. Zin this regard stated that improper
irrigation treatment caused | oss of the seed yield and reductionin
leaf areaand early ageing. Someresearcher, of course? 22, know
the main reason of seed yield loss due to drought stress as
photosynthesis reduction and retaining of photosynthates during
seed filling process. Drought stress effects on some physiol ogical
characteristics and yield components of sunflower are severe

Table 3. Theeffect of irrigation treatmentson
biomass and seed yield of sunflower

Source Degrees of Biomass Seed yield at Ahwaz region (2010).

Freedom (DF) i Treatments Biomass Seed yield
Replicates 2 19917581.2* 271976.06ns’ (kghah) (kg ha")
Treatments 5 119784894.6** 6570831.96%* CI 69202 6687.7a
Error . 10 3041250.1 232280.12 RDI,, 16858bc 4845 .3b
Coe.fﬁc1ents _ 10.61 11.21 RDIs, 13575¢ 3615.3bc
amggggﬁgaiw PRDy 18987b 4721.7b
*Significant at the 5% of probability level (P < 0.05). PRDs 14146¢ 3537.3bc
**Significant at the 1% of probability level (P < 0.01). RF 8093d 2370c
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reduction of seed yield, biomass and length of time of vegetative
process .

Extreme moisture stressin flowering, pollination and seeding
causes the maximum seed yield loss. Bonari et al. © stated that
water deficit and occurring drought stress leads to reduction in
leaf activity and consequently theyield. D’ Andriaet al. 8 cometo
conclusion during separated tests that reducing the irrigation
frequencies and increasing irrigation times could be helpful in
making the maximum seed yield. Karam et al.  stated that
sunflower seed yield at dry weight basis on the well-irrigated
treatment was 5.36t ha®. Deficitirrigation at early (WSL1) and mid
(WS2) flowering stages reduced seed yield by 25% and 14% (P <
0.05), respectively, in comparison with the control. However, deficit
irrigation at early seed formation was found to increase dightly
seed yield in WS3 treatment (5.50 t hal). Our findings were in
agreement with the above reported results.

Irrigation water productivity for seed yield (WP(Ir)Y): No
significant difference was observed between different irrigation
treatments in WP(Ir)Y based on variance analysis results
(Tabled).

According to average comparison test (Table5) the maximum
WP(Ir)Y averaged 11.62,11.37 and 11.12 kg mm* (1.16, 1.13 and
1.11 kg m?®) and was associated with RDI_, PRD,, and RDI.
treatments, respectively. PRD, and Cl treatments averaged 10.83
and 10.74 kg mm? (1.08 and 1.07 kg m®) and were of theminimum
WH(I)Y.

Al-Ghamedi et al. * studied the effect of irrigation interval on
yield, yield components, and water productivity of sunflower
(Helianthus annuus L.) on a sandy-clay-loam soil under field
conditionsin 1986/87 and 1987/88 crop seasons. They regarded 3
soil water consumption treatments: 1- 40% depl etion of available
water 2- 60% depl etion of available water and 3-80% depl etion of
availablewater treatments, respectively. Mean valuesfor WP(Ir)Y
wereb5.19, 5.09 and 3.95 (kg seed mm'?) for 1986/87 crop season
and 5.79, 5.33 and 3.87 (kg seed mn?) for 1987/88 crop season
correspondingto I-1 (40% depl etion of availablewater), 1-2 (60%
depletion of availablewater) and |-3 (80% depl etion of available

water) treatments, respectively. The results obtained strongly
suggest that an irrigation interval of 10 days, equivalent to 60%
depletion of available water, is optimum for reasonabl e sunflower
productioninAl-Ahsa, Saudi Arabia.

DeRodriguez et al. * found WP(Ir)Y of sprinkler, furrow and
basin irrigations as 0.85, 0.61 and 0.55 (kg m®) for sunflower,
respectively. Goksoy et al. 17 investigated sunflower reaction to
complete irrigation and deficit irrigation in different growth
processes and found the highest WP(Ir)Y as10.19 kg mmwhich
meets this study findings.

Todorovic et al. “ considered effect of deficit irrigation on
sunflowersin Mediterranean weather of Italy. In this study they
reported WP(Ir)Y in different treatmentsasfollows. A treatment
(full irrigation) WP(Ir)Y=1.3 kg m'; B treatment (application of
100% water requirements up to flowering and 70% thereafter)
WP(Ir)Y=1.19 kg m3; C treatment (application of 70% water
requirements through the whole season) WP(Ir)Y=1.0kg m3; D
treatment (application of 70% water requirementsup to flowering
and and rainfed condition thereafter) WP(Ir)Y=0.72kgm3and E
trestment (ranfed): WP(Ir)Y=1.15kg m3,

(Irrigation+ precipitation) water productivity for seed yield
(WP(Ir+P)Y): No significant difference was found between
different irrigation treatmentsin WP(Ir+P)Y (Table4). According
to results of (Table 5) RDI_, RDI., and Cl treatments averaged
10.19,10.11 and 10.04 kg mn1? (1.02, 1.01 and 1 kg m®) and werein
the first rank, respectively. PRD,, and PRD, averaged 9.97 and
9.85 kg mm (0.99 and 0.98 kg M) and were of theleast WP(Ir+P)Y,
respectively. Goksoy et al. ¥ investigated sunflower interaction
to complete and deficit irrigation in different growth process and
reported the highest WP(Ir+P)Y 7.80 kg mn2,

(Irrigation — precipitation) water productivity for seed yield
(WP(Ir-P)Y): Inthesetestsdifferent irrigation treatments did not
affect significantly WP(Ir-P)Y (Table4). The maximum WP(Ir-P)Y
averaged 6.94 kg mm (0.69 kg nr®) and wasrelated to Cl treatment.
RDI_, and PRD, treatments averaged 5.68 and 5.40 kg mm(0.57
and 0.54 kg m3) WP(Ir-P)Y and were found to the second rank,

Table4. Resultsof variance analysis (mean square) of WP(Ir)B, WP(Ir)Y, WP(Ir+P)B , WP(Ir+P)Y, WP(Ir-P)B, WP(Ir-P)Y, WUE (B) and

WUE(Y ) of sunflower at Ahwaz region (2010).

Source Degrees of WP(Ir)B WP(Ir)Y WP(Ir+P)B WP(Ir+P)Y  WP(Ir-P)B  WP(Ir-P)Y WUE(B) WUE(Y)
Freedom (DF)

Replicates 2 116.10%** 2.48ns” 95.61%* 1.96ns 116.14%** 2.47ns 165.94%* 3.54ns

Treatments 4 18.96ns 0.39ns 13.34ns 0.051ns 78.85%* 5.11ns 27.16ns 0.56ns

Error 8 8.60 1.53 7.27 1.24 8.60 1.53 12.29 2.18

Coefficients 6.83 11.11 6.97 11.13 13.04 24.05 6.83 11.11

variance(CV)

aNon-significant.

*Significant at the 5% of probability level (P < 0.05).
**Significant at the 1% of probability level (P < 0.01).

Table5. Theeffect of irrigation treatmentson WP(Ir)B, WP(Ir) Y, WP(Ir+P)B , WP(Ir+P) Y, WP(Ir-P)B, WP(Ir-P) Y, WUE( B)
and WUE(Y) (kg mm®) of sunflower at Ahwaz region (2010).

Treatment WP(Ir)B WP(Ir)Y  WP(r+P)B WP(Ir+P)Y WP(-P)B  WP(Ir-P)Y WUE (B) WUE (Y)
(kg mm™) (kg mm™) (kg mm™) (kg mm™" (kg mm") (kg mm") (kg mm™) (kg mm™)
CI ?43.24ab 10.74a 40.43a 10.04a 30.24a 6.94a 51.69ab 12.84a
RDI;o 38.69b 11.12a 35.18a 10.11a 20.11bc 5.68ab 46.24b 13.29a
RDI; 43.61ab 11.62a 38.28a 10.19a 17.61c 4.00b 52.14ab 13.88a
PRD;, 43.57ab 10.83a 39.62a 9.85a 25.00ab 5.39ab 52.09ab 12.95a
PRDs, 45.45a 11.37a 39.89a 9.97a 19.45bc 3.75b 54.32a 13.59a

aThe values with the same letter are statistically homogeneous in Duncan test.
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respectively. RDI_ and PRD_; averaged 4 and 3.75kgmm™ (0.4
and 0.37 kg nr3) and were of theminimumWP(Ir-P)Y (Table5and
Fg.3).

Erdem et al. 2 reported that WP(Ir-P)Y was between 1.9- 3.8 kg
mm?, for the treatments. Schneekloth 3¢ found that WP(Ir-P)Y for
dry farming oil seed sunflower were 2.59, 1.67, 9.45, 3.87 kg mm?,
respectively and for completeirrigation 1.63 kg mm. Goksoy et
al. Y7 indicated that the highest WP(Ir-P)Y value obtained from
the F treatment (irrigation applied only at flowering period)
averaged 9.18 kg mm-* and thelowest valuefrom the H treatment
(irrigation applied only at heading period) 4.22 kg mm-.

Demir et al. 1° reported that the WP(Ir-P)Y did not significantly
change when irrigation amount increased. The maximum
WP(Ir-P)Y for sunflower was 10.19 kg mn1t (applyingirrigationin
flowering process) and the minimum WP(Ir-P)Y 4.74 kg mm !
(applying irrigation in head appearing process and flowering
process). Theresult showed that flowering processisthefar most
important process of irrigation for sunflower (with respect to this
sunflower isahighly sensitive plant to water stressin flowering
as compared with other growth stages).

Rinaldi * reported that when seasonal irrigation water was
limited, one or two irrigations in the central phase (heading and
flowering stages) isprofitablefor WP(Ir-P)Y and net income. Also,
Rinaldi * reported that in a water-limited environment; even a
singleirrigation would double net income as compared to arainfed
treatment.

Irrigation water productivity for biomassyield (WP(Ir)B): No
significant difference was found between different irrigation
treatmentsin WP(Ir)B (Table4). The maximum WP(Ir)B wasre ated
to PRD, treatment which averaged 45.45 kg mm™ (4.54 kg m?),
RDI_, PRD, and Cl treatmentsaveraged 43.61, 43.57 and 43.24 kg
mm* (4.36, 4.35and 4.32 kg mr®) and got thenext rank, respectively
(Table 5). Finally, the minimum WP(Ir)B was related to RDI|
treatment and averaged 38.69 kg mmt (3.87kg n1).

(I'rrigation+precipitation) water productivity for biomassyield
(WP(Ir+P)B): WP(Ir+P)B in this study was not observed
significant by different irrigation treatments (Table4). Building on
this (Table 5) the largest WP(Ir+P)B was related to CI, PRD,,
PRD_, and RDI,, treatments which averaged 40.43, 39.89, 39.62
and 38.28 kg mm? (4.04, 3.99, 3.96 and 3.83 kg m3), respectively.
RDI, treatment, finally, averaged 35.18 kg mm* (3.52 kg m*) and
had theleast WP(Ir+P)B.

(I'rrigation —precipitation) water productivity for biomassyield
(WP(Ir-P)B): Based on variance analysis (Table 4) asignificant
difference was found at the 1% level of probability between
different irrigation trestmentsin theterms of WP(Ir-P)B. According
to average comparison test (Table5), the maximumWP(Ir-P)B was
related to Cl treatment averaging 30.24 kgmm™ (3.02kg m3), then
PRD, averaging 25 kg mm™ (2.5 kg m ) got the second rank.
After that, RDI. and PRD, with average WP(Ir-P)B of 20.11and
19.44kg mm*(2.01and 1.94 kg n®) got thenext rank. Theminimum
WHP(Ir-P)B wasrelated to RDI,, treatment and averagd 17.61 kg
mm?*(L.76 kgm?).

Water use efficiency for seed yield (WUE(Y)): According to
variance analysisresults (Table4), different irrigation treatments
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did not affect significantly WUE(Y). Average comparison test
result (Table 5) showed that the highest WUE)Y) was related to
RDI,,, PRD, and RDI_; treatments and averaged 13.88, 13.59 and
13.29 kg mm, respectively. The least WUE(Y) associated with
PRD_, and CI treatments averaged 12.95 and 12.48 (kg mm ),
respectively.

Karaaet al. % studied theimproving of water use efficiency of
sunflower through regulated deficit irrigation, and average
WUE(Y) of fully irrigated control wasof 0.80 kg nr®while WUE(Y)
values of the deficit-irrigation treatments were 0.76, 0.81 and
0.87 kgm3,in S1, S2 and S3, respectively. Karam et al. ® stated
that WUE(Y) in deficit irrigation treatments is higher than in
conventional ones (which agree with the study results), and
WUE(Y) amount in WS2 and WS3 deficit irrigation treatments
was0.76 and 0.83 kg m® and in conventional irrigation treatment
0.71 kg mr3. Flénet et al. ¢ found that WUE(Y) was greater in
stressed treatments than in the well irrigated control, while
Stone et al. ** and Goksoy et al. ¥ found that WUE(Y) did not
significantly change when irrigation amount increased.

However, in Goksoy et al. " study thelowest WUE(Y) was5.09
kgmm- (HM treatment, irrigation at heading and milking periods)
and the highest one related to M treatment (irrigation applied
only at milking period) averaged 7.66 kg mm*.

Demir et al. ° stated that WUE(Y) did not significantly change
when irrigation amount increased and obtained WUE(Y) amount
between 6 kg mm (irrigation applied at heading and flowering
stages) and 7.8 kg mm? (irrigation applied only at flowering stage).
Previous studiesindicated that WUE(Y) ranged from 5.39t0 10.5
kg mnr? 73441 The maximum values of WUE(Y) reported in the
literaturewere 10.5 kgmm?in Connor et al. 7, referringto afield
experiment and 12.3 kg mmin Flénet et al. 6, referring to an
experiment in plastic pots. Our resultsarein agreement with all the
above studiesthat seed yield increased with irrigation frequency
and seasonal irrigation amount, and the WUE(Y) between
treatmentswas not significantly different.

Water use efficiency for biomass yield (WUE(B)): Test result
showed that no significant difference was observed in different
irrigation treatments in the terms of WUE(B) (Table 4). PRD,
trestmentsaveraged 54.32 kg mnrtand was of themaximal WUE(B),
and RDI_, PRD, and Cl treatments averaged 52.14, 52.09 and
31.69 kg mm*) and got the second rank (Table5). RDI_ treatment
(46.24 kg mm%) had the minimum WUE(B).

Karaaet al.  stated that, WUE(B) varied from 37.9 kg mm?in
thecontrol to 34.6 kg mnrtin S1 treatment,37.0 kg mmrtin S2 and
40.7kgmnrtin S3. Karam et al % improved water useefficiency for
some annual crops such as sunflower through regulated deficit
irrigation. A 2-year experiment (2003-2004) wasconducted at Tal
Amara Research Station in the Bekaa Valley of Lebanon to
investigate sunflower responseto deficit irrigation. Field soil was
deep having high clay percentage (44%) and good drainage state.
Sunflower seasonal evapotranspiration was 765 mm in 2003 and
882 mmin2004. WUE(B) was 3.46 and 4.1 kg m® during 2003 and
2004. Flowering was found to be the most critical stage of
sunflower for applying deficit water conditions and this state
should be avoided.

Thecrop water production function: The crop water production
function (CWP function) expressesthe relation between obtained

207



marketableyield (Ya) and thetotal amount of water evapotranspired
(ETa) 1214043 |tsaxesare madedimensionlessby plotting relative
yield (Yrel ratio of actual Yato maximum possible yield under

given agronomic conditionsY m) versusre aive evapotranspiration
(ETrel ratio of actual evapotranspiration ETato crop ET under

non-stressed, standard conditions ETc). A linear relationship was
found between relativeyield and rel ative evapotranspiration (Fig.
1). Seed yield responded linearly to applied water, i.e. the seed
yieldincreasesasirrigation amount isincreased (R?=0.87). Our
finding support the previouswork of Soriano et al. ** who reported
that a linear relationship was found between irrigation and

sunflower seedyield (R?2=0.64). Also, Karam et al. % studied the
rel ationships between sunflower seed yield and irrigation during
2003 and 2004 growing seasons. Therewas poor linear relationship
in 2003 between seed yield and evapotranspiration, which resulted
in (R%=0.40), whilein 2004 the relationship resulted in a better
correlation (R? = 0.71). The poor relationship obtained in 2003
could beduetothehigher amount of rainfal and moreparticularly toits
vaiabledigributionintimewith comparisonto 2004.

1.20

1.00

vy =0.883x+ 0.064 ‘

0.80

0.60

Relativeyield (Ya/Ym)

0.40

0.20

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20

Relativeevapotranspiration (ETa/ETc)

Figurel. Relationship betweenrelativeyield and rdl ative evapotranspiration
of sunflower during 2010 season.

Conclusions

This study was carried out to investigate the effects of

conventional irrigation, regulated deficit irrigation and partia root
zone drying treatments on water productivity and water use
efficiency of sunflower in the Ahwaz Plain of Iran. Seed and
biomass yields were significantly affected by irrigation amount.
When considering the seed and biomassyields, it was concluded
that the seed and biomassyieldsincreased with irrigation amount,
and the highest seed and biomass yields were obtained from the
Cl treatment with no water stress (6687.7 and 26,920 kg ha?,

respectively). Irrigation water productivity for seedyield (WP(Ir)Y)
and water use efficiency for seed yield (WUE(Y)) were not
significantly affected by conventional and limited irrigation
treatments. Perhapsit wasbetter to, therefore, start deficitirrigation
treatments (RDI & PRD) slightly sooner than (V8) stage. Also,
there was extra irrigation water amount for deficit irrigation
treatments (that applied 50% and 30% deficit irrigation followed
by (V8) stage for sunflower), and it was better to apply deficit
irrigation of lower irrigation water amount (for example 60% and
40% deficit water followed by (V8) stage). Inthisstudy, the highest
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(WP(Ir)Y) was obtained by limited irrigation treatments (RDI. ,
PRD, andRDI, trestments, withmeen 11.62, 11.37and 11.12 kg mm™,
respectively), whereas the lowest (WP(Ir)Y) was obtained from
the conventional irrigation (Cl) treatment(10.74 kg mm%). The
maximumWUE(Y) wasrelatedtoRDI_, PRD_ and RDI_, trestments
whichaveraged 13.88, 13.59 and 13.29 kg mm 1, respectively. The
minimum onewas al so associated with Cl treatment and averaged
12.48 kg mnr?. The greatest amount of irrigation water was applied
tothe Cl treatment (623 mm), and thelowest irrigation amount was
appliedtothe RDI_ and PRD, irrigation treatments (311.5mm). A
linear relationship wasfound between relativeyield and relative
evapotranspiration. Seed yield responded linearly to applied water,
i.e. theseedyieldincreasesasirrigation amount isincreased. Itis
concluded that the CI treatment is the best choice for maximum
yield under thelocal conditions, but thisirrigation scheme must
bere-considered in areaswhere water resources are more limited.
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