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ARTICLE INFO ABSTRACT

Handling Editor-Rodney Thompson Jute mallow (Corchorus olitorius L.) is an annual crop grown for human consumption of its nutritious leaves in
many regions of the world. Despite its importance for household food security and farmers’ income, reliable
information on the crop’s water requirements is still quite scarce. To overcome this knowledge gap, the irrigation
needs of jute mallow grown in the Akkar region in Syria were investigated. The analysis focused on a three-year
period (2017-2019) where the SIMDualKc model was calibrated and validated for simulating soil water contents
and computing the soil water balance in jute mallow plots irrigated with basin and drip methods. The model was
further used to determine the probabilities of the demand for irrigation water in scenarios considering different
crop season lengths, irrigation methods, and application depths over a longer period of 23 years (1998-2020).
The SIMDualKc model was able to simulate soil water contents measured in the field plots, returning root mean
square error values lower than 0.001 m® m™ and modeling efficiencies ranging from 0.358 to 0.812. The cali-
brated basal (non-stressed) crop coefficients (K.p) were 0.15, 0.95, and 0.95 for the initial (K¢p ini), mid-season
(Kcb mid), and end-season (Kcp end) Stages, respectively. The crop was harvested twice per season, with the drip
treatments presenting the highest water productivity and economic indicators. In contrast, the basin treatment
resulted in substantial percolation losses, which affected yields and indicators. Although net irrigation re-
quirements showed a large variation for the extremes of the long-term weather time series, differences between
the years representing average water demand and those representing very high water demand were only found
for the drip irrigation scenarios. This study contributes to improving irrigation water management of jute mallow
in the Syrian Akkar region, and for the sustainability of local production systems.
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1. Introduction polysaccharides, vitamins B2, B9, C and E, minerals such as iron and

calcium, p-carotene, and several phenolic compounds (Lin et al., 2009;

Corchorus is a commercially important genus of the Malvaceae
family, which comprises more than fifty species with different ethno-
botanical applications (Kumari et al., 2019). Jute mallow (Corchorus
olitorius L.) is one of the most relevant species of the Corchorus genus,
widely grown for fiber production or as a leafy vegetable in Africa, Asia,
and parts of Latin America and the Middle East (Choudhary et al., 2013;
Kumari et al., 2019). The plant is an erect annual herb, 2-4 m tall, with
lanceolate to palmate leaves, which are a rich source of carbohydrates,
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Fondio and Grubben, 2011). The leaves are further used for medicinal
purposes due to their diuretic, analgesic, antimicrobial, and antipyretic
characteristics, as well as their antitumor and phenolic antioxidative
constituents (Zakaria et al., 2006; Yakoub et al., 2018; Kumari et al.,
2019). Lastly, the crop is cheap to produce, representing a quality food
source for large segments of the population in urban and rural areas
(Choudhary et al., 2013; Ngomuo et al., 2017).

In Syria, jute mallow is mainly produced as a leafy vegetable crop in
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the governorates of Hama (in the Al-Ghab depression), Tartus, and
Latakia, where climate conditions, the land organization in smallhold-
ings, and the proximity of highly dense urban areas that provide for
market opportunities favor the production of profitable vegetable crops
(Chard, 1981; Wattenbach, 2006). In these regions, the cultivated area
sums close to 1.4 M ha representing 10.2% of the Syrian cultivated land,
of which 82% are irrigated (Wattenbach, 2006; CBS, 2019). The most
prominent and profitable vegetables grown there are tomato (Solanum
Lycopersicum L.), cucumber (Cucumis sativus L.), squash (Cucurbita pepo
L.), and eggplant (Solanum melongena L.), but the area cultivated with
these crops including jute mallow is uncertain due to the characteristics
of local production systems, which often include double cropping sys-
tems or crops cultivated in the interrow of less dense and young tree
orchards.

Several policy measures were implemented in those regions as well
as in other agricultural areas in Syria to rationalize agricultural water
use (Oweis et al., 2003; Varela-Ortega and Sagardoy, 2003; Sadiddin,
2013; Mourad and Alshihabi, 2016; Abou Zakhem et al., 2019), improve
water and economic irrigation systems productivity/performance and
farmers income (Fader et al., 2016; Darouich et al., 2012, 2014, 2017),
modernize irrigation methods and management (Yigezu et al., 2013;
Darouich et al.,, 2020), and improve fertigation techniques (Janat,
2007). As a result, and despite most endeavors have been destroyed by
the on-going war, modern irrigation systems have been slowly replacing
traditional surface irrigation systems due to water saving policies aimed
at improving land and water productivity, as well as protecting local
groundwater and downstream water bodies from diffuse pollution.
Therefore, drip irrigation presently supplies 43% of the irrigated area in
Tartus and Latakia but only 4% in Hama (CBS, 2019), where nonetheless
trends for adopting drip irrigation already exist.

Improving irrigation water use while minimizing the associated
environmental risks can only be achieved through the accurate estimate
of crop water requirements and appropriate irrigation schedules (irri-
gation timing, duration, and quantity) for maximizing yields, farmers’
income, and agricultural water productivity (Pereira et al., 2002).
Although jute mallow shows a remarkable value for household food
security, medicinal applications, and farmers’ income in many regions
of the world, there is still insufficient information on the crop water
needs, crop coefficients (K), and crop sensitiveness to water stress as
shown by the knowledge gap in the recent update of tabulated FAO56
crop coefficients provided by Pereira et al. (2021) for vegetable crops.

Allen et al. (2011a, 2011b) revised a variety of field measurement
approaches and related requirements for obtaining accurate estimates of
evapotranspiration (ET) and crop water requirements at the field/plot
scale, with appropriate focus on the combined monitoring of changes in
soil water contents with the use of soil water balance models. Pereira
et al. (2020a) also provided a review of soil water balance modeling
approaches to determine crop ET, crop irrigation requirements, and
irrigation schedules following the FAO56 method (Allen et al., 1998).
This widely used method refers either to the single K. or to the dual K.
approach to determine crop evapotranspiration as the product of a crop
coefficient and the grass reference evapotranspiration (ET,). The latter is
computed with the FAO Penman-Monteith (FAO-PM) equation and crop
evapotranspiration may be measured by several methods as described
and discussed by Allen et al. (2011a) and Pereira et al. (2020a). Un-
fortunately, existing papers on crop coefficients for jute mallow use
reference ET different from the standard ET,, which may make their use
highly biased. Therefore, there is the need to derive accurate K. from
field ET. data and the FAO-PM ET,,.

The dual K. approach, which partitions crop evapotranspiration
(ET,) into its components crop transpiration (T.) and soil evaporation
(Es), also partitions K, into the basal crop coefficient (Kp,) referring to T,
and the soil evaporation coefficient (K.). This approach results more
precise, namely because it improves the estimation accuracy of the
evaporation component (Pereira et al., 2015a, 2020a). The dual K.
approach is widely applied for estimating evapotranspiration fluxes of
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crops grown under different climatic regions and management practices
(Lopez-Urrea et al., 2009; Paco et al., 2012; Kool et al., 2014; Gonzalez
et al., 2015; Paredes et al., 2018a, 2018b). Similarly, the SIMDualKc
model (Rosa et al., 2012a), which adopts the FAO56 dual K, approach,
has been applied to various crops, including a winter wheat-summer
maize crop sequence (Zhao et al., 2013), soybean (Wei et al., 2015), and
tomato (Zhang et al., 2018) in the North of China; potato in southern
Italy (Paredes et al., 2018a); maize in Brazil and Uruguay (Martins et al.,
2013; Giménez et al., 2016), and bermudagrass in Brazil (Paredes et al.,
2018b). The SIMDualKc model was further used in Syria to estimate crop
coefficients and water use of wheat (Rosa et al., 2012b) and of zucchini
squash under diverse irrigation regimes (Darouich et al., 2020). The
reported variety of applications in terms of crops, environmental and
weather conditions, as well as management practices, assures the suit-
ability of the model for the present study.

Considering the brief review above, the objectives of this study are:
(i) to simulate soil water contents in jute mallow plots irrigated with
basin and drip methods using the SIMDualKc model during three
growing seasons (2017-2019); (ii) to derive the crop coefficients for jute
mallow grown in the Syrian Akkar plain using the dual K. approach; (iii)
to evaluate the components of the soil water balance from a water saving
and economic perspective; and (iv) to define seasonal irrigation
thresholds based on the crop’s net irrigation requirements computed
using a long-term weather time series that may serve as guidelines for
defining future water saving policies. Results of this study will
contribute to improving irrigation water use performance in the Syrian
coastal region where the Akkar plain is located, and for the sustain-
ability of jute mallow production in the region.

2. Material and methods
2.1. Field experiment

2.1.1. Description of the study site

The field experiment was performed at the Zahid research center
(34°41°37°N, 35°59’16"’E, 12 m a.s.l.), in the western part of the Akkar
plain, Tartus governorate, Syria, from May 2017 to August 2019. The
Akkar Plain is located on a narrow coastal area of fertile land between
the cities of Tartus, in Syria, and Tripoli, in Lebanon. The region is
especially suited to produce field and greenhouse-grown vegetables due
to favorable environmental and climate conditions, the proximity of
highly dense urban areas, and water resources availability (Wattenbach,
2006).

The climate in the region is classified as Hot-summer Mediterranean
climate (Csa; Koppen, 1884). The mean annual air temperature is 19.3
°C, while the mean daily temperatures range from a minimum of 11.5 °C
in January to a maximum of 27.0 °C in August. The mean annual pre-
cipitation is 930 mm, which occur mostly between October and May.
The mean annual reference evapotranspiration (ET,) computed with the
FAO56 Penman-Monteith equation (Allen et al., 1998) is 1363 mm for
the period 1998-2020. The dominant soil reference groups are Vertisols,
Cambisols, and Luvisols (FAO/ITASA/ISRIC/ISS-CAS/JRC, 2009). Sur-
face water resources include the Al-Abrash, Al-Janoubi, Kalife, Abo
Falat, and Ostouene rivers, which supply 29,100 ha of irrigated agri-
cultural land in Tartus and 38,000 ha in Latakia, complemented with
groundwater resources (CBS, 2019). The depth of these groundwater
resources varies between 10 and 20 m (Abou Zakhem and Hafez, 2007).

2.1.2. Experimental design and treatments

The experimental design used to study the soil water balance of
zucchini squash in the same region (Darouich et al., 2020) was also
adopted for jute mallow, known locally as molokhia. The experiment
involved irrigation with basin and drip methods and various schedules
during the 2017, 2018, and 2019 growing seasons. The experimental
area, with 23 m long and 19 m wide (437 m?), was flat, with 0.005% and
0.002% slope in the west and south directions, respectively. The soil was
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classified as a Vertisol (IUSS Working Group WRB, 2014), with the main
soil physical and chemical properties given in Table 1. Disturbed and
undisturbed soil samples were collected for the layers 0-0.15,
0.15-0.30, 0.30-0.45, and 0.45-0.60 m, by opening a small trench in the
area adjacent to the experiment. The particle size distribution (%) was
measured with a hydrometer following the USDA texture classification
limits (Soil Survey Staff, 2011). The dry bulk density (pp) was obtained
by drying volumetric soil samples (100 cm®) at 105°C for 48h. The
organic matter (OM) content, which quantifies the organic fraction of
the soil on a mass basis, was estimated from the OC (organic carbon)
content determined by the Walkley-Black method, using the relation
OM = 1.724 x OC (Nelson and Sommers, 1982). The soil water content
at saturation (Os; m? m) was determined from the maximum volumetric
water content of 100 cm® undisturbed soil cores. The soil water contents
at field capacity (Ogc; m? m™) and the wilting point (Owp; m? m™) were
measured on undisturbed soil samples of 100 cm® using the pressure
plate apparatus (Dane and Hopmans, 2002).

The experimental plots were organized in a randomized complete
block design, with three treatments (T0, T1, T2), and four replicates per
treatment (Fig. 1). Each replicate was 9 m long and 2 m wide (18 mz),
with 7 sowed rows spaced 0.30 m apart. Seeds were sowed at a depth of
0.5-1.5cm and irrigated with 10-20mm of applied water to aid
germination. Replicates distanced 1 m from each other.

Table 2 presents the sowing and harvest dates as well as the
respective dates of the crop growth stages during the three growing
seasons. Two harvests were obtained per season. Irrigation was per-
formed from sowing to harvest. The water was conveyed from a well to
the field by a PVC mainline and distributed to three polyethylene
manifold pipes. The drainage network was buried at a depth of
1.25-1.75 m, with drainpipes distancing 15-25 m. Treatment TO rep-
resented the traditional irrigation scheme followed by farmers in the
region. In this treatment, plants were irrigated by basin irrigation, with
water supplied by one of the manifold pipes, which discharged
approximately 15 m® h'l. Irrigation was applied with an elapsed time of
0.60-0.70 h until the basin was completely flooded. Table 3 presents the
basin irrigation amounts, with irrigation events succeeding on average
every 10 days depending on weather conditions. Treatments T1 and T2
refer to drip irrigation schemes. Laterals were disposed along each plant
row. In-line drippers were spaced 0.2 m, with a discharge rate of 4 L h™!
at 100 kPa. Both treatments aimed to fulfill crop water requirements and
maximize water productivity. However, irrigation was triggered
considering different thresholds. Irrigation in T1 and T2 was initiated
when soil water contents in the rootzone dropped respectively below
90% and 80% of the soil water content at field capacity (6gc). Irrigation
events succeeded on average every 5-6 days in T1 and 6-10 days in T2
depending on the season. Irrigation depths (Table 3) were estimated in
the field based on atmospheric demand and soil moisture measurements
following a simple water balance procedure. Soil water contents were
measured at depths of 0.2 and 0.4 m, every week, by gravimetry. Three
soil samples were randomly collected per depth and treatment.

Additional management practices included fertilization with manure
(30 Mg ha'l), phosphorus (125 kg ha'), and potassium (65 kg ha™)
before sowing. Nitrogen was applied as urea (57.5 kg N ha'l) in two
batches, one 3-4 weeks after sowing and the other after the first harvest.
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Weed control was performed manually.

2.2. Modeling approach

2.2.1. Model description
The SIMDualKc model (Rosa et al., 2012a) uses a daily time step to
compute the soil water balance at the plot scale as follows:

Dr,i = Dr.i—l — (P - RC))l — Ii - CRl + ETL act.i + DP, (1)

where D; is the root zone depletion (mm), P is the rainfall (mm), RO is
the surface runoff (mm), I is the net irrigation depth (mm), CR is the
capillary rise from the groundwater table (mm), ET 4 is the actual crop
evapotranspiration (mm), and DP is the deep percolation from the root
zone (mm), all referring to day i or day i-1.

The model adopts the FAO56 dual K. approach for computing crop
evapotranspiration (Allen et al., 1998, 2005; Rosa et al., 2012a). In this
approach, the components relative to crop transpiration (T., mm) and
soil evaporation (E;, mm) are estimated separately as:

T. = Ko ET, 2
E, = K. ET, 3)

where Ky, is the standard basal crop coefficient (-), K. is the evaporation
coefficient (-), and ET, is the grass reference evapotranspiration (mm)
computed using the FAO56 Penman—Monteith equation (Allen et al.,
1998). ET. 4t is obtained as a function of the available soil water in the
root zone by introducing a dimensionless stress coefficient (Ks), which
affects the T, component:

ETc et = Teae +Es (C))
Te st = Kep aet ETo = K Koy ET, 5)

where T o is the actual crop transpiration (mm), and K¢y, a¢¢ is the actual
basal crop coefficient (-). K;, which values vary from 0 to 1, is defined as:

TAW —D,;

K =
TAW — RAW

(6)
in which TAW and RAW are respectively the total and readily available
soil water relative to the rooting depth (mm). These are computed as:

TAW = 1000 Z, (Ogc — Owp) )
RAW = p TAW (8)

where 0pc and Oyp are the soil water contents at field capacity and the
wilting point (m® m®), respectively, Z, is the root depth (m), and p is the
depletion fraction for no stress (-). When soil depletion exceeds the
depletion fraction for no stress, i.e., the soil water content drops below
RAW, T. values are reduced due to water stress (Ks < 1.0); otherwise, no
reduction in T, values occurs (Ks = 1.0).

For a crop with two cuts like jute mallow, the K, curves are
described for each cutting cycle considering four growth stages: (i) the
initial stage or start of the crop season; (ii) the rapid growth or devel-
opment stage; (iii) the mid-season stage, which corresponds to the

Table 1

Main soil physical and chemical properties in the experimental area.
Depth (m) Soil texture (%) pp(gcm>)  OM (%)  Water content TAW (mm)

Sand (2.0-0.05mm)  Silt (0.05-0.002mm)  Clay (<0.002 mm) 0sm*m3)  Opc(m*m3)  Oyp (M3 m3)

0.0-0.15 15 28 57 1.24 215 0.532 0.512 0.230 42.3
0.15-0.30 16 32 52 1.25 1.95 0.528 0.473 0.242 34.7
0.30-0.45 20 30 50 1.30 1.91 0.509 0.476 0.242 35.1
0.45-0.60 19 28 53 1.43 - 0.531 0.514 0.298 32.4

pb, bulk density; OM, organic matter content; 0g, soil water content at saturation; Ogc, soil water content at field capacity; Owp, soil water content at the wilting point;

TAW, total available water.
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Fig. 1. Schematic layout of the experimental area.

Table 2
Dates and length (number of days) of the crop growth stages.

Year Cut Crop growth stages Total (days)
Initial Rapid growth Mid-season Late season Harvest
2017 1% Dates May 28 June 03 June 20 July 17 July 17 -
Lengths 6 17 27 1 - 51
2ond Dates July 18 July 22 August 04 August 31 August 31 -
Lengths 4 13 27 1 - 45
2018 1 Dates May 16 May 23 June 02 June 30 June 30 -
Lengths 7 10 28 1 - 46
2ond Dates July 01 July 02 July 08 July 22 July 22 -
Lengths 1 6 14 1 - 22
2019 1% Dates May 01 May 11 May 26 June 22 June 22 -
Lengths 10 15 27 1 - 53
2ond Dates June 23 June 25 July 03 July 21 July 21 -
Lengths 2 8 18 1 - 29
Table 3
Irrigation treatments.
Year TO Basin irrigation T1 Drip irrigation T2 Drip irrigation
N°events Depth per event (mm) Total (mm) N°events Depth per event (mm) Total (mm) N°events Depth per event (mm) Total (mm)
2017 9 110 990 17 11-30 421 10 13-43 393
2018 5 110 550 11 11-24 219 10 10-35 200
2019 7 115 805 18 11-23 308 13 11-32 291

TO, T1, T2, experimental treatments.

period when plant’s canopy is maximum; and (iv) the late-season stage.
Curves are described by three K., values corresponding to the initial,
mid- and end-season stages, respectively Kep ini, Keb mid, and Kep end-
These values were calibrated based on field observations of soil water
contents taking into consideration the recommendations for accuracy by
Allen et al. (2011a). Kep mid and Kep end are further internally corrected to
local climatic conditions when the average RHy,;, differs from 45%, and
the average uy differs from 2 ms~! (Allen et al., 1998; Pereira et al.,
2021) as follows:

0.3
ch = ch calib — [004 (u2 - 2) - 0004 (RHmin — 45)} (g) (9)

where K, corresponds to the K., standard values and Kcp, calip are the Kep
values obtained from calibration. The K., values may be further adjusted
to actual crop characteristics (density and height) using a density coef-
ficient (Kg), which accounts for the increase in K¢, with the increase in
the amount of vegetation (Allen and Pereira, 2009; Pereira et al.,



H. Darouich et al.

2020Db).

Soil evaporation is limited by the amount of energy available at the
soil surface in conjunction with the energy consumed by transpiration,
and by water availability in the surface soil layer (Allen et al., 1998,
2005). Eg is maximum during the early crop stages when crop shadowing
is small and the topsoil is wetted by rain or irrigation and energy is
largely available at the soil surface. On the other hand, Es is minimum
when the crop fully shadows the soil, limiting the energy available for
evaporation, and/or when the surface soil layer is dry. Thus, the evap-
oration coefficient (K) is computed as follows (Allen et al., 2005):

Ke = Kr (Kc max ch min) < few Kc max (10)

where K; is the evaporation reduction coefficient (values range from 0 to
1), Kc max is the maximum value of K. (i.e., K¢, + Ke) following a rain or
irrigation event (-), and fe, is the fraction of the soil that is both exposed
to radiation and wetted by rain or irrigation (-), which depends upon the
fraction of ground covered by the crop (f.). K; is obtained following the
two-stage drying cycle approach where the first stage is the energy
limited stage, and the second is the water limited stage (Ritchie, 1972;
Allen et al., 1998, 2005):
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K;=1forD.;.; < REW (1D
TEW — D.;_,
K, = TEW —REW for Dei_; > REW (12)

where TEW and REW are respectively the total and readily evaporable
water in the evaporation soil layer (mm), and D, is the evaporation layer
depletion at the end of day i—1 (mm). D, is computed through a daily
water balance of the evaporation soil layer, with the evaporation
decreasing as the evaporable soil water decreases in the evaporation soil
layer beyond REW.

Finally, deep percolation (DP) is computed using the parametric time
decay function proposed by Liu et al. (2006), which relates the soil water
storage above field capacity with the draining time until 0g¢ is reached:

W, = ap t® 13)
where W, is the actual soil water storage in the root zone (mm), ap, is the
soil water storage comprised between saturation (65) and O (mm), by, is
an empirical dimensionless parameter, and t is the time after an irriga-
tion or rain that produces storage above field capacity (days). Runoff
(RO) is estimated using the curve number approach (USDA-SCS, 1972).
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(uy, m s’l), precipitation (mm), and grass reference evapotranspiration (ET,, mm) for the 2017-2019 years.
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Capillary rise (CR) was not considered in this study due to the existence
of a drainage network in the study area.

2.2.2. Model setup

The SIMDualKc model requires detailed information on weather
conditions, soil properties, crop phenology, irrigation events, and irri-
gation systems to compute the soil water balance. Meteorological con-
ditions were observed at the local weather station placed over a well-
watered clipped grass during the three experimental seasons and are
displayed in Fig. 2. The available information included daily values of
maximum and minimum surface air temperatures (Tpj, and Tpax, °C),
minimum and maximum relative humidity (RHpin, RHmax, %), sunshine
hours (Igyn, h), wind speed measured at 2 m height (up, m s, and
rainfall (P, mm).

The soil profile was characterized using the particle size distribution
and soil hydraulic properties of the different soil layers listed in Table 1.
The TAW (mm) values were then obtained automatically from 6g¢, Owp,
and layer thickness. The depth of the evaporation layer (Z) was speci-
fied according to Allen et al. (1998, 2005), and the values of TEW and
REW were calculated according to the soil texture and water holding
characteristics of the soil evaporation layer. The curve number (CN) was
also specified based on the particle size distribution of the surface soil
layer as well as land use (USDA-SCS, 1972). The deep percolation pa-
rameters relative to the parametric equation of Liu et al. (2006) were
defined according to the soil texture data, and 65 and Og¢ values in the
soil profile. Lastly, the initial soil water depletion values in both the root
zone and the evaporation soil layer were defined based on measure-
ments taken in the different treatments at the beginning of each growing
season, resulting 25-35% of TAW and 25-35% of TEW, which corre-
spond to expected low soil wetness conditions by early May.

Crop phenology data included the observed dates of the initial, rapid
growth, mid-season, and late-season stages as well as the harvest dates
of each growing season (Table 2), which refer to end-season. The K¢ ini,
Keb migs and Kep enq Were then specified based on Pereira et al. (2021)
values for leaves vegetable crops. The soil water depletion fraction
values for no stress (Pini, Pmids Pend) Were also set for the same crop stages
following Pereira et al. (2021). Crop height (h), the estimated fraction of
ground cover (f.), and root depth (Z,) were defined for each crop stage
based on observations and are presented in Table 4. Crop height (h) and
the mean canopy width were monitored using a tape at each stage, and
mainly before and after each harvest. The fraction of ground cover (f.)
was then estimated based on the surface area between rows covered by
the canopy (assuming a rectangular shape of the canopy). Root depth
(Z,) was observed in soil profiles at the end of each crop season. Leaves
were collected in all replicates after each harvest and the fresh weight
was recorded.

Finally, referring to irrigation data, the dates of irrigation events and
irrigation depths were specified according to observations. The fraction
of the soil surface wetted by irrigation (f,,) was further measured and
defined as 0.3 in the drip treatments and 1.0 in the basin irrigation
treatment.

2.2.3. Model calibration and validation
The SIMDualKc model was calibrated following an “iterative trial
and error” procedure, which consisted of adjusting model parameters

Table 4
Measured crop state variables.

Year Cut Crop growth stages
Initial Rapid growth Mid-season Harvest
fe () 1% 0.05 0.65 0.95 0.95
ond 0.50 0.80 0.95 0.95
h (m) - 0.05 0.50 0.90-1.0 0.90-1.0
Z, (m) - - - - 0.60

f., soil cover fraction; h, crop height; Z,, root depth.
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one at a time within reasonable ranges of values until deviations be-
tween measured and simulated soil water contents were minimized. The
2018 dataset from the three treatments was selected for calibration.
Calibration, following Pereira et al. (2015b), started by first adjusting
the Keb ini, Keb mid, and Kep end, and the corresponding Pini, Pmids and Pend
parameters; then, the deep percolation parameters ap and bp; and in a
third step, the Z., REW, and TEW. Model calibration was considered
terminated when the best fit was achieved, and the errors of prediction
did not change from an iteration to the next. If that goal was not ach-
ieved at the end of the first trial and error cycle, the calibration process
restarted again. Validation was then performed by comparing measured
soil water contents with the respective model predictions using the
previously calibrated model parameters. The 2017 and 2019 datasets
were used for validation.

The model performance was evaluated using various goodness-of-fit
indicators, including the regression coefficient (bg), the coefficient of
determination (Rz), the root mean square error (RMSE), the ratio of the
RMSE to the standard deviation of observed data (NRMSE), the percent
bias of estimation (PBIAS), and the modeling efficiency (NSE), respec-
tively given as (Nash and Sutcliffe, 1970; Legates and McCabe, 1999;
Moriasi et al., 2007):

S a2
2
. ;(oi—o)(n—r’)
R* = 27051 o 2703 (€8)
-0y -]
> (0, - B
=2 a4
n—1
NRMSE — RMSE (15)
0
i (0 = Py)
PBIAS = 100 & i) 16
Zi:loi ( )
(0, ~ P
NSE = 1 —ﬁ a7
> (0:-0)

where O; and P; are respectively the observed and model predicted
values at time i, O and P are the respective mean values, and n is the
number of observations. by values close to 1 indicate that the predicted
values are statistically close to the observed ones. R? values close to 1
indicate that the model explains well the variance of observations. RMSE
and NRMSE values close to zero indicate small estimation errors and
good model predictions (Legates and McCabe, 1999). PBIAS values close
to zero indicate that model simulations are accurate, while positive or
negative values indicate under- or over-estimation bias, respectively.
NSE values close to 1 indicate that the residuals’ variance is much
smaller than the observed data variance, hence the model predictions
are good. On the contrary, if NSE is less than zero the model-predicted
values are worse than simply using the observed mean (Nash and Sut-
cliffe, 1970).

2.3. Water productivity indicators

The experimental results were further assessed using the crop water
productivity indicators relative to the total water used (WPwy, kg m),
the irrigation water applied (WPyyig, kg m™>), the consumptive use
(WP, kg m®), and transpiration (WP, kg m>), which were described
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Table 5
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Jute mallow growing degree days (GDD) during the experimental period.

Year Cut GDD per crop stage (°C)s Total GDD (°C)
Initial stage Rapid growth Mid-season Late-season
2017 1% 43 165 325 11 544
2nd 53 180 377 12 622
2018 1% 88 89 303 13 493
ond 32 52 183 14 281
2019 1% 51 119 272 12 454
ond 34 101 250 13 397
Average 1% 61 124 300 12 497
ond 39 111 270 13 433

in Pereira et al. (2009a, 2012, 2020a) and Fernandez et al. (2020), and
are respectively given by:

WPy = Ts\;‘U (18)
WP, = Wff—*‘U 19)
WPg = W‘” (20)
WP — TY @1)

where Y, is the actual (measured) yield (kg ha’l), TWU is the total water
used given by the sum of effective P, I, and the variation of the soil water
storage (ASW) (m® ha’l), IWU is the irrigation water used (m® ha’l), ET.
act is the estimated actual evapotranspiration (m® ha), and Te g is
again the estimated actual crop transpiration (m3 ha'l).

The economic crop water productivity (EWP, $ m™>) and the eco-
nomic crop water productivity ratio (EWPR) were also computed as
follows (Pereira et al., 2009a, 2012; Fernandez et al., 2020):

EWP — Value(Y,) 22)
TWU
Value(Y,)

EWPR = ——~ 2
Cost(TWU) 23)

where Value(Y,) is the value of the achieved yield ($ ha'l), and Cost
(TWU) is the cost of the irrigation water ($ hal). EWP expresses the ratio
between the profit produced by a crop along the growing season and the
total amount of water involved in crop production. The EWPR shows the
impacts of water prices on the economic return of irrigation. The yield
value was here set to 0.22 $ kg! according to prices from CAPMAS
(2020) in Egypt, which can also be considered representative for the
Syrian market. The price of the irrigation water was set to 0.055 $ m™ as
in Darouich et al. (2020).

Yields and water productivity indicators in the different treatments
and growing seasons were also subjected to a two-way ANOVA analysis
using SPSS statistical software version 25.0 (SPSS Inc., Chicago, IL,
USA). The significant level was tested for different levels of probability
using Yates’s weighted squares of means (Yates, 1934).

2.4. Net irrigation requirements

Net irrigation requirements (NIR) consist of the amount of water that
needs to be applied to the crop to fully satisfy its water needs when the
water available through precipitation, capillary rise, and soil water
storage variation is insufficient (Pereira et al., 2020a). NIR of jute
mallow were computed using a weather time series for the period
1998-2020 (23 years), which included all daily records of Tpax and Trin,
RHpax and RHpin, Igun, Up at 2 m height, and P available in the same local
meteorological station used in the experiment since its installation.

Missing uy values in 2011-2013 and 2015 were filled with wind data
from the closest weather station (Tripoli, Lebanon). For each year,
simulations were performed using the calibrated crop parameters, while
initial soil water depletion was set as 25% of TAW and 25% of TEW
following the earlier observations from irrigation treatments. The sow-
ing and crop stages dates were defined as follows:

A. The sowing date in each simulated year was set to May 1st, which
corresponds to the common beginning of the jute mallow season in
the region. The dates of the crop growth stages were then defined
based on the mean cumulative growing degree days (GDD) observed
during the three growing seasons (Table 5). The base temperature
was 15 °C following Fondio and Grubben (2011).

B. The sowing and crop stages dates were set as in the 2017 season,
which corresponded to the latest sowing date and longest growing
season observed in the experiment.

On the other hand, irrigation scheduling considered the following
strategies:

I. Basin irrigation with a Management Allowed Depletion (MAD) equal
to the depletion fraction for no stress (p) (MAD = p), in which net
irrigation depths were computed to refill soil water contents to field
capacity.

II. Drip irrigation with MAD = p, in which net irrigation depths were
fixed to 20 mm per event.

Table 6
Default and calibrated model parameters.

Parameters Default values Calibrated values
Keb ini 1 0.20 0.15
Keb mid 1 0.95 0.95
Keb end 1 0.30 0.95
Keb ini 0.20 0.35
Keb mid 11 0.95 0.95
Keb end 11 0.30 0.95
Pini 1 0.40 0.55
DPmid 1 0.40 0.55
Pend 1 0.40 0.55
Pini 1 0.40 0.55
Pmid 1 0.40 0.55
Pend 11 0.40 0.55
TEW (mm) 31 17
REW (mm) 8 8

Zo (m) 0.10 0.05
ap - 475

bp -0.0173 -0.02
CN 85 85

Kb, basal crop coefficient for the initial (K¢p ini), mid (Kep mig), and end-season
(Kb ena) stages; p, depletion fraction for no stress during the initial (pin;), mid
(Pmid), and end-season (penq) stages; TEW, total evaporable water; REW, readily
evaporable water; Z., depth of the soil evaporation layer; ap and bp, deep
percolation parameters; CN, curve number. The subscripts I and II denote for the
first and second cut cycle, respectively.
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For each scenario (AL, All, BI, BII), the probability of the demand for
irrigation water for the period 1998-2020 was computed by identifying
the years representing the average, high, and very high demand, which
correspond respectively to the probabilities of 50%, 80% and 95% for
non-exceedance as in Pereira et al. (2009b).

3. Results and discussion
3.1. Model parametrization

Table 6 presents the model parameters calibrated during the 2018
growing season, which were then validated during the 2017 and 2019
seasons. The calibrated K¢, ini 1 and Kep ini 1 Values were 0.15 and 0.35,
respectively (subscripts I and II denote for the first and second cut cy-
cles). The higher Ky, i value relative to the second cycle resulted from
the larger f. value (0.50) of plants remaining in the field after the first
cut, with the crop already well-established when compared with the
period after sowing (Table 4). For these reasons, the length of the initial
stage during the second cut cycle was short (Table 2). The calibrated K,
mid value was 0.95 for both cut cycles. Lastly, the calibrated K, eng value
was also set to 0.95 in both cut cycles, thus indicating that harvesting for
fresh human consumption was done when jute mallow leaves were still
green and tender, i.e., before senescence occurs. These options agree
with those proposed by Pereira et al. (2021) for Kep mid and Kep end 0f
leaves and flowers vegetable crops. As such, and because experimental
plots were relatively small and fast to harvest, only one day was
considered as the length of the late-season stage (Table 2). For larger
crop areas where harvesting of leaves takes several days, it could be
assumed a longer late-season and a shorter mid-season, with Kcp end
decreasing to 0.35 as described in Fig. 3. As a result of leaves harvesting,
crop transpiration would progressively decrease, thus K., would reduce
gradually from 0.95 to 0.35. This hypothesis needs, however, to be
confirmed.

As referred earlier, the literature on jute mallow water requirements
is quite scarce, with existing studies lacking detailed information on
crop phenological characteristics and with non-precise derivation of K.
Moreover, no studies were found where jute mallow was harvested with
two cuts. Considering this information gap, the calibrated K¢y miqg and Kep,
end Values matched the corresponding tabulated K, values for the mid
and end-season stages of most leaves vegetable crops listed in Pereira
et al. (2021).

The Pini, Pmid, and pend values were set to 0.55 during both cut cycles,

ch
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representing an increase from those proposed by Allen et al. (1998) and
Pereira et al. (2021) for leaves vegetable crops (Table 6). Jute mallow
was thus considered to be more tolerant to water stress than those crops
during the different crop stages.

3.2. Model simulation of the soil water contents

Fig. 4 presents the soil water contents measured in the root zone of
treatments TO, T1, and T2 during the 2017-2019 growing seasons, and
compares these values with the SIMDualKc simulations. Fig. 4 further
provides the dates of rainfall and irrigation events as well as depths
applied per event.

The seasonal irrigation depths in TO ranged from 550 to 990 mm,
with water applied through basin flooding in 5-9 events (Table 3).
Irrigation scheduling in this treatment followed the common practice in
the region, which finds some comparison with the management of jute
mallow in other parts of the world (Palada and Chang, 2003; Odofin
etal., 2011). While the seasonal amount of water depended much on the
length of the crop’s growing season, the depths applied per irrigation
event were very similar and characteristically high, ranging from 110 to
115 mm. As a result, the simulated soil water contents exhibited large
variation throughout the crop seasons, increasing soil water to values
close to saturation during irrigation events, and then gradually
decreasing due to percolation and root water uptake. Darouich et al.
(2020) had already reported a similar soil moisture behavior in zucchini
squash furrow irrigation treatments implemented in an adjacent
experimental field.

In T1, the seasonal irrigation depths ranged from 219 to 421 mm
(Table 3). In this drip treatment, triggering irrigation when soil water
contents dropped below 90% of Ogc produced the highest irrigation
frequency (11-18 events) and the lowest depths per event (11-30 mm).
Contrastingly, irrigation in T2, triggered when soil water contents
dropped below 80% of Opc, resulted in larger depths per event
(10-43 mm) but fewer events (10-13 events) than in T1. The seasonal
irrigation depths were the lowest, ranging from 200 to 393 mm
(Table 3). Nevertheless, both T1 and T2 used 57-64% less water than TO
due to the characteristics of the drip irrigation method used. In these
treatments, the simulated soil water contents exhibited also less varia-
tion than in TO, with values remaining always close to or slightly below
Ogc but never approaching saturation.

The SIMDualKc model was able to reproduce field measurements
reasonably well during the 2018 calibration season, with goodness-of-fit

0.95

; Time (days)
« Initial>+Development »+«—— Mid-season —=Late- »

season

Fig. 3. Conceptual scheme of the basal crop coefficient (Kp,) for jute mallow during the four crop growth stages (the area in grey will depend on the length of the late

season stage).
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Fig. 4. Measured and simulated soil water contents in basin (T0) and drip (T1, T2) irrigation treatments during the 2017-2019 growing seasons (0gc, Owp, and 6,
correspond to soil water contents at field capacity, the wilting point, and at the depletion fraction for no stress).

Table 7
Goodness-of-fit indicators relative to calibration (2018) and validation (2017 and 2019) of soil water content simulations.
Year Treatment bo () R2(9) RMSE (m® m™3) NRMSE (-) PBIAS (%) NSE (-)
2017 Validation TO 1.021 0.667 0.0005 0.0014 -2.155 0.368
T1 1.001 0.908 0.0002 0.0004 -0.098 0.710
T2 0.971 0.938 0.0007 0.0018 2.866 0.812
2018 Calibration TO 1.016 0.687 0.0007 0.0016 -1.648 0.468
T1 0.998 0.790 0.0001 0.0002 0.187 0.690
T2 0.985 0.892 0.0004 0.0011 1.551 0.790
2019 Validation TO 1.023 0.690 0.0007 0.0018 -2.331 0.358
T1 0.997 0.827 0.0001 0.0003 0.258 0.811
T2 0.998 0.806 0.0003 0.0007 0.199 0.793

TO, T1, T2, experimental treatments; by, regression coefficient; R2, coefficient of determination; RMSE, root mean square error; NRMSE, ratio of the RMSE to the

standard deviation of observed data; PBIAS, percent bias; NSE, model efficiency.

indicating a quite good performance of the model (Table 7). These in-
dicators showed a higher accuracy of soil water content simulations in
the case of drip irrigation, T1 and T2, than with surface irrigation, in TO.
The R? values were 0.79 and 0.89 in T1 and T2, respectively, while in TO
the R? value was 0.687. Nevertheless, all R? values were high enough to
express the model’s capability in explaining most of the variability of the
observed data in the different treatments. Also, the NSE value was found
to be superior in T1 and T2 (NSE of 0.69 and 0.79) than in TO
(NSE = 0.47), which still indicated that the residual variance was much
smaller than the measured data variance in all treatments. Furthermore,
the error of the estimate was generally quite small, resulting in RMSE
and NRMSE values lower than 0.001 m® m™ and 0.002, respectively.
Lastly, both by, always close to 1.0, and PBIAS, quite small, did not allow
finding a tendency for observations to be under- or over-predicted, thus

confirming the goodness of the model simulations.

The parameters calibrated in 2018 were validated with the field data
of the 2017 and 2019 growing seasons. The resulting goodness-of-fit
indicators demonstrate a behavior of the SIMDualKc model similar to
that of calibration in predicting soil water contents during those seasons.
The goodness-of-fit indicators are also within the range of values re-
ported in other successful SIMDualKc applications to vegetables (Zhang
et al., 2018; Patil and Tiwari, 2019; Darouich et al., 2020), and well
confirm the reliability of model simulations.

3.3. Standard and actual crop coefficients

Fig. 5 presents the seasonal values of the potential non-stressed basal
crop coefficients (Kp), the actual basal crop coefficients (K¢p act), the soil
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Fig. 5. Seasonal variation of the standard (non-stressed) basal crop coefficient (K), the actual basal crop coefficient (K¢p act), the evaporation coefficient (K.), and
the actual crop coefficient (K¢ act = Keb act + Ke) in basin (T0) and drip (T1, T2) irrigation treatments during the 2017-2019 growing seasons, including the respective

data on irrigation and precipitation.

evaporation coefficients (K¢), and the actual crop coefficients (K¢ 4t =
Kep act + Ke) computed by SIMDualKc for jute mallow during the
2017-2019 growing seasons. Also included are the rainfall and irriga-
tion events. As referred earlier, the K, values for the different crop
stages were first calibrated from field data, and then further adjusted to
local weather conditions following Allen et al. (1998) and Pereira et al.
(2021). Hence, during the 2018 growing season, the Ky, ini, Kcb mid, and
Keb end Values were calibrated to 0.15, 0.95, and 0.95, respectively, for
the first cut cycle, and to 0.35, 0.95, and 0.95, respectively, for the
second cut cycle (Table 6). After adjustment to local weather conditions,
the K¢p, values varied slightly, with K¢ mig and Kep end adjusting to near
0.90 during both cycles. The calibrated K., values were then validated
during the 2017 and 2019 growing seasons. In 2017, the K, adjustment
to local weather conditions resulted in K¢y mig and Kep eng values of 0.92
for the first cut cycle and 0.91 for the second cut cycle. In 2019, the
adjusted values for K¢y mig and Kcp eng were 0.90 and 0.89 for the first
and second cut cycles, respectively.

In TO, the K¢p act Values always matched the potential standard K
ones. No water stress was ever observed during the three growing sea-
sons (Fig. 5). However, the same was not true for T1 and T2, with the K,
act values occasionally departing from the K¢, curves during the mid-
season when the frequency of irrigation was sub-optimal. Neverthe-
less, the water stress periods were always short, with the K, values
equaling again the potential values after a successive irrigation or rain
event.

The K, values showed a contrasting behavior between basin and drip
treatments, which was consistent throughout the three growing seasons.
The K. values started always high in all treatments after irrigation was
applied to aid germination. Then, those values rapidly decreased due to
the depletion of the evaporation soil layer. In TO, the K, values were

10

raised again to maximum values after the first irrigation event due to the
increase of soil moisture in the surface soil layer. As jute mallow rapidly
developed and the canopy fully covered soil surface reducing the
amount of energy available for evaporation, the K, values dropped to
practically nil values during the rest of the growing season, only
increasing with irrigation but always producing small peaks. The
exception was the period after the first cut when the K. values were
raised again with the increase of the energy available for evaporation at
the soil surface.

In T1 and T2, contrarily to TO, the K. values never increased to
maximum values after irrigation started. This occurred because irriga-
tion depths and the f,, value in these treatments were much smaller than
in TO, which prevented the K, values to increase above 0.4. Since irri-
gation depths in both T1 and T2 were always enough to moist the soil
evaporation layer, no differences were found in the K. values except for
those related to the dates of irrigation events and irrigation frequency.
With the development of the plant’s canopy, low K. values were main-
tained for longer periods in T1 due to the higher irrigation frequency
recorded in that treatment compared to T2. In both treatments, the K.
values eventually dropped to null values a few days after irrigation
events, but more regularly in T2. Larger K. values were also observed in
both T1 and T2 after the first cut. However, K, values remained always
smaller than in TO since irrigation depths and f,, were also smaller.

The K¢ act curve described the same trends observed for Kcp act and Ke,
clearly distinguishing the stages where crop transpiration and soil
evaporation contributed most to crop evapotranspiration.

3.4. Soil water balance

Table 8 presents the soil water balance computed by SIMDualKc for
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Table 8
Components of the annual soil water balance (values in brackets correspond to the percentage of the output in relation to the total water input).
Year Treatment Input Output
I (mm) Net P (mm) ASW (mm) Total (mm) T, (mm) Te act (mm) Te act/Te () Eg (mm) DP (mm) RO (mm)
2017 TO 990 6 12 1008 404 404 (40.1) 1.00 47 (4.7) 565 (56.1) 0 (0)
T1 421 6 19 446 404 401 (89.9) 0.99 51 (11.4) 0 (0) 0 (0)
T2 393 6 31 430 404 394 (91.6) 0.98 37 (8.6) 0(0) 0 (0)
2018 TO 550 59 5 614 284 284 (46.3) 1.00 38 (6.2) 300 (48.9) 0 (0)
T1 219 59 33 311 284 280 (90.0) 0.99 31 (10.0) 0 (0) 0 (0)
T2 200 59 43 302 284 277 (91.7) 0.98 33(10.9) 0(0) 0 (0)
2019 TO 805 19 25 849 313 313 (36.9) 1.00 40 (4.7) 501 (59.0) 0 (0)
T1 308 19 30 357 313 312 (87.4) 1.00 51 (14.3) 0 (0) 0 (0)
T2 291 19 36 346 313 309 (89.3) 0.99 42 (12.1) 0(0) 0 (0)

TO, T1, T2, experimental treatments; I, irrigation; P, precipitation; ASW, soil water storage variation; T., potential transpiration; T, ,., actual transpiration; Es, actual

evaporation; DP, deep percolation; RO, runoff.
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Fig. 6. Seasonal variation of daily potential crop transpiration (T.), actual crop transpiration (T. ), and soil evaporation (E) in basin (T0) and drip (T1, T2)

irrigation treatments during the 2017-2019 growing seasons.

jute mallow during the 2017-2019 growing seasons. The length of the
crop cycle decisively influenced the seasonal T., which values ranged
from 284 to 404 mm. The lowest value was obtained in 2018, during a
season that lasted 68 days. The highest was reached in 2017 when the
crop season length was 96 days. The T¢ 4ct/ET¢ act ratio, which ranged
from 0.86 to 0.91, showed the dominance of the transpiration compo-
nent in seasonal ET values. As mentioned earlier, the K, ¢t values in TO
always matched the potential ones. As such, the T. 5 values also
equaled the respective T, values, meaning that no root water uptake
reductions due to water stress were ever registered in this treatment
(Fig. 6). The same was also observed for the drip treatments since the
previously noticed departure between K act and K, values resulted
only in meaningless reductions of the T, values (2%). This was important
to know since water stress can have a detrimental effect on jute mallow
yields by reducing photosynthesis, respiration, and ultimately leaves
growth.

Soil evaporation exhibited the same trends already described for the
K. values (Fig. 6), with higher rates during the initial crop stages and
following the first cut. The seasonal soil evaporation was relatively low
due to the fast crop growth, determining that full coverage of the soil
surface by crop leaves (f. = 0.95) was attained quite rapidly, thus
limiting the energy available for evaporation. The seasonal Eg values
ranged from 31 to 51 mm and were generally higher in T1 due to the
higher irrigation frequency adopted in this treatment. The seasonal ET,
act values ranged from 310 to 452 mm, which values are comparable
with those reported by Odofin et al. (2011), 326-374 mm.

Deep percolation was only found in TO, with extremely large
cumulated values (300-565 mm), which represented 55-62% of the
irrigation water applied and 49-59% of the total water inputs (including
rain and soil water storage). Contrastingly, crop water used in T1 ranged
from 87% to 90% and in T2 from 89% to 92% in relation to the total
water inputs. These results further reveal the inefficiency of the
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traditional irrigation methods considered in this treatment. Traditional
basin irrigation often results in high DP values due to the commonly low
performance of these methods (Walker and Skogerboe, 1987; Darouich
et al., 2012). However, many studies demonstrate that the performance
of surface irrigation may be highly improved when design considers the
appropriate relationships among the field size, slope, infiltration char-
acteristics, inflow rates, and irrigation timing, duration, and frequency
as already demonstrated for Syria (Darouich et al., 2012, 2014). While
for the case study area, the percolated water ended up being collected by
the drainage network system and delivered to the local stream to be
eventually reused further downstream, in most Syrian irrigated areas
those losses constitute an important contribution to groundwater
recharge (Darouich et al., 2014). Thus, despite less efficient than the
drip methods, the traditional surface irrigation method may well be a
valuable mechanism for increasing the soil water storage to be used in
irrigation.

3.5. Yield and water productivity indicators

Table 9 presents jute mallow yields measured in each treatment
during the three growing seasons, as well as the respective water pro-
ductivity indicators: WPwy, WPyig, WPgr, WP, EWP, and EWPR in-
dicators. Table 10 then presents the ANOVA table with the analysis of
variance for the effects of treatments and seasons on jute mallow yields
and WP indicators. Jute mallow yields were always higher in T1 and T2
than in TO. In T1, yields averaged 16.31 Mg ha'!, with annual maximum
and minimum values of 18.34 and 13.20 Mg hal, respectively. In T2,
the yield average was only slightly below the previous one
(15.20 Mg ha™!), with yearly values ranging from 14.73 to 15.59 Mg ha’
!, The first cut was always more productive than the second. Contrast-
ingly, yields in TO averaged only 11.07 Mg ha™!, with yearly values also
ranging from 10.42 to 11.94 Mg ha'l. Statistics showed that the differ-
ence in the average between treatments was significant at the 99.9%
level of confidence, but no relation was found either for the growing
seasons or the interaction of both factors (i.e., years x treatments).

Literature is quite scarce on the effect of irrigation method and
scheduling on jute mallow yields. Yousef et al. (2020) reported a
maximum yield of 8.0 Mg ha! in well fertilized treatments irrigated
every ten days by flooding in the Assiut governorate, Central Egypt,
during the 2017 and 2018 growing seasons. Asmaa et al. (2014) also
presented yields ranging from 10.48 to 12.87 Mg ha™! for jute mallow
irrigated by drip in the Beheira Governorate, Northern Egypt, during the
2010 and 2011 growing seasons. The previous values were smaller than
those obtained in this study. Yet, as in this study, crop irrigation by
traditional methods always returned the lowest marketable yields. The
same had already been observed in Darouich et al. (2020) for zucchini
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squash. Like then for traditional furrows, basin irrigation resulted in
high percolation losses, which most certainly promoted nutrient leach-
ing and reduced nutrient availability for jute mallow growth.

Drip irrigation treatments also returned higher water productivity
indicators than the basin irrigation treatment (Table 9). This trend was
noticed not only when analyzing the absolute values of each indicator,
but also their yearly variation assuming always the respective WPwy
values as the baseline. As a result, the WPj,i; values showed a greater
increase in the drip treatments (6-50%) than in TO (2-11%) when
considering WPyy as the calculation basis, thus revealing the higher
efficiency of the drip irrigation system. On the other hand, no substantial
differences were found between WPy and WPgr in the drip treatments,
contrarily to TO where this indicator increased by 91-140%, thus
meaning that most of the water inputs in T1 and T2 were used in the ET
process (i.e., no percolation or runoff occurred). A similar analysis was
drawn for WP, but here values in the drip treatments suffered a slight
increase (8-15%) when compared to WPgr because evaporation was
then not considered.

The WPwy and WP;.ig showed significant differences in the average
between treatments and between years at the 99.9% level of confidence,
but no differences were found for interaction between both factors
(Table 10). Likewise, the WPgr and WPt showed contrasting differences
between treatments and between years, but the level of confidence was
smaller than in the previous indicators (99%). Also, the economical
indicators were more advantageous in the drip treatments than in the
basin treatment, with the average values of both indicators being again
found to be significantly different for treatments and years at the 99.9%
level of confidence. The EWP values ranged from 0.8 to 1.3 $ m™ in T1
and T2 while they varied only from 0.24 to 0.43 $ m™ in TO. On the other
hand, the EWPR values ranged from 15.87 to 33.51 in T1 and T2, while
in TO they reached 4.39-8.68. The EWPR values for jute mallow were
thus smaller than those in Darouich et al. (2020) for zucchini squash,
which ranged from 14.3 to 23.9 in the furrow treatment and from 24.5 to
90.0 in the drip treatments. Therefore, jute mallow may be considered a
less interesting crop to be grown in the Akkar plain, Syria, but valuable
enough to be included in a crop rotation scheme.

3.6. Defining irrigation thresholds

Fig. 7 presents NIR of jute mallow for scenarios Al, All, BIL, and BII for
the period 1998-2020. For scenario Al, which considered May 1st as the
sowing date, the dates of the crop stages based on the GDD, and basin
irrigation, the NIR values ranged from 314 to 397 mm. Yet, no sub-
stantial differences were found for 21 of the 23 years, in which NIR
values varied only from 386 to 397 mm. Therefore, NIR values corre-
sponding to this scenario in Fig. 7 were practically constant. This was

Table 9
Yield and water productivity indicators.
Year Treatment Yield (Mg ha™) WPy (kg m™) WPiryig (kg m™) WPgr (kg m™) WPy (kg m™) EWP ($ m™®) EWPR ()
1% cut 2 cut Total
2017 TO 7.00 3.86 10.86 1.08 1.10 2.41 2.69 0.24 4.39
T1 11.20 6.18 17.38 3.90 4.13 3.84 4.33 0.86 16.52
T2 11.19 4.40 15.59 3.62 3.97 3.57 3.96 0.80 15.87
2018 TO 8.34 3.60 11.94 1.95 2.17 3.72 4.21 0.43 8.68
T1 11.14 7.20 18.34 5.92 8.38 5.77 6.56 1.30 33.51
T2 9.73 5.00 14.73 4.90 7.35 4.77 5.31 1.08 29.41
2019 TO 6.90 3.52 10.42 1.23 1.29 2.95 3.33 0.27 5.18
T1 8.30 4.90 13.20 3.70 4.29 3.64 4.24 0.81 17.15
T2 9.70 5.58 15.28 4.42 5.25 4.36 4.94 0.97 21.01

WPy, total water productivity; WPinig, irrigation water productivity; WPgr, consumptive use water productivity; WPy, transpiration water productivity; EWP,

economic water productivity; EWPR, economic water productivity ratio.

12



H. Darouich et al. Agricultural Water Management 255 (2021) 107038

Table 10
Analysis of variance of measured jute mallow yields and water productivity indicators.
Source of variation Degrees of freedom Sum of squares Mean square F P
Total yield
Years 2 28.02 14.01 0.252
1.45
Treatments 2 182.46 91.23 0.001**
9.45
Years x Treatments 4 38.18 9.55 0.430
0.99
Error 27 260.60 9.65
WPwy
Years 2 13.20 6.60 0.000%**
10.53
Treatments 2 72.00 36.00 0.000%**
57.42
Years x Treatments 4 4.00 1.00 0.204
1.60
Error 27 16.93 0.63
WPyrig
Years 2 56.99 28.50 0.000%**
27.98
Treatments 2 130.71 65.36 0.000%**
64.18
Years x Treatments 4 15.28 3.82 0.015*
3.75
Error 27 27.50 1.02
WPgr
Years 2 14.26 7.13 0.001**
9.32
Treatments 2 13.66 6.83 0.001**
8.93
Years x Treatments 4 3.18 0.82 0.389
1.07
Error 27 20.65 0.77
WPy
Years 2 18.26 9.13 0.001**
9.36
Treatments 2 18.10 9.05 0.001**
9.27
Years x Treatments 4 4.11 1.03 0.399
1.05
Error 27 26.36 0.98
EWP
Years 2 0.64 0.32
10.53
Treatments 2 3.49 1.74
57.42
Years x Treatments 4 0.19 0.05 0.204
1.60
Error 27 0.82 0.03
EWPR
Years 2 911.89 455.94 0.000%**
27.98
Treatments 2 2091.39 1045.70 0.000%**
64.18
Years x Treatments 4 244.52 61.13 0.015*
3.75
Error 27 439.93 16.29

Significant levels: 0*** 0.001** 0.05*
WPy, total water productivity; WP;g, irrigation water productivity; WPgr, consumptive use water productivity; WPy, transpiration water productivity; EWP,
economic water productivity; EWPR, economic water productivity ratio.
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Fig. 7. Frequency distribution of the net irrigation requirements for Jute mallow, Akkar plain, Syria, relative to the time period of 1998-2020. A and B refer to
scenarios with different sowing dates. I and II refer to scenarios with different irrigation methods (I, basin irrigation; II, drip irrigation).

Table 11
Soil water balance for the years representing average, high, and very high water demand in different scenarios.
Scenario Water demand Year ASW (mm) Net P (mm) I (mm) T. (mm) Te act (mm) Es (mm) DP (mm)
Al Average 2019 -25 19 392 364 363 28 0
High 2010 3 3 393 385 383 21 0
Very high 2020 -2 0 395 381 380 18 0
BI Average 2000 -21 0 391 350 349 26 0
High 2013 -31 0 393 344 343 24 0
Very high 2019 0 19 395 380 379 22 20
All Average 2005 37 19 360 379 376 45 0
High 2015 40 17 380 410 406 36 0
Very high 2009 25 5 400 399 395 41 0
BII Average 2012 25 0 360 361 356 35 0
High 2009 20 0 400 394 390 37 0
Very high 2017 37 6 400 403 399 51 0

ASW, soil water storage variation; P, precipitation; I, irrigation; T, potential transpiration; T, ., actual transpiration; E,, actual evaporation; DP, deep percolation.
A and B refer to scenarios with different sowing dates. I and II refer to scenarios with different irrigation methods (I, basin irrigation; II, drip irrigation).

explained by the small interannual variation of the atmospheric demand
during the crop cycle, the commonly adopted irrigation trigger
threshold (MAD = p), and the high irrigation depths applied in each
event to refill the soil water contents to field capacity, which were not
sensitive to small variations on atmospheric demand during the 23-year
period. The same results were observed for scenario BI, which consid-
ered the same irrigation method, but in this case, the sowing date and
the crop growth stages were defined as in 2017. NIR ranged from 386 to
395 mm for 22 of the 23 years, with only one season requiring an extra
irrigation event that increased NIR to 468 mm.

For scenario AlIl, which considered the same assumptions as Al but
drip irrigation, NIR ranged from 280 to 400 mm. For scenario BII, also
with drip irrigation, NIR values varied from 340 to 420 mm despite the
noticed small interannual variation of the atmospheric demand during
the crop cycle. The introduction of drip irrigation allowed to better
distinguish NIR of jute mallow along the seasons. Nonetheless, NIR
variation in these scenarios was relatively narrow, but with values being
always similar or lower than those computed in the basin irrigation
scenarios.

Table 11 presents the soil water balance for the years representing
the average, high, and very high demand, which corresponded to the
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probabilities of 50%, 80%, and 95% for non-exceedance when assuming
a normal distribution for the 1998-2020 NIR time series, that were al-
ways different for each scenario. For scenarios Al and BI, as referred
above, no substantial differences were found in the NIR of jute mallow.
Nonetheless, T, and T, ot values increased as expected from the years
representing average water demand to the years representing very high
water demand. For scenarios All and BII, the increase of NIR was fol-
lowed by an increase of T, and T 4 values, confirming the capability of
drip irrigation schemes to save water not just due to the greater effi-
ciency of these systems, but also because with drip irrigation it is easier
to adjust irrigation depths to atmospheric demand.

4. Conclusions

The modernization of irrigation methods and practices in the Syrian
Akkar Plain has provided the context for this research, in which irriga-
tion requirements of jute mallow (Corchorus olitorius L.) were investi-
gated. The SIMDualKc model, which follows the FAO56 dual-K,.
approach, was used to compute the soil water balance in jute mallow
plots irrigated with basin and drip irrigation methods during three
growing seasons (2017-2019). The model successfully simulated soil
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water contents in diverse experimental plots, with the level of agree-
ment between measured and simulated data returning RMSE values
lower than 0.001 m® m ™ and NSE values ranging from 0.36 to 0.81. The
calibrated basal crop coefficients (K¢) were 0.15, 0.95, and 0.95 for the
initial (K¢p ini), mid-season (K¢p miq), and end-season (K¢p end) Stages,
respectively, which should be considered when computing future crop
irrigation needs in the Syrian Akkar Plain. The corresponding standard
K¢p values to be used worldwide and adjusted to local climates are, for
the first cut cycle, Kep ini = 0.15, Kep mid = 0.92, and K¢p end = 0.90, and
for the second cycle, K¢p ini = 0.35, Keb miq = 0.91, and Kcp eng = 0.90.

Jute mallow yields were significantly higher in the drip irrigation
treatments than in the basin treatment, with the water productivity and
economic indicators responding also positively to water savings gener-
ated by the higher application efficiency of the drip systems through the
highly frequent application of small irrigation depths that better adjust
to the crop water demand.

The net irrigation requirements were also investigated using the
SIMDualKc model over a long time period of 23 years (1998-2020),
where the probabilities of the demand for irrigation water were assessed
in scenarios considering different crop season lengths, irrigation
methods, and application depths and schedules. Except for the extremes
of the long-term weather time series, the probability of the demand for
irrigation water for the years representing the average, high, and very
high demand, which correspond respectively to the probabilities of 50%,
80%, and 95% for non-exceedance, were relatively similar for the basin
irrigation scenarios (from 391 to 395 mm) but more distinct for drip
irrigation scenarios (from 360 to 400 mm), further showing the ad-
vantages of this irrigation method to save water.
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