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Abstract

This study evaluated the effects of different irrigation methods, varying levels of water deficit, and irrigation intervals on
transpiration, soil evaporation, crop growth, and yield of cowpea (Vigna unguiculata) under field conditions. The assess-
ment was conducted using the food and agriculture organization-56 dual crop coefficient method across seven irrigation
treatments. In the I1, 12, and I3 treatments, irrigation was applied through a drip irrigation system at 100%, 80%, and 60% of
crop evapotranspiration (ETc), respectively. In contrast, in the 14, I5, and 16 treatments, irrigation was provided at 100% of
ETc when soil moisture depletion reached 45%, 60%, and 75% of the management allowed depletion threshold, respectively.
The I7 treatment consisted of conventional furrow irrigation applied at four-day intervals. The results revealed that variable
irrigation intervals in the 14, 15, and 16 treatments resulted in seasonal soil evaporation (E) savings of 17.4%, 29.9%, and
42.8%, respectively, compared to the treatments receiving frequent irrigation at two-day intervals. Furrow irrigation (I,)
doubled the evaporation losses as compared to drip irrigation. Under deficit irrigation in I2 and I3, transpiration (T) decreased
by 18.5% and 42.7%, while ETc was reduced by 13.2% and 30.6%, respectively. Conversely, only 4.8% and 16.2% reductions
in transpiration were observed under IS5 and 16, respectively. The non-frequent irrigation regime in I4, IS5, and 16 decreased
seasonal ETc by 5.0%, 12.0%, and 23.8%, respectively, whereas furrow irrigation (I7) increased ETc by 28.1%. The highest
growth and yield attributes were observed in drip-irrigated I1 and 14 treatments, as confirmed through spectral signatures and
vegetation indices. The maximum yield of cowpea (11.57 tons per hectare) was recorded in I4, which was statistically on par
with I1 and I7. The lowest yield was observed in the severely water-stressed I3 and 16 treatments. Deficit irrigation in 12 and
I3 significantly improved the Water Productivity (WP, kg/m?)—Yield per unit of total crop evapotranspiration, Transpiration
Use Efficiency (TrUE, kg/m>)—Yield per unit of transpiration, Irrigation Water productivity (IWP, kg/m*)-Yield per unit
of irrigation water applied and Biomass Transpiration Productivity (WPTr, kg/m*)—Biomass per unit of transpiration. The
study highlights the potential of deficit irrigation strategies (12 and I3) to enhance water productivity and efficiency, while
non-fixed irrigation intervals (I4, IS5, and 16) contribute to reducing soil evaporation losses. Drip irrigation at 100% ETc with
a non-fixed irrigation interval (I4) emerged as the most effective treatment, optimizing both yield and water conservation.
These findings have significant implications for improving irrigation management in water-scarce regions.
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Introduction

Climate change threatens the sustainability of ecosystems
through severe constraints on water resources, with a cor-
responding increase in food and fiber production to meet the
expected population growth in the coming years (Kendall

Extended author information available on the last page of the article

and Pimentel 1994; Singh et al. 2014; Surendran et al. 2014).
Globally, more than 70% of withdrawn freshwater is used in
agriculture (Hamdy et al. 2003; Pimentel et al. 2004). Most
of this water may be lost before it reaches the roots of the
plant (Wallace 2000). Therefore, using water in agriculture
should be precisely managed, minimizing water losses that
can be used to cultivate more crops in the coming years
(Bouman 2007; Molden et al. 2010; Ward and Pulido-
Velazquez 2008; Surendran et al. 2021).
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At present, water scarcity restricts water use, especially
for irrigation. In many areas, there is insufficient water to
fully meet the water requirements of the growing crops,
especially during the dry season (Pereira et al. 2002; Falk-
enmark and Molden 2008). Therefore, irrigation manage-
ment strategies should be developed under water deficit
conditions to minimize the negative effects of water stress
on crop growth and productivity (Fereres and Soriano 2007
Zin El-Abedin et al. 2017). Deficit irrigation could provide
better survival for crops without affecting crop productivity
(Bloch et al. 2006; Mattar et al. 2020). Improvement of water
productivity under deficit irrigation has been successfully
confirmed in many crops (Geerts and Raes 2009; Zhang
2003; Ma et al. 2015; Li et al. 2019; Zin El-Abedin et al.
2019; Mattar et al. 2021). Research questions on efficient use
of water require the proper method of irrigation, irrigation
timing, and accurate assessment of crop water requirements
(CWR) (Aghdasi et al. 2010; Khorsand et al. 2019). The dual
crop coefficient model in the FAO-56 method addresses the
computation of crop evapotranspiration (ET ) by simulating
the crop transpiration (7)) and the soil evaporation (E) sepa-
rately (Zhang et al. 2013; Alberto et al. 2014; Barker et al.
2018). In this method, the reduction in soil moisture due to
plant transpiration and soil evaporation can be calculated
separately (Allen et al. 1998). Other than the single crop
coefficient model, the dual crop coefficient takes account of
the effect of the irrigation system, soil properties, irrigation
intervals and crop cover on ET . (Rosa et al. 2012; Zhao et al.
2013). While optimal transpiration rate is essential for ideal
plant growth and crop productivity (Flowers and Yeo 1989;
Bessembinder et al. 2005), the evaporation is unproductive
depletion, so minimizing the soil evaporation reduces the
CWR without affecting crop productivity, which means
more crop production for each drop of water or higher water
productivity (Droppelmann et al. 2000). Although both pro-
cesses go hand in hand, evaporation from the soil surface can
be restricted by soil mulching, subsurface irrigation, and a
non-frequent irrigation interval (Wallace 2000; Allen et al.
2005a; Wang et al. 2009).

High-frequency irrigation prevents periodic water stress,
when compared to low-frequency irrigation (Radin et al.
1989). Increasing the irrigation interval results in a drier
soil surface, which could produce less evaporation from the
soil surface, especially through the early growth stage when
the crop cover is incomplete (Zhang et al. 2013; Freeman
et al. 1976; Sepaskhah and Kamgar-Haghighi 1997; Allen
et al. 2005b). To avoid water stress, irrigation should be
applied at or before the depletion of the maximum allow-
able soil moisture to maintain transpiration at its standard
rate (Allen et al. 1998). The dual crop coefficient model is
capable of treating water restrictions in both volume and
timing (Rosa et al. 2012). Studying the effects of different
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patterns of water saving strategies in terms of intensity, dura-
tion, and fluctuation may lead to a better understanding of
the consequences of water stress and recovery after rehy-
dration. Considering these aspects, this field study aimed
to evaluate the role of irrigation method, deficit irrigation,
and irrigation intervals for partitioning soil evaporation and
transpiration, and assessing the growth and yield of cowpea
using the FAO-56 dual crop coefficient method.

Materials and methods
Location, meteorological, crop and soil data

The field experiment was conducted at the experimental
farm of Land and Water Management Research Group,
Center for Water Resources Development and Manage-
ment (CWRDM) located at Kottamparamba (1 1917 07"
N, 75° 52" 15" E, 60 m asl), Kozhikode, Kerala, India, dur-
ing 2017-18. The climate of the experimental site is tropi-
cal. The historical average annual rainfall is 3205 mm on
average, with a short dry season from December to March.
The field experiment was started at the beginning of the
dry season, depending on irrigation with ineffective rainfall
during the whole season. The daily values of maximum and
minimum temperature (°C), mean relative humidity (RH%),
and wind speed (km/day) during the experiment period were
recorded at the weather station of CWRDM near the experi-
mental site at a height of 2.0 m above the ground (Fig. 1). In
general, Soil pH was 6.97, with EC 207.86 ps, high in OC
and available nutrients of P and K, with a Field capacity of
0.244 m> m~3 and Permanent Wilting point as 0.183 m®> m~>.
The soil physical and chemical properties are presented in
Supplementary Table 1.

Seeds of cowpea Bali 265 were sown on November 29th
2017 at 20 cm distance in 30 cm raised beds of 60 cm width.
One lateral of the drip irrigation system with 4 Iph emit-
ters spaced at 40 cm was installed on each beds of that one
emitter could cover two plants. The recommended cultural
practices were followed in all the plots.

Experimental design and irrigation treatments

The study included seven irrigation treatments (I; to I;. Sup-
plementary Table 2) with three replicates, which were ran-
domly arranged in a completely randomized block design
(CRBD). ET, of cowpea was modeled based on the FAO-
56 dual crop coefficient method under different soil water
conditions to determine the quantity of applied water (AW).
InI;, I, and I, treatments, 100%, 80% and 60% of ET . were
applied through drip irrigation at 2 days interval, respec-
tively. In I, treatment, irrigation was scheduled on the day,
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Fig. 1 Meteorological features during the experimental period from
December 2017 to March 2018 A Daily minimum and maximum air
temperatures (Tmin and Tmax, °C), B daily average relative humidity
(RH mean, %) and wind speed (m/sec)

when available soil water (TAW), was depleted of 45%, the
maximum allowable level of soil water depletion for cowpea
(p) (Allen et al. 1998). The soil water depletion in the I,
treatment was always kept below the water stress threshold
of cowpea. So, ET, in I,was modeled under standard con-
ditions with no water stress. Then, the total ET, was fully
applied in the next irrigation through drip irrigation which
was assumed to bring back the available soil water deple-
tion to zero. In I5 and I treatments, irrigation was sched-
uled on the same day of depletion of 60% and 75% of TAW,
respectively. The consumption of water beyond 45% of TAW
threshold in both the treatments was under water stress.
Hence, the water stress coefficient was considered in ET,
modeling after depleting 45% of TAW . Further, to restore

the available water capacity, the total ET . was fully applied
in the next irrigation through drip irrigation. In addition, in
I, treatment, 100% of ET, under standard conditions was
applied at 4 days interval through the conventional furrow
irrigation system. The general description of the experimen-
tal treatments is summarized in Supplementary Table 2.

In short, the treatments included different irrigation sys-
tems (drip irrigation in I, I,, 15, 1, Is and I, and furrow irri-
gation in I,), different irrigation intervals (frequent irrigation
at fixed intervals in I, I,, I; and I,, and non-frequent irriga-
tion at unfixed intervals in I, I5 and I¢), different irrigation
levels [optimal irrigation in I, I, and I,, deficit irrigation
(moderate) in I, and 5, and deficit irrigation (severe) in 15
and I¢], and different water saving strategies (shortage of
applied water in I, and I, less evaporation losses in 1, and
extra depletion of available soil water in I5 and I).

Evapotranspiration (ET,)

The evapotranspiration of cowpea was calculated for plants
grown under standard conditions (ET ) as follows:

ET,=K,xET, = (K,, + K,)ET, (1)

Under water stress conditions, the adjusted crop evapo-

transpiration (ET ;) was calculated as follows:

ETcadj = (Kchb + Ke)ETO (2)
where ET . is crop evapotranspiration (mm day™), K_is dual
crop coefficient of FAO-56, K, is basal crop coefficient,
K, is soil evaporation coefficient, ET, is reference evapo-
transpiration (mm day™"), ET .4 is crop evapotranspiration
under water stress conditions (fnm day‘l), and K| is water
stress coefficient.

Reference evapotranspiration (ET,)

CROPWAT 8.0 has been used for daily ET, calculation
(Fig. 2) according to FAO Penman Monteith (Allen et al.
1998). The climatic data (maximum air temperature, mini-
mum air temperature, relative humidity, wind speed and
sunshine hours) required for ET, calculation was recorded
at the Automatic Weather Station (AWS) of Land and Water
Management Research Group, CWRDM located adjacent to
the experimental site.

FAO-56 dual crop coefficient (K,)

Dual crop coefficient (K,) comprises of the basal crop coef-
ficients (K,,) of cowpea and the soil evaporation coefficient
(K,).
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Fig.2 Reference evapotranspiration (ET0, mm day-1) during the
experimental period from December 2017 to March 2018

Basal crop coefficient (K_,)

Tabulated K, from cowpea, as recommended by Allen
et al. (Allen et al. 1998) is shown in Fig. 3A. For specific
adjustment in local climate, the K, values at mid-season
and late-season stages were adjusted using the following
equation:

0.3
Koy = Kepup) + [0-04(1ty = 2) = 0.004(RH,,;, — 45)] <§>
(©)

where K 7, is tabulated K, value for cowpea at mid-sea-
son and late-season stages (if K, > 0.45), u, is wind speed
(m.s!) at 2 m height (1 < u, < 6), RH,,;, is minimum rela-
tive humidity (%) during the mid and late-season growth
stage (20% < RH,,;, < 80%), and A is plant height during
mid or late-season stage (m).

The values of 55.2% and 1 m s™! were used for RH,,,,
and u,, respectively, based on the reference average during
the same period of the year. Adjusted basal crop coefficient
(K_,) of cowpea under the local conditions of the experi-

ment is presented in Fig. 3A.

0.3
K. = max<{ 1.2 4 [0.04(u — 2) — 0.004(RH, , — 45)](%) } (K., + 0.05})
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Fig.3 A Tabulated and adjusted basal crop coefficient, K_cb of cow-
pea (Allen et al. 1998) B Modeled cowpea root depth (m) (Allen et al.
1998; Borg and Grimes 1986; Steduto et al. 2012) at different crop
stages, viz. S1 =initial, S2=crop development, S3 =mid-season, and
S4 =late-season

Soil evaporation coefficient (K,)

The evaporation coefficient from the topsoil was calculated
daily for each treatment based on the following equation:

Ke = Kr(Kcmax - KCb) Sfechmax (4)

where K, is reduction coefficient of evaporation from the
topsoil, K_,,,,, is maximum value of K, following rain or irri-
gation, and f,, is exposed and wetted fraction of the soil
surface.

According to Allen et al. (Allen et al. 1998), K

cmax can be
calculated as follows:

&)
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where max() function selects the highest value of the func-
tions in braces {} that are separated by the comma.

The wetted fraction of soil surface exposed to sunlight (f,,,)
was calculated from the following equation:

few = mll’l(l _fc’fw) (6)

where f, is the approximate fraction of soil surface that
were effectively covered by vegetation [0-0.99],1 — £, is the
exposed fraction of soil surface not covered or shaded by
vegetation [0.01—1], f,, is the wetted fraction of soil surface
by irrigation or precipitation, and min() function selects the
lowest value of 1 — f, and f,, values.

The fraction of covered soil surface (f.) was calculated
as follows:

(140.5h

f — < ch - Kcmin > ) 7)
‘ Kcmax - Kcmin

where K_,,;, is minimum value of K, for dry bare soil with

no ground cover [0.15].

During the initial growth stage of cowpea, K_,,;, and K,
were equal. Therefore, the difference K, — K_,,;, was lim-
ited to > 0.01 for numerical stability. The present study was
conducted in the dry season. Therefore, wetting of the soil
surface was a result of irrigation and differed based on the
irrigation system. The field estimate for f,, was 0.3 and 0.8
for drip irrigation and furrow irrigation, respectively. Under
drip irrigation, most of the wet soil may be shaded, since
it occurs beneath the canopy. In order to estimate the frac-
tion of wetted soil surface that was effectively exposed to
sunlight under drip irrigation, f,, values were multiplied by
[1 -2/ 3)f6]. The f. and f,, equations were applied daily to
match with the daily change in K,

Reduction coefficient of soil evaporation (K,) The evapo-
ration of water from the wet soil exposed to sunlight is
assumed to take place in two stages. The first stage starts
after watering and attaining field capacity from the topsoil,
during which, the evaporation occurs at its maximum rate
and is determined only by energy availability at the soil
surface (K, = 1). This stage continues until the cumula-
tive depth of evaporation (D,) become equal to the depth
of readily evaporable water (REW). The second stage starts
after losing all REW from the topsoil and the value of K,
begins to fall linearly to become O at the end of this stage.
The K, value during the second stage was calculated based
of the following equation:

e,i—1

K, = V= D REW 8
= — . >
r = TEW = REW' P ®

where is D, ;_; cumulative evaporation depth from the top-
soil at the end of previous day [mm], REW is readily evapo-
rable water [mm], and TEW is total evaporable water [mm].

According to Allen et al. (Allen et al. 1998), TEW can be
calculated as follow:

TEW = 1000(6;. — 0.56,,,)Z, )

where 6, is soil water content at field capacity [m*m], 0,
is soil water content at wilting point [m*m™], and Z, is depth
of the topsoil that is subject to drying by evaporation.

In the current experiment, 6;. and 6,, of the experimented
soil were 0.244 and 0.183 m>m~, respectively. The values
used for Z, and REW were 0.12 m and 8 mm, respectively
(Allen et al. 1998). K, value was calculated daily based on the
daily value of D, ;_, for each irrigation treatment.

Cumulative evaporation depth (D,) The daily water balance
of the soil evaporation layer was worked out on a separate
Excel sheet by using the following equation:

I, E
D,;=D,, - (P,—RO;) — =+ —+T,,;+DP,; (10)

e,l ew,l
w ew

where D, ; is cumulative depth of evaporation at the end of
day i [mm], D,; ;is cumulative depth of evaporation at the
end of day i-1 [mm], P, is precipitation on day i [mm], RO,
is precipitation runoff from the soil surface on day i [mm],
I; is depth of irrigation on day i [mm],E; is evaporation on
day i (i.e., E; = K,ET,)) [mm], T, ; is transpiration depth
from the soil surface layer on day i [mm], and DP,; is deep
percolation loss from the topsoil layer on day i [mm].

The values of P; and RO; were zero during the entire season,
since the amount of precipitation was not significant, and 7,,,, ,
was assumed to be zero, as suggested by Allen et al. (Allen
et al. 1998). A daily water balance of the topsoil layer was
worked out for each treatment. At the beginning of the growing
season, all the treatments were sufficiently irrigated to ensure
field capacity moisture content in the topsoil layer. The depth
of evaporation at the first day D, ; was assumed as zero. The
DP, ; values were ignored in the calculation procedure by
imposing a minimum limit of D, equal to zero.

Water stress coefficient (K,)

The coefficient of water stress was calculated based of the fol-
lowing equations:

TAW - D, ,
K,= —— """ forD,, | > RAW (11)
TAW — RAW’~ "

TAW = 1000(6;, — 6,,,)Z, (12)
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RAW = p(TAW) (13)

where D, ;_, is cumulative depletion depth from root zone at
the end of previous day [mm], RAW readily available water
[mm], TAW is total available water [mm)], Z, is effective root
depth [m], p is maximum allowable soil water depletion
fraction for no stress.

Borg and Grimes (Borg and Grimes 1986) equation was
used for modeling effective root depth at initial and crop devel-
opment stages (Fig. 3B) as follows:

DAP

z.=27_105+0.5si .——1.47]>.1
[05+0551n<303DTM )| =01 a4

where Z, ; is effective root depth on day i, Z, ,, is maximum
effective root depth, DAP is days after planting, and DTM is
days to vegetative maturity.

The maximum effective root depth for cowpea is 0.60 m
(Allen et al. 1998), which can be attained by the end of
the crop development stage and continues till the end of
the season (Fig. 3B). The minimum value for effective root
depth at crop initiation is 0.10 m (Steduto et al. 2012). p was
adjusted to (p,4;) to match with low ET. as follows (Allen
et al. 1998):

Pagj =P +0.04(5 - ET,) (15)

Cumulative depletion depth (D,)

The daily balance of soil water within the effective root
depth was calculated using the following equation:

D,;=D,_,— (P _ROi) —1;—CR,+ET.;+DP; (16)

where D, ; is root zone depletion at the end of day i [mm],
D, ;_, is root zone depletion at the end of the previous day,
i-1 [mm], CR,; is capillary rise from the groundwater table
on day i [mm], and DP; is deep percolation on day i [mm].
CR; was assumed to be zero as suggested by Allen et al.
(Allen et al. 1998), when the bottom of the root zone is more
than 1 m above the water table. In the present study, the
irrigation treatments for all treatments were within water-
holding capacity of the soil. Hence, excess water was not
subjected to deep percolation (DP; = 0). To initiate root
zone water balance, all treatments were irrigated at the
beginning of the growing season with sufficient water to
reduce the depth of initial depletion in the root zone to zero.
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1.0 1
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Fig.4 A Simulated soil evaporation coefficient (K_e) and B Soil
evaporation (E, mm/day) under different treatments (I1-100% ETc
at two days interval through drip irrigation; 12-80% ETc at two days
interval through drip irrigation; 13-60% ETc at two days interval
through drip irrigation;14-100% ETc at 45% depletion of available
soil moisture through drip irrigation;15-100% adjusted ETc at 60%
depletion of available soil moisture through drip irrigation;16 -100%
adjusted ETc at 75% depletion of available soil moisture through drip
irrigation;17-100% ETc at 4 days irrigation interval through furrow
irrigation) at different crop stages, viz. S1=Initial, S2 =crop develop-
ment, S3 =mid-season, and S4 =late-season

Yield attributes

Harvesting of cowpea green pods started 51 days after plant-
ing and continued till March 18, 2018, the end of the season
(110 days after planting). The following parameters were
calculated as follows:

Crop biomass (kg ha_l) = plant fresh weight (kg ha_l) + crop yield (kg ha_l) 17

Harvest index (HI) = crop yield (kg ha_l) / crop biomass (kg ha_l) (18)
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Spectral measurements and indices

A spectroradiometer (Field spec FR 350-2500 nm, ASD Inc.,
Boulder, CO, USA) was used for hyper spectral measure-
ments from the field. The instrument measures the spectral
reflectance between 350 and 2500 nm with a spectral resolu-
tion of 2 nm. Measurements were taken at a height of roughly
0.9 m above the canopy cover with a 25-degree field of view,
resulting in a fixed area. Five duplicate measurements were
taken and averaged to get a single set of spectral reflectance.
The reflectance was taken from the white reference (polyte-
trafluoroethylene (PTFE) and cintered halon reference panel)
prior to capturing the spectra for each sample. The data cap-
tured from the device was processed for splice correction
and the mean was calculated for the different samples. To
remove the water absorption bands at 1350 nm—1400 nm and
1800 nm—2000 nm, the exported ASCII file was viewed so that
those specific wavelengths are manually removed. The edited
ASCII file was imported into the ENVI platform, and the spec-
tra are illustrated. Several spectral indices were calculated at
different wavelengths that are sensitive to different properties
related to water stress levels. The formula used to calculate
these indices is given in Supplementary Table 3.

Water productivity and efficiency indices

In order to evaluate the effect of the irrigation treatments on
water use, water efficiency indices, i.e., water productivity
(WP, kg m™), irrigation water productivity (IWP, kg m™3),
transpiration use efficiency (TrUE, kg m™), biomass water
productivity (WPgr, kg m™), and biomass transpiration pro-
ductivity (WP, kg m~) were calculated as described by
Steduto et al. (Steduto et al. 2012) and Kemanian et al. (Kema-
nian et al. 2005).

Y

WP = E_T( (19)
IWP = % (20)
TrUE = L 63))
WP = EiTC (22)
WP, = ?, 23)

where Y is green yield (kg ha™!), B is crop biomass
(kg ha™'),, IW is irrigation water (m? ha™'), ET, is water

consumption or evapotranspiration (m* ha™"), and T is tran-
spiration water (m® ha™h).

Statistical analysis

Analysis of variance (ANOVA) was performed for the exper-
imental data by Microsoft excel software following the pro-
cedure described by Gomez and Gomez (Gomez and Gomez
1984). The significance level used in the F test was P=0.05.
Critical differences values were calculated wherever the ‘F’
test was found to be significant.

Results and discussion
Modeling of soil water and water consumption
Soil evaporation (E)

Simulation of soil evaporation losses showed a clear dif-
ference between growth stages, irrigation methods, irriga-
tion intervals, and water saving strategies (Fig. 4A). K, and
E (mm d!) were relatively high during the initial stage of
growth, when the plants were too young to cover the soil
surface, and decreased slightly during the crop development
stage, reaching a minimum value during the mid-season
stage, and then, increased in the late-season stage (Fig. 4).
Soil evaporation increases when crop cover is low and high
energy is available at the soil surface for evaporation (Zhang
et al. 2013; Zhao et al. 2013; Lopez-Urrea et al. 2009).

The irrigation method showed clear difference on soil
evaporation. Due to the higher wetted fraction of soil surface
under furrow irrigation (0.8), K, and E were superior in I,
compared to drip irrigation (I, to L), especially during the
initial and late-season stages.

The soil evaporation responded also to irrigation interval.
Frequent irrigation at 2-days interval suggested maximum
values for K, and E in I;, I, and I; treatments, even with
20% and 40% water deficits at I, and I, respectively. How-
ever, cyclic declines in K, and E values were observed with
infrequent irrigation in I, Is and I, treatments. The lowest
K, and E values were recorded at I, followed by Is, and 1.
Increasing the soil moisture depletion threshold to 45%, to
60% and 75% in 1,, I5 and I, respectively, increased the
corresponding irrigation interval and decreased soil evapora-
tion accordingly (Fig. 5A). The irrigation interval increased
as the crop grew up and its roots deepened to absorb more
water from the soil. Infrequent irrigation gave the evaporated
topsoil additional time to dry, which limited evaporation
losses (Zhang et al. 2013; Freeman et al. 1976; Sepaskhah
and Kamgar-Haghighi 1997; Lopez-Urrea et al. 2009).
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Fig.5 A Average irrigation interval for unfixed irrigation intervals
treatments (I14-100% ETc at 45% depletion of available soil mois-
ture through drip irrigation;I5 -100% adjusted ETc at 60% depletion
of available soil moisture through drip irrigation;I6 -100% adjusted
ETc at 75% depletion of available soil moisture through drip irriga-
tion)at different crop stages viz. S1=Initial, S2=crop development,
S3=mid-season and S4=Ilate-season. B Simulated seasonal soil
evaporation (E, mm) and transpiration (T, mm) of cowpea as influ-
enced by irrigation method, irrigation interval and water saving strat-
egies under different treatments (I1 -100% ETc at two days interval
through drip irrigation; 12 -80% ETc at two days interval through drip
irrigation; 13 -60% ETc at two days interval through drip irrigation;
14 -100% ETc at 45% depletion of available soil moisture through
drip irrigation;I5 -100% adjusted ETc at 60% depletion of available
soil moisture through drip irrigation; 16 -100% adjusted ETc at 75%
depletion of available soil moisture through drip irrigation; 17 -100%
ETc at 4 days irrigation interval through furrow irrigation)

The simulated seasonal soil evaporation (E, mm) is
shown in Fig. 5B. Furrow irrigation in the I, treatment
increased seasonal evaporation losses (E£) by about 100%
over drip irrigation treatments. The surface evaporation loss
clearly increased under furrow irrigation as the soil wetted
area reached 80%, while only 30% of the soil surface under
plant canopies was wetted under drip irrigation. Araujo et al.
(Araujo et al. 1995) reported a similar water status in the two
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Fig.6 Simulated cumulative depletion depth (D_r) during the growth
of cowpea as influenced by irrigation method, irrigation interval and
water saving strategies compared with total available water (TAW)
and readily available water (RAW) with A I1 -100% ETc at two
days interval through drip irrigation; 12 -80% ETc at two days inter-
val through drip irrigation; I3 -60% ETc at two days interval through
drip irrigation and B 14 -100% ETc at 45% depletion of available
soil moisture through drip irrigation;I5 -100% adjusted ETc at 60%
depletion of available soil moisture through drip irrigation;16 -100%
adjusted ETc at 75% depletion of available soil moisture through drip
irrigation at different crop stages viz. S1=Initial, S2=crop develop-
ment, S3 =mid-season, and S4 =late-season

irrigation systems. The irrigation system influences E, espe-
cially with respect to the wetted fraction of the soil surface
(f,,), which affects the estimation of the f,,, fraction and thus
the K, values (Rosa et al. 2012). Deficit irrigation in I, and
I; showed no decrease in seasonal E, compared to I;, while
a significant decline in seasonal E was observed under infre-
quent irrigation treatments. Extending the irrigation interval
at I, Is and I, respectively, resulted in 17.4%, 29.9%, and
42.8% savings in seasonal E, compared to the 2-days irriga-
tion interval in I}, I, and 15 treatments (Fig. 5B).
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Cumulative depletion depth (D,)

Fig. 6 A and B presents cumulative depletion depth (D,)
during the growth of cowpea as influenced by irrigation
method, irrigation interval and water saving strategies com-
pared with total available water (T,y,) and readily available
water (Ruw). In I}, I, and I, treatments, 100% of standard
irrigation requirements were scheduled, while keeping the
cumulative depletion depth (D,) below the maximum allow-
able soil water depletion fraction (p) to prevent any water
stress (K; = 1) and to ensure optimum transpiration over the
whole season, as suggested by Rosadi et al. (Rosadi et al.
2005).

In I, and I, treatments with a 20% and 40% deficiency in
standard soil water depletion replenishment, respectively, D,
was accumulated with crop growth and an increasing pattern
was recorded in D, (Fig. 6A), since the applied irrigation
water in both the treatments was insufficient to compensate
the soil water consumption by evaporation and transpira-
tion. Root growth during the development stage led to an
extension of the root zone and additional combined depths
of available soil water, which helped the I, plants to maintain
D, within or close to p till the end of the development stage.
However, at I; under severe water deficit, D, exceeded RAW
from the initiation of the crop until the end of the season.
In plants growing under water deficit, root growth is usu-
ally less restricted than that of branches, or it can even be
enhanced (Sharp et al. 1989). Increases in the rooting depth
during water deficiency is a clear benefit of maintaining an
adequate water supply (Sponchiado et al. 1989; Sharp et al.
2004).

Applied irrigation water in I, I5 and I treatments were
calculated to compensate the estimated value of D, to replen-
ish the field capacity after each irrigation (D, = 0). Irriga-
tion was then inhibited until 45% (p), 60% and 75% of TAW
was depleted form 1, Is and I treatments, respectively,
(Fig. 6B). The RAW curve presents the water stress thresh-
old (p). Hence, soil water absorption beyond RAW depletion
was under stress.

Transpiration (T)

According to Allen et al. (Allen et al. 1998), transpiration
(T) under water stress conditions is a function of reference
evapotranspiration, crop coefficient and water stress coef-
ficient (K,). In the present study, K, was simulated using
Eq. (11) for water stress treatments, where the cumulative
depletion depth (D,) continuously (as in I, and I;) or periodi-
cally (as in I5 and I) exceeded the maximum allowable soil
water depletion fraction (p).

Accordingly, the K, values decreased significantly
(K, < 1) under the I, and 15 treatments compared to the
unstressed condition (Fig. 7A). 40% water deficiency in I,
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Fig.7 A Simulated water stress coefficient (K_s), “dark red bold
line” indicates non-stress conditions in comparison with stressed
conditions under 12 -80% ETc at two days interval through drip irri-
gation; I3 -60% ETc at two days interval through drip irrigation;I5
-100% adjusted ETc at 60% depletion of available soil moisture
through drip irrigation;I6 -100% adjusted ETc at 75% depletion of
available soil moisture through drip irrigation and B Crop transpira-
tion (T, mm/day), “dark red bold line” indicates potential transpira-
tion compared with above treatments as influenced by irrigation
method, irrigation interval and water saving strategies during the
growth period of cowpea at different crop stages, viz. S1=Initial,
S2 =crop development, S3 =mid-season, and S4 =late-season

resulted in lower K values and suggested intensive water
stress conditions compared to I,, where only 20% water defi-
ciency was applied. The K, values during the initial growth
stage showed a sharp decrease in both the treatments due to
the concentration of roots in the surface layer with higher
exposure to evaporation at the initial stage. At the initial
stage, evaporation of soil water from the bare surface layer
further contributed to soil water depletion (Lyra et al. 2016).
This reinforces the importance of avoiding water stress in
the initial stage of crop growth (Machado et al. 2009; Fer-
reira et al. 2013). A marked improvement in the K values
of I, and I; treatments were seen during the crop develop-
ment stage, when root growth was high. This is consistent
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with previous studies that showed a lesser effect of water
stress during the vegetative stage in cowpea (Turk et al.
1980; Labanauskas et al. 1981; Shouse et al. 1981; Ahmed
and Suliman 2010). During the mid-season and late-season
stages, the K values for both treatments showed a descend-
ing pattern until the end of the growing season. Accordingly,
the lack of water in the I, and I, treatments suggested lower
values of T compared to the potential 7 under non-stressed
condition (Fig. 7B), while the decrease in T was more severe
under I, treatment. The effect of water stress on T" temporar-
ily decreased after each irrigation in the I, treatment during
the initial and development stages of the crop, while severe
water deficit in I; indicated continuous water stress and low
T during the entire season.

Accordingly, In I,, all water was depleted under no stress
and hence, so K, was equal to one and no decrease in 7 was
recorded during the whole season. However, in 15 and I,
the depletion of TAW was from 45 to 60% and from 45 to
75%, respectively, under stress, which suggested intermit-
tent and rotated reductions in K| (Fig. 7A) and, accordingly,
in T (Fig. 7B). This state of intermittent water deficit can
give stressed plants a rest period to recover after rehydration
(Lopez et al. 1987; Souza et al. 2004; Rivas et al. 2016).
Increasing the water depletion threshold to 75% of the TAW
in I resulted in severe water stress, which extended for a
longer duration, compared to I5. Where plants were irrigated
when 60% of the TAW was depleted.

Non-stressed condition in I, I, and I, treatments resulted
in a standard transpiration rate, which was 246.1 mm during
the entire season (Fig. 5B). While 20% and 40% shortage of
water in I, and I, treatment, respectively, resulted in a severe
seasonal transpiration deficit of 18.5% and 42.7% in I, and
I;, respectively. However, only 4.8% and 16.2% decrease
in seasonal transpiration were due to the extension of the
irrigation interval at I5 and I, respectively.

Crop evapotranspiration (ET )

Fig. 8 shows the simulated values of daily evapotranspi-
ration (ET,) for all treatments. Application of 100% ET,
at a 2-day irrigation interval through drip irrigation in I;
did not impose any restrictions on water use and permit-
ted the plants to consume the standard ET ., which on an
average, registered 1.5, 3.4, 4.1, and 3.6 mm day_1 during
the initial, development, mid-season, and late-season stages,
respectively, and 344.9 mm during the whole season. For
furrow irrigation, I, registered a 28.1% increase in ET', over
I, due to higher E losses, especially during the initial and
late-season stages. In contrast, a 20% and 40% water deficit
in I, and I; presented 13.2% and 30.6% reductions in ET .,
respectively, which resulted totally from a severe retraction
of T without any saving in E losses (Fig. 8A). Irrigation
at p in I, provided sufficient moisture continuously in the
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Fig.8 Simulated actual evapotranspiration of cowpea ( (ET) _c)
during the growing season as influenced by irrigation method, irri-
gation interval and water saving strategies under A 12 -80% ETc at
two days interval through drip irrigation; I3 -60% ETc at two days
interval through drip irrigation;17 -100% ETc at 4 days irrigation
interval through furrow irrigation compared with I1 -100% ETc at
two days interval through drip irrigation and; B 14 -100% ETc at 45%
depletion of available soil moisture through drip irrigation;I5 -100%
adjusted ETc at 60% depletion of available soil moisture through drip
irrigation;16 -100% adjusted ETc at 75% depletion of available soil
moisture through drip irrigation compared with I1 -100% ETc at two
days interval through drip irrigation for clear representation at differ-
ent crop stages viz. S1=Initial, S2 =crop development, S3 =mid-sea-
son and S4 =late-season

soil for standard transpiration and extended the irrigation
interval, which reduced the evaporation losses and reduced
the seasonal ET, by 5.0%, when compared to frequent drip
irrigation in I,. Increasing ET . of cowpea due to frequent
application of irrigation was previously reported by Phogat
et al. (Phogat et al. 1984). The extra increase in the irriga-
tion intervals for I and I over the depletion of maximum
allowable soil moisture suggested intermittent water stress
conditions and obtained a 12.0% and 23.8% reduction in
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Fig.9 Fraction (%) of seasonal soil evaporation (E) and transpira-
tion (T) as influenced by irrigation method, irrigation interval and
water saving strategies under different treatments (I1-100% ETc at
two days interval through drip irrigation; 12-80% ETc at two days
interval through drip irrigation; 13-60% ETc at two days interval
through drip irrigation;14-100% ETc at 45% depletion of available
soil moisture through drip irrigation;I5 -100% adjusted ETc at 60%
depletion of available soil moisture through drip irrigation;16-100%
adjusted ETc at 75% depletion of available soil moisture through drip
irrigation;17-100% ETc at 4 days irrigation interval through furrow
irrigation)

ET, respectively (Fig. 8B), which was a result of lower T’
and E values.

Soil evaporation fraction (E%)

E% Was counted as 28.7% of ET . in I, under drip irrigation.
While for furrow irrigation in I;, E% reached 44.3% of ET .
However, in I, and I, under water deficits, E% losses reg-
istered 33.0 and 41.2% of ET, respectively, while, for non-
frequent drip irrigation in I, I5, and I, E% listed 24.9, 22.8,
and 21.5%, respectively (Fig. 9). The dual crop coefficient
model suggested a marked increase in £% under furrow
irrigation system due to the higher wetted fraction of soil
surface, which resulted in higher E losses, when compared
to drip irrigation. Despite frequent irrigation in I, and 15,
which did not reduce the E losses, the shortage of water in
both the treatments caused a severe reduction in 7. Accord-
ingly, ET ., produced higher E% in I, and I; as compared
to I,. In contrast, a marked decrease in E% was recorded
under I, treatment due to increase in the irrigation interval,
which produced a drier soil surface and lower E losses, as
compared to frequent irrigation at a 2-day interval. The addi-
tional elongation in irrigation interval in I5 and I showed a
slight decrease in E%, despite an extra reduction in E being
recorded. The accompanying reduction in 7" due to the water
stress kept the fraction of E without much change (Fig. 9).

Table 1 Effect of irrigation method, irrigation interval and water saving strategies under different treatments on growth and yield of cowpea

Yield (ton ha-1)

Harvest index

Biomass

Fresh Weight

Root dry
(g plant-1)

Number of leaves Leaf Area Index Leave dry Stem dry

Plant height (cm)

Treatment

(ton ha-1)

weight (g) weight (g)

weight (g)

(m2m-2)

10.78%
10.52°

0.33

32.61°
31.46°
21.91°
33.62°
29.59°
20.60°
28.53°

262.0*

3.7
39
42
3.8
3.7
34
3.8

34.0%

18.13%
18.75%
13.11°

0.75%

46.3*

187.8*

Il

0.34

251.3*

28.3%

0.68%
0.53°

41.3%

156.3

12

7.74¢
11.57
10.21°

0.36

170.0b°

20.7°

27.0P

141.3¢

13

0.34
0.35
0.38
0.38

264.7*

28.4%
29.3%

18.33%
18.01%
11.42°
14.36°

0.85%
0.78*

47.7*

188.7%

14

232.7%

44.3*

163.0°

15
16
17

7.66°
10.87%

155.3¢

20.3°

0.44°

24.7°

125.7°

212.0°

23.5°

0.55°

29.7°

157.7%
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Cowpea performance

Table 1 presents the effects of irrigation method, irrigation
interval, and water saving strategies on the growth attributes
and cowpea yield. Growth attributes such as plant height,
leave number, LAI, leave and stem dry weight, fresh weight,
and biomass of cowpea showed a significant retraction under
severe water stress in I; and I treatments, when compared to
well-irrigated plants through drip in I, and I, treatments. In
addition, well-irrigated plants through conventional furrow
irrigation in the I, treatment registered a significant reduc-
tion in the above-mentioned growth attributes as compared
to the I; and I, treatments. While non-significant differences
were recorded among moderately water-stressed plants in I,
and I treatments and well-irrigated plants in I; and I, treat-
ments with respect to leave number, LAI, leave dry weight,
stem dry weight, fresh weight, and biomass of cowpea. How-
ever, the plant height of moderately water-stressed plants in
I, and I5 treatments was significantly lower as compared to
I, and I, treatments. In contrast, a non-significant difference
was recorded in the dry weight of root and HI among differ-
ent treatments. Moreover, full recovery of soil water con-
sumption at p through drip irrigation in I, recorded the high-
est yield of cowpea (11.57 ton ha™!), which was on par with
the other well-irrigated treatments through drip at a 2-day
irrigation interval in I, (10.78 ton ha™!) and via conventional
furrow irrigation in I, (10.87 ton ha™"). The yield of cowpea
obtained under moderate water stress in I, and I5 treatments
was on par with I, and I, and statistically lesser than I,
while the lowest yield of cowpea was recorded under severe
water stress conditions in I; and I treatments. Retraction in
growth and yield of cowpea under severe water stress was
previously recorded in several studies (Phogat et al. 1984;
Farouk and Amany 2012; Lima and Lobato 2017). Optimal
water supply is essential for normal plant growth and pro-
ductivity. Continued or intermittent water stress similarly
constrains the growth and performance of cultivated crops
more than any other environmental factor (Shao et al. 2009;
Anupoju and Kambhammettu 2020).

A comparison of means was obtained from Fisher’s
least significant difference (LSD) test. Means with the

same alphabet (as superscript) are not significantly differ-
ent (P <0.05) based on Fisher’s least significant difference
(LSD) test. 1,-100% ETc at a 2-day interval through drip
irrigation; I, -80% ETc at a 2-day interval through drip irri-
gation; 1;-60% ETc at a 2-day interval through drip irriga-
tion; I,-100% ETc at a 45% depletion of available soil mois-
ture through drip irrigation; I5-100% adjusted ETc at a 60%
depletion of available soil moisture through drip irrigation;
I -100% adjusted ETc at a 75% depletion of available soil
moisture through drip irrigation; 1,-100% ETc at a 4-day
irrigation interval through furrow irrigation (Table 2).

Spectral reflectance and its relation with water
stress

Spectral reflectance data were captured from cowpea and
analyzed to understand the effects of irrigation method, irri-
gation interval, and water saving strategies. For interpreta-
tion purposes, seven-day continuous spectral signature is
shown in Fig. 10. The results confirm the impact of water
stress on specific treatments such as I; and I, which were
exposed to severe water stress. In the case of I} and I, a
constant pattern of reflectance was observed in the wave-
length range of 1450 to 2500, which indicates that leaf water
status was optimal for the entire observation period (between
February 3 and 9). In the case of I,, I5, L5, and I during the
observation, the reflectance varied according to the irriga-
tion frequency, and when irrigated, the reflectance was mini-
mal, i.e., when the leaf water status is optimal, and when
cowpea suffered stress due to a lack of moisture, the spectral
reflectance was maximum, showing the leaf water deficit,
which is indicated by indices (Supplementary Table 4). In
the case of I, spectral reflection of the short-wave infrared
region is steadily increasing and, eventually, leading to a
water deficit situation, which is recovering once the plants
are irrigated. In the case of I,, even though a constant pat-
tern of reflectance was observed in the wavelength range
of 145-2500, when compared with I; and I, light variation
was observed in spectral reflectance, which might be due
to the fact that the I, interval is once every 4 days, hence

Table 2 Effect of irrigation

method, irrigation interval and Treatment WP (kg m-3) TrUE (kg m-3) IWP (kg m-3) WPET (kg m-3) WPTr (kg m-3)
water saving strategies under 11 3.18° 4.38b 2.86° 9.462 13.25%
ggﬁf‘;gg;a;“ems on water ") 3.88° 525 3.49° 10.51° 15.69*

3 3.81% 5.49° 3.42° 9.15% 15.55%

4 3.74% 4.70° 3.36° 10.26% 13.66%

5 3.65% 4.36" 3.28% 9.75% 12.64°

16 3.28" 3.71¢ 2.95° 7.84° 9.99¢

7 2.58° 4.42° 1.81¢ 6.46° 11.60%

LSD (0.05)  0.38 0.52 0.34 1.52 2.26
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there may be a slight water deficit. Several indices worked
out also showed a similar trend of water deficit and were
positively correlated with the yield obtained. For instance,
Water Index, NDVI, RVI, DVI, LAIL, SAVI, VI, etc. were
significantly correlated with the yield obtained (data not
shown). These results confirm our findings that these spec-
tral reflectance data can be used as a tool for predicting yield
response and may also help to identify water stress in plants
(Chaturvedi et al. 2019).

Water utilization by cowpea

Improving water productivity has been a challenging task
for scientists across the globe (Koech and Langat 2018; Hat-
field and Dold 2019). The results of WP, TrUE, IWP, WP,
and WPy, are presented in Table 2. Among the frequent

drip-irrigated treatments, moderate and severe water stress
in I, and I; treatments gave significantly higher WP (3.88
and 3.81 kg m™, respectively), TrUE (5.25 and 5.49 kg m™>,
respectively), IWP (3.49 and 3.42 kg m™, respectively), and
WP, (15.69 and 15.55 kg m~>, respectively), when com-
pared to well-irrigated treatment I;, while, non-significant
difference was recorded in WPy between I, I,, and I, treat-
ments. Among the well-irrigated treatments, drip irrigation
at p in the I, treatment showed significantly higher WP
(3.74 kg m™), IWP (3.36 kg m™), and WPy, (13.66 kg m™)
as compared to frequent-irrigated treatments via drip in I,
and via conventional furrow irrigation in I,. However, I, and
I, were statistically on par with respect to TrUE (4.38 and
4.70 kg m™, respectively) and WP (9.46 and 9.75 kg m™>,
respectively), and significantly superior over I; in WPg.
Increasing irrigation frequency reduced the WP of cowpea
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due to proportionally greater evaporation losses and more
water requirements (Phogat et al. 1984; Uzen et al. 2018).
Irrigation at 75% depletion of TAW in I, recorded signifi-
cantly lower WP (3.28 kg m™), TrUE (3.71 kg m™), IWP
(2.95 kg m™3), WP (7.84 kg m™), and WPy, (9.99 kg m™)
as compared to I, where irrigation was scheduled at 45%
depletion of TAW, while irrigation at 60% depletion of TAW
in I5 did not significantly differ in WP, TrUE, IWP, and
WPy as compared to I, (Phogat et al. 1984; Uzen et al.
2018; Ma et al. 2018). The results showed that crop water
productivity is an important index to evaluate water sav-
ing and to obtain higher output or value for each drop of
water used (Uzen et al. 2018; Ma et al. 2018; Ding et al.
2013; Cetin and Uygan 2008; Cetin and Kara 2019; Cetin
and Akinci 2021).

A comparison of means was obtained from Fisher’s least
significant difference (LSD) test. Means with the same let-
ter are not significantly different (P <0.05) on the basis of
Fisher’s least significant difference (LSD) test. WP: water
productivity, TrUE: transpiration use efficiency, IWP: irriga-
tion water use efficiency, WPg: biomass water productivity,
and WP,: biomass transpiration productivity I1,-100% ETc
at a 2-day interval through drip irrigation; 1,-80% ETc at
a 2-days interval through drip irrigation; I; -60% ETc at a
2-day interval through drip irrigation; 1,-100% ETc at a 45%
depletion of available soil moisture through drip irrigation;
I5-100% adjusted ETc at a 60% depletion of available soil
moisture through drip irrigation; Is-100% adjusted ETc at a
75% depletion of available soil moisture through drip irri-
gation; 1,-100% ETc at a 4-day irrigation interval through
furrow irrigation.

Conclusions

The study demonstrated that daily simulation of soil evapo-
ration and crop transpiration using the FAO-56 dual crop
coefficient method effectively highlighted the influence of
irrigation strategies on water use efficiency and cowpea
growth.. The highest soil evaporation was recorded at the
initial growth stage, and the minimum value was registered
during the mid-season stage. Furrow irrigation doubled
the evaporation losses, when compared to drip irrigation.
Frequent irrigation at 2-day interval showed the maximum
evaporation rate even with 20% and 40% shortage of water,
whereas stretching the irrigation interval by irrigation at
45%, 60%, and 75% depletion of available soil moisture reg-
istered 17.4%, 29.9%, and 42.8% savings in seasonal evapo-
ration as compared to frequent irrigation, respectively. The
research clearly demonstrated that extending irrigation inter-
vals based on soil moisture depletion levels can substantially
reduce evaporation losses. The seasonal ET .. of non-stressed
cowpea plants at 2-day interval was 344.9 mm under drip
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irrigation and 442.0 mm under conventional furrow irriga-
tion. Irrigation with a 20% and 40% water deficit through
drip showed 13.2% and 30.6% reductions in ET, respec-
tively. Drip irrigation at 45%, 60%, and 75% depletion of
available soil moisture decreased the seasonal ET', by 5.0%,
12.0%, and 23.8% as compared to frequent drip irrigation at
a 2-day interval. Soil evaporation fraction (E%) was 28.7%
under drip irrigation at 2-day interval and 44.3% under con-
ventional furrow irrigation. Frequent drip irrigation with a
20% and 40% water deficit increased E% to 33.0 and 41.2%,
respectively, while the lowest £% values of 24.9%, 22.8%,
and 21.5% were obtained by irrigation at 45%, 60%, and 75%
depletion of available soil moisture.

Well-irrigated cowpea plants through drip recorded the
highest growth, while significant reductions in growth attrib-
utes of cowpeas were registered under conventional furrow
irrigation. Severe water stress also reduced the growth of
cowpea as compared to well-irrigated plants through drip.
The highest yield of cowpea (11.57 tons ha™') was obtained
by drip irrigation at 45% depletion of available soil moisture,
while the lowest yield of cowpea was recorded under severe
water stress conditions. Drip irrigation with a 20% and 40%
water deficit significantly improved WP, TrUE, IWP, and
WPy, To conclude, deficit irrigation (non-frequent drip irri-
gation at 45% depletion of available soil moisture) showed
significantly higher WP, TrUE, IWP and WP, This strategy
not only maximized cowpea yield (reaching up to 11.57 tons
per hectare) but also reduced non-beneficial soil evaporation
and improved overall water productivity. In contrast, conven-
tional furrow irrigation and severe water stress conditions
were associated with reduced growth attributes and lower
yields. In conclusion, the findings suggest for the adoption
of deficit drip irrigation, especially at 45% depletion of
available soil moisture, as a sustainable and efficient water
management strategy. This approach significantly enhances
water use efficiency and crop productivity while conserving
water resources, making it an ideal practice for cowpea culti-
vation, particularly in water-scarce regions. Future research
could further explore the applicability of these strategies
across different crops and agro-climatic conditions to gener-
alize the benefits of optimized irrigation scheduling.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13201-025-02502-5.

Acknowledgements The authors extend their appreciation to Ongoing
Research Funding program, (ORF-2025-958), King Saud University,
Riyadh, Saudi Arabia. Authors would like to extend their gratitude to
the Executive Director of CWRDM and all staff of Land and Water
Management Research Group, CWRDM for their wholehearted support
and encouragement during the course of the study. First author would
like to acknowledge the financial support provided under CV Raman
fellowship by Government of India.

Author contributions Conceptualization, supervision, methodology,
formal analysis, writing—original draft preparation, writing—review


https://doi.org/10.1007/s13201-025-02502-5

Applied Water Science (2025) 15:163

Page150f 17 163

and editing contributed by K.A.E., U.S., AK.C., G.G.; data cura-
tion, project administration, investigation, Funding acquisition, writ-
ing—review and editing contributed by P.R., KM.C., N.K.,, M.A.Y.,
M.AM., A.S. All authors have read and agreed to the published version
of the manuscript.

Funding Open access funding provided by University of Pécs. Ongo-
ing Research Funding program, (ORF-2025-958), King Saud Univer-
sity, Riyadh, Saudi Arabia.

Compliance with Ethical Standards
Conflicts of interest Authors have no conflicts of interest to disclose.

Ethical approval This manuscript does not contain any study with
human participants or animals preformed by any of the authors.

Informed Consent No informed consent.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aghdasi F, Sharifi MA, Van der Tol C (2010) Assessment of crop water
requirement methods for annual agricultural water allocation plan-
ning. In EGU General Assembly Conference Abstracts 12, 15604.

Ahmed FE, Suliman ASH (2010) Effect of water stress applied at dif-
ferent stages of growth on seed yield and water-use efficiency of
cowpea. Agric Biol J North Amer 1(4):534-540

Alberto MCR, Quilty JR, Buresh RJ, Wassmann R, Haidar S, Correa
TQ Jr, Sandro JM (2014) Actual evapotranspiration and dual crop
coefficients for dry-seeded rice and hybrid maize grown with over-
head sprinkler irrigation. Agric Water Manag 136:1-12. https://
doi.org/10.1016/j.agwat.2014.01.005

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspi-
ration-Guidelines for computing crop water requirements-FAO
Irrigation and drainage paper 56. FAO, Rome 300(9):D05109

Allen RG, Clemmens AJ, Burt CM, Solomon K, O’Halloran T (2005a)
Prediction accuracy for projectwide evapotranspiration using crop
coefficients and reference evapotranspiration. J Irrig Drain Eng
131(1):24-36

Allen RG, Pruitt WO, Raes D, Smith M, Pereira LS (2005b) Estimat-
ing evaporation from bare soil and the crop coefficient for the
initial period using common soils information. J Irrig Drain Eng
131(1):14-23

Anupoju V, Kambhammettu BVNP (2020) Role of deficit irrigation
strategies on ET partition and crop water productivity of rice in
semi-arid tropics of south India. Irrig Sci 38:415-430. https://doi.
org/10.1007/s00271-020-00684-1

Araujo F, Williams LE, Grimes DW, Matthews MA (1995) A com-
parative study of young ‘Thompson Seedless’ grapevines under
drip and furrow irrigation. I. Root and soil water distributions.
SciHort 60(3—4):235-249. https://doi.org/10.1016/0304-4238(94)
00710-W

Baozhong Zhang Yu, Liu DX, Zhao N, Lei Bo, Rosa RD, Paredes P,
Paco TA, Pereira LS (2013) The dual crop coefficient approach to
estimate and partitioning evapotranspiration of the winter wheat—
summer maize crop sequence in North China Plain. Irrigat Sci
31(6):1303-1316. https://doi.org/10.1007/s00271-013-0405-1

Barker JB, Heeren DM, Neale CM, Rudnick DR (2018) Evaluation of
variable rate irrigation using a remote-sensing-based model. Agric
Water Manag 203:63-74

Bessembinder JJE, Leffelaar PA, Dhindwal AS, Ponsioen TC (2005)
Which crop and which drop, and the scope for improvement of
water productivity. Agric Water Manag 73(2):113-130. https://
doi.org/10.1016/j.agwat.2004.10.004

Bloch D, Hoffmann CM, Mairlidnder B (2006) Impact of water supply
on photosynthesis, water use and carbon isotope discrimination
of sugar beet genotypes. EurJl Agron 24(3):218-225

Borg H, Grimes DW (1986) Depth development of roots with time:
an empirical description. Transact ASAE 29(1):194-197

Bouman BAM (2007) A conceptual framework for the improvement
of crop water productivity at different spatial scales. Agric Sys
93(1-3):43-60

Cetin O, Akinci C (2021) Water and economic productivity using
different planting and irrigation methods under dry and wet
seasons for wheat. Int J Agric Sustain 20(5):844—-856. https://
doi.org/10.1080/14735903.2021.1999682

Cetin O, Kara A (2019) Assessment of water productivity using dif-
ferent drip irrigation systems for cotton. Agric Water Manag
223:105693. https://doi.org/10.1016/j.agwat.2019.105693

Cetin O, Uygan D (2008) The effect of drip line spacing, irrigation
regimes and planting geometries of tomato on yield, irriga-
tion water use efficiency and net return. Agric Water Manag
95(8):949-958. https://doi.org/10.1016/j.agwat.2008.03.002

Chaturvedi AK, Surendran U, Gopinath G, Chandran KM, Anjali
NK, Mohamed Fasil CT (2019) Elucidation of stage specific
physiological sensitivity of okra to drought stress through leaf
gas exchange, spectral indices, growth and yield parameters.
Agric Water Manag 222:92-104

Ding R, Kang S, Zhang Y, Hao X, Tong L, Du T (2013) Partitioning
evapotranspiration into soil evaporation and transpiration using
a modified dual crop coefficient model in irrigated maize field
with ground-mulching. Agric Water Manag 127:85-96

Droppelmann KJ, Lehmann J, Ephrath JE, Berliner PR (2000) Water
use efficiency and uptake patterns in a runoff agroforestry sys-
tem in an arid environment. Agro Sys 49(3):223-243

Falkenmark M, Molden D (2008) Wake up to realities of river basin
closure. Int J Water Res Devel 24(2):201-215

Farouk S, Amany AR (2012) Improving growth and yield of cowpea
by foliar application of chitosan under water stress. Egypt J Biol
14(1):14-16

Fereres E, Soriano MA (2007) Deficit irrigation for reducing agri-
cultural water use. J] Exp Bot 58(2):147-159

Ferreira ACDB, Lamas FM, Brito GGD, Borin ALDC (2013) Water
deficit in cotton plant originated from seeds treated with growth
regulator. Pesquisa Agropecuaria Tropi 43(4):417-423

Flowers TS, Yeo AR (1989) Effects of salinity on plant growth and
crop yields. In: Cherry JH (ed) Environmental stress in plants.
Springer Berlin Heidelberg, Berlin, Heidelberg, pp 101-119.
https://doi.org/10.1007/978-3-642-73163-1_11

Freeman B, Blackwell J, Garzoli KV (1976) Irrigation frequency and
total water application with trickle and furrow systems. Agric
Water Manag 1(1):21-31

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.agwat.2014.01.005
https://doi.org/10.1016/j.agwat.2014.01.005
https://doi.org/10.1007/s00271-020-00684-1
https://doi.org/10.1007/s00271-020-00684-1
https://doi.org/10.1016/0304-4238(94)00710-W
https://doi.org/10.1016/0304-4238(94)00710-W
https://doi.org/10.1007/s00271-013-0405-1
https://doi.org/10.1016/j.agwat.2004.10.004
https://doi.org/10.1016/j.agwat.2004.10.004
https://doi.org/10.1080/14735903.2021.1999682
https://doi.org/10.1080/14735903.2021.1999682
https://doi.org/10.1016/j.agwat.2019.105693
https://doi.org/10.1016/j.agwat.2008.03.002
https://doi.org/10.1007/978-3-642-73163-1_11

163 Page160f17

Applied Water Science (2025) 15:163

Geerts S, Raes D (2009) Deficit irrigation as an on-farm strategy
to maximize crop water productivity in dry areas. Agric Water
Manag 96(9):1275-1284

Gomez KA, Gomez AA (1984) Statistical Procedures for Agriculture
Research, 2nd edn. John Willey and Sons, New York

Hamdy A, Ragab R, Scarascia-Mugnozza E (2003) Coping with
water scarcity: water saving and increasing water productivity.
Irrig Drain 52(1):3-20

Hatfield JL, Dold C (2019) Water-use efficiency: advances and chal-
lenges in a changing climate. Front Plant Sci 10:103

Kemanian AR, Stockle CO, Huggins DR (2005) Transpiration-use
efficiency of barley. Agric for Meteorol 130(1-2):1-11

Kendall HW, Pimentel D (1994) Constraints on the expansion of the
global food supply. Ambio 198-205.

Khorsand A, Rezaverdinejad V, Asgarzadeh H, Majnooni-Heris A,
Rahimi A, Besharat S (2019) Irrigation scheduling of maize
based on plant and soil indices with surface drip irrigation
subjected to different irrigation regimes. Agric Water Manag
224:105740. https://doi.org/10.1016/j.agwat.2019.105740

Koech R, Langat P (2018) Improving irrigation water use efficiency:
areview of advances, challenges and opportunities in the Aus-
tralian context. Water 10(12):1771

Labanauskas CK, Shouse P, Stolzy LH (1981) Effects of water stress
at various growth stages on seed yield and nutrient concentra-
tions of field-grown cowpeas. Soil Sci 131(4):249-256

Li Y, Liu N, Fan H, SuJ, Fei C, Wang K, Ma F, Kisekka I (2019)
Effects of deficit irrigation on photosynthesis, photosynthate
allocation, and water use efficiency of sugar beet. Agric Water
Manag 223:105701

Lima JV, Lobato AKS (2017) Brassinosteroids improve photosystem
1I efficiency, gas exchange, antioxidant enzymes and growth of
cowpea plants exposed to water deficit. Physiol Mol Biol Plants
23(1):59-72

Lopez FB, Setter TL, McDavid CR (1987) Carbon dioxide and light
responses of photosynthesis in cowpea and pigeonpea during
water deficit and recovery. Plant Physiol 85(4):990-995. https://
doi.org/10.1104/pp.85.4.990

Loépez-Urrea R, de Santa Olalla FM, Montoro A, Lopez-Fuster P
(2009) Single and dual crop coefficients and water requirements
for onion (Allium cepa L.) under semiarid conditions. Agric
Water Manag 96(6):1031-1036. https://doi.org/10.1016/j.agwat.
2009.02.004

Lyra GB, de Souza JL, da Silva EC, Lyra GB, Teodoro I, Ferreira-
Juanior RA, de Souza RC (2016) Soil water stress co-efficient for
estimating actual evapotranspiration of maize in northeastern
Brazil. Meteorol Applic 23(1):26-34. https://doi.org/10.1002/
met.1516

Ma SC, Duan AW, Wang R, Guan ZM, Yang SJ, Ma ST, Shao Y
(2015) Root-sourced signal and photosynthetic traits, dry matter
accumulation and remobilization, and yield stability in winter
wheat as affected by regulated deficit irrigation. Agric Water
Manag 148:123-129

Ma'Y, Kumar P, Song X (2018) Seasonal variability in evapotranspi-
ration partitioning and its relationship with crop development
and water use efficiency of winter wheat. Hydrol Earth Syst Sci
Discus. 1-46.

Machado RS, Ribeiro RV, Marchiori PER, Machado DFSP, Machado
EC, Landell MDA (2009) Biometric and physiological
responses to water deficit in sugarcane at different phenologi-
cal stages. Pesq Agrop Brasileira 44(12):1575-1582. https://doi.
org/10.1590/S0100-204X2009001200003

Mattar MA, Zin El-Abedin TK, Alazba AA, Al-Ghobari HM (2020)
Soil water status and growth of tomato with partial root-
zone drying and deficit drip irrigation techniques. Irrig Sci
38(2):163-176

@ Springer

Mattar MA, Zin El-Abedin TK, Al-Ghobari HM, Alazba AA, Elansary
HO (2021) Effect of different surface and subsurface drip irriga-
tion levels on the yield and water use efficiency of potato crops.
Irrig Sci 39(4):517-533

Molden D, Oweis T, Steduto P, Bindraban P, Hanjra MA, Kijne J
(2010) Improving agricultural water productivity: between opti-
mism and caution. AgricWater Manag 97(4):528-535

Pereira LS, Oweis T, Zairi A (2002) Irrigation management under
water scarcity. AgricWater Manag 57(3):175-206

Phogat BS, Singh DP, Singh P (1984) Responses of cowpea (Vigna
unguiculata (L.) Walp.) and mung bean (Vigna radiata (L.) Wilc-
zek) to irrigation. Irrig Sci 5(1):47-60

Pimentel D, Berger B, Filiberto D, Newton M, Wolfe B, Karabinakis E,
Clark S, Poon E, Abbett E, Nandagopal S (2004) Water resources:
agricultural and environmental issues. Bioscience 54(10):909-918

Radin JW, Mauney JR, Kerridge PC (1989) Water uptake by cotton
roots during fruit filling in relation to irrigation frequency. Crop
Sci 29(4):1000-1005

Rivas R, Falcdo HM, Ribeiro RV, Machado EC, Pimentel C, Santos
MG (2016) Drought tolerance in cowpea species is driven by less
sensitivity of leaf gas exchange to water deficit and rapid recovery
of photosynthesis after rehydration. South AfriJ Bot 103:101-107

Rosa RD, Paredes P, Rodrigues GC, Alves I, Fernando RM, Pereira LS,
Allen RG (2012) Implementing the dual crop coefficient approach
in interactive software. 1. Background and computational strategy.
Agric Water Manag 103:8-24. https://doi.org/10.1016/j.agwat.
2011.10.013

Rosadi RAB, Afandi MS, Senge M, Ito K, Adomako JT (2005) Criti-
cal water content and water stress coeffcient of soybean (Glycine
max [L.] Merr.) under deficit irrigation. Paddy Water Environ,
3:219-223

Sepaskhah AR, Kamgar-Haghighi AA (1997) Water use and yields of
sugarbeet grown under every-other-furrow irrigation with differ-
ent irrigation intervals. AgricWater Manag 34(1):71-79

Shao HB, Chu LY, Jaleel CA, Manivannan P, Panneerselvam R, Shao
MA (2009) Understanding water deficit stress-induced changes
in the basic metabolism of higher plants—biotechnologically and
sustainably improving agriculture and the ecoenvironment in arid
regions of the globe. Critic Rev Biotech 29(2):131-151. https://
doi.org/10.1080/07388550902869792

Sharp RE, Davies WJ (1989) Regulation of growth and development
of plants growing with a restricted supply of water. In: Jones HG,
Flowers TL, Jones MB (eds) Plants under stress. Cambridge Uni-
versity Press, Cambridge, pp 71-93

Sharp RE, Poroyko V, Hejlek LG, Spollen WG, Springer GK, Boh-
nert HJ, Nguyen HT (2004) Root growth maintenance during
water deficits: physiology to functional genomics. J] Exp Bot
55(407):2343-2351

Shouse P, Dasberg S, Jury WA, Stolzy LH (1981) Water deficit effects
on water potential, yield and water use of cowpeas. Agron J
73:333-336

Singh VP, Khedun CP, Mishra AK (2014) Water, environment, energy,
and population growth: implications for water sustainability under
climate change. J Hydrol Eng 19(4):667-673

Souza RP, Machado EC, Silva JAB, Lagba AMMA, Silveira JAG
(2004) Photosynthetic gas exchange, chlorophyll fluorescence and
some associated metabolic changes in cowpea (Vigna unguicu-
lata) during water stress and recovery. EnvExp Bot 51(1):45-56.
https://doi.org/10.1016/S0098-8472(03)00059-5

Sponchiado BN, White JW, Castillo JA, Jones PG (1989) Root growth
of four common bean cultivars in relation to drought tolerance in
environments with contrasting soil types. Exp Agric 25(2):249—
257. https://doi.org/10.1017/S0014479700016756

Steduto, P, Hsiao, TC, Fereres, E, Raes, D (2012) Crop yield response
to water. FAO Irrigation and Drainage Paper No. 66. Food and
Agriculture Organization of the United Nations, Rome, Italy.


https://doi.org/10.1016/j.agwat.2019.105740
https://doi.org/10.1104/pp.85.4.990
https://doi.org/10.1104/pp.85.4.990
https://doi.org/10.1016/j.agwat.2009.02.004
https://doi.org/10.1016/j.agwat.2009.02.004
https://doi.org/10.1002/met.1516
https://doi.org/10.1002/met.1516
https://doi.org/10.1590/S0100-204X2009001200003
https://doi.org/10.1590/S0100-204X2009001200003
https://doi.org/10.1016/j.agwat.2011.10.013
https://doi.org/10.1016/j.agwat.2011.10.013
https://doi.org/10.1080/07388550902869792
https://doi.org/10.1080/07388550902869792
https://doi.org/10.1016/S0098-8472(03)00059-5
https://doi.org/10.1017/S0014479700016756

Applied Water Science (2025) 15:163

Page 17 of 17 163

Surendran U, Sushanth CM, Mammen G, Joseph EJ (2014) Modeling
the impacts of increase in temperature on irrigation water require-
ments in Palakkad district: a case study in humid tropical Kerala.
J Water Climate Change 5(3):472-485. https://doi.org/10.2166/
wee.2014.108

Surendran U, Raja P, Jayakumar M, Rama SS (2021) Use of effi-
cient water saving techniques for production of rice in India
under climate change scenario: a critical review. J Clean Prodn
309:127272. https://doi.org/10.1016/j.jclepro.2021.127272

Turk KJ, Hall AE, Asbell CW (1980) Drought adaptation of cowpea.
1. Influence of drought on seed yield 1. Agron J 72(3):413-420.
https://doi.org/10.2134/agronj1980.00021962007200030004x

Uzen N, Cetin O, Yolcu R (2018) "Possibilities of using dual Kc
approach in predicting crop evapotranspiration ofsecond-crop
silage maize. Turkish Journal of Agriculture andForestry 4:272

Wallace JS (2000) Increasing agricultural water use efficiency to meet
future food production. AgricEco Env 82(1-3):105-119. https://
doi.org/10.1016/S0167-8809(00)00220-6

Wang Z, Liu Z, Zhang Z, Liu X (2009) Subsurface drip irrigation
scheduling for cucumber (Cucumis sativus L.) grown in solar
greenhouse based on 20 cm standard pan evaporation in Northeast
China. SciHortic 123(1):51-57. https://doi.org/10.1016/].scienta.
2009.07.020

Ward FA, Pulido-Velazquez M (2008) Water conservation in irrigation
can increase water use. Proc Nat AcadSci 105(47):18215-18220

Authors and Affiliations

Zhang H (2003) Improving water productivity through deficit irriga-
tion: examples from Syria, the North China Plain and Oregon,
USA. In: Kijne JW, Barker R, Molden D (eds) Water productivity
in agriculture: limits and opportunities for improvement. CABI
Publishing, UK, pp 301-309. https://doi.org/10.1079/9780851996
691.0301

Zhao N, Liu Y, Cai J, Paredes P, Rosa RD, Pereira LS (2013) Dual
crop coefficient modelling applied to the winter wheat—summer
maize crop sequence in North China Plain: Basal crop coefficients
and soil evaporation component. Agric Water Manag 117:93-105

Zin El-Abedin TK, Mattar MA, Alazba AA, Al-Ghobari HM (2017)
Comparative effects of two water-saving irrigation techniques on
soil water status, yield, and water use efficiency in potato. Sci
Hortic 225:525-532

Zin El-Abedin TK, Mattar MA, Al-Ghobari HM, Alazba AA (2019)
Water-saving irrigation strategies in potato fields: Effects on phys-
iological characteristics and water use in arid region. Agronomy
9(4):172

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Karam A. Elzopy'2 - Udayar Pillai Surendran’° - Ashish K. Chaturvedi' - Girish Gopinath'? . P. Raja*'" -

K. Madhava Chandran' - Naeem Khan’ - Mohamed A. Yassin® - Mohamed A. Mattar’

P4 Udayar Pillai Surendran
u.surendran @ gmail.com

< Mohamed A. Mattar
mmattar@ksu.edu.sa

P< Ali Salem
salem.ali @mik.pte.hu

Karam A. Elzopy
karam2016@alexu.edu.eg

Ashish K. Chaturvedi
ashispc @gmail.com

Girish Gopinath
gg@cwrdm.org

P. Raja

prajapiooty @gmail.com

K. Madhava Chandran
madhavachand @yahoo.com

Naeem Khan
naeemkhan @ufl.edu

Mohamed A. Yassin
mayassin @alari.asu.edu.eg

Land and Water Management Research Group, Centre
for Water Resources Development and Management,
Kozhikode, Kerala 673571, India

- Ali Salem®?®

Department of Soil and Agricultural Chemistry, Faculty
of Agriculture Saba Basha, Alexandria University,
Alexandria, Egypt

Kerala University of Fisheries and Ocean Studies, Kochi,
Kerala, India

ICAR-Indian Institute of Soil and Water Conservation,
Udagamandalam, Tamil Nadu, India

Department of Agronomy, University of Florida, Gainesville,
Florida, USA

Department of Biosystems Engineering, Institute
of Postgraduate Studies and Agricultural Research in Arid
Regions, Ain Shams University, Cairo 11241, Egypt

Department of Agricultural Engineering, College
of Food and Agriculture Sciences, King Saud University,
P.O. Box 2460 Riyadh 11451, Saudi Arabia

Civil Engineering Department, Faculty of Engineering,
Minia University, Minia 61111, Egypt

Structural Diagnostics and Analysis Research Group, Faculty
of Engineering and Information Technology, University
of Pécs, Pécs 7622, Hungary

Present Address: ICAR-National Bureau of Soil Survey
and Land Use Planning, ICAR-NBSS&LUP, Nagpur, India

11 Present Address: ICAR-Indian Institute of Soil and Water
Conservation, Research Centre, Koraput, Odisha, India

@ Springer


https://doi.org/10.2166/wcc.2014.108
https://doi.org/10.2166/wcc.2014.108
https://doi.org/10.1016/j.jclepro.2021.127272
https://doi.org/10.2134/agronj1980.00021962007200030004x
https://doi.org/10.1016/S0167-8809(00)00220-6
https://doi.org/10.1016/S0167-8809(00)00220-6
https://doi.org/10.1016/j.scienta.2009.07.020
https://doi.org/10.1016/j.scienta.2009.07.020
https://doi.org/10.1079/9780851996691.0301
https://doi.org/10.1079/9780851996691.0301
http://orcid.org/0000-0002-7506-3036
http://orcid.org/0000-0001-6176-8345

	Cowpea evapotranspiration modeling using the FAO-56 dual crop coefficient approach for climate-resilient agriculture under deficit irrigation conditions
	Abstract
	Introduction
	Materials and methods
	Location, meteorological, crop and soil data
	Experimental design and irrigation treatments
	Evapotranspiration ( )
	Reference evapotranspiration ( )
	FAO-56 dual crop coefficient ()
	Basal crop coefficient ( )
	Soil evaporation coefficient ( )
	Reduction coefficient of soil evaporation ( ) 
	Cumulative evaporation depth ( ) 


	Water stress coefficient ( )
	Cumulative depletion depth ( )

	Yield attributes
	Spectral measurements and indices
	Water productivity and efficiency indices
	Statistical analysis

	Results and discussion
	Modeling of soil water and water consumption
	Soil evaporation ( )
	Cumulative depletion depth ( )
	Transpiration ( )
	Crop evapotranspiration ( )
	Soil evaporation fraction ( )

	Cowpea performance
	Spectral reflectance and its relation with water stress
	Water utilization by cowpea

	Conclusions
	Acknowledgements 
	References




