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ARTICLE INFO ABSTRACT

Handling Editor - J.E. Ferndndez Orchards consist of complex agricultural systems, with a variety of characteristics (planting density, tree height,
training system, canopy cover, irrigation method, interrow management) influencing crop evapotranspiration
(ET,). Thus, irrigation water management requires finding crop coefficients (K.) that represent the characteristics
of local orchards, evidencing the need for site specific data. The main objective of this study was to derive the K,
of almond, olive, citrus, and pomegranate orchards in Alentejo, southern Portugal, wherein they became
dominant over the last decade. Monitoring was carried out in nine orchards, which management decisions were
performed by the farmers. The ET, was estimated from the soil water balance computed for each orchard using
the FAO56 dual-K. approach with the SIMDualKc model. The model successfully simulated the soil water con-
tents measured in the various fields along two growing seasons, with root mean square error values lower than
0.005 m® m~3 and modeling efficiencies from 0.363 to 0.782. The estimated basal crop coefficients (Kp) for the
initial, mid- and end-seasons were respectively 0.22, 0.58, and 0.50 for almond; 0.32-0.33, 0.35-0.36, and
0.33-0.34 for olive; 0.40, 0.40-41, and 0.40-0.41 for citrus; and 0.24, 0.60, and 0.52 for pomegranate. Small
variations in olive and citrus K, values were found to be related to differences in the fraction of the ground
covered by trees’ canopies and tree height. The single K. values, which included the component relative to soil
evaporation, were also estimated. Furthermore, evaluation of the soil water balance in the nine case studies
showed salinity effects in one almond orchard, mild irrigation water deficits in olive systems, and large non-
consumptive water use in citrus and pomegranate orchards. These results evidence the need for better man-
agement of orchards irrigation water in the region, and the current study provides for reliable information on the
K. of tree crops to support improving the management of local orchard systems and the preservation of soil and
water resources. Aimed at these resources and the sustainability of their use, simulated alternative irrigation
schedules were performed, which identified possible water savings of 20 mm in case of olives, up to 855 mm for
citrus.
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1. Introduction

The expansion of the irrigated area over the past century has pro-
vided the means for agricultural production in regions of the world
where scarcity prevails. In these regions mostly afflicted by arid, semi-
arid, and dry sub-humid climates, irrigation is fundamental to fulfill
crop water requirements, diversify crop production, increase food

production, meet the growing food demand, ensure food stability, and
increase the prosperity of rural areas (Pereira et al., 2009). This, most
times, comes with costs to the environment as the pressure on freshwater
resources builds up. Irrigation is today responsible for 70% of all
freshwater withdrawals in the world and 90% in the least developed
regions (UNESCO, 2020). Irrigation is also considered a key source of
land degradation, namely by contributing to the contamination or
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depletion of water resources, promotion of soil erosion and soil salini-
zation, being also associated with biodiversity loss. Climate change only
further exacerbates the scarcity issue and future uncertainty.

Mitigating the environmental problems referred to above as well as
climate uncertainty can only be achieved by improving agricultural
water management, namely water use and performance of irrigation
systems (Pereira et al., 2002; Jovanovic et al., 2020). This requires an
accurate estimate of crop water requirements and irrigation schedules
(irrigation timing, duration, and quantity), namely by following the
FAO56 method (Allen et al., 1998). Widely used, this method estimates
crop evapotranspiration (ET.) as the product of a crop coefficient (K.)
and the grass reference evapotranspiration (ET,), the latter being
calculated with the FAO Penman-Monteith (FAO-PM) equation (Allen
etal., 1998). K. values are defined for each crop stage by using the single
crop coefficient approach, which assumes a single value for including
both the soil evaporation and crop transpiration processes, or the dual
crop coefficient approach (K. = K¢, + Ke), which separately considers
the basal transpiration coefficient (K.,) and the soil evaporation coef-
ficient (K¢). The methodology is straightforward, with standard K. and
K¢p values available for most field and vegetable crops (Pereira et al.,
2021a, 2021b). For trees and vines, Rallo et al. (2021) also provided
standard K. values for the most common agricultural species and man-
agement options. However, the complexity of orchard systems is great
because surfaces are heterogenous and the soil is incompletely covered,
and differences in the planting density, canopy height, training system,
interrow management, and irrigation method influence the amount of
energy available for both the transpiration and soil evaporation pro-
cesses. It results that the collected literature information may be rather
insufficient for selecting from the reported K. and K, values for those to
be efficiently used in irrigation water management (Rallo et al., 2021;
Pereira et al., 2020a; Volschenk, 2020; Fereres et al., 2012).

That knowledge gap is particularly relevant for the Alentejo region of
southern Portugal, where orchards systems have become dominant over
the last decade. The implementation of the Alqueva project in 2002,
which progressively added 120,000 ha of newly irrigated land to the
already existing 35,000 ha included in different collective systems,
provided conditions for the fast expansion of olive orchards and other
perennial crops (Ramos et al., 2019). Olive (87,500 ha) and other or-
chards (22,000 ha) (DGADR, 2021), from which almond stands out, now
extend throughout the landscape, replacing the traditional crops, mainly
irrigated and rainfed cereals. In the Alqueva irrigation district alone,
olives and almonds cover today 56.7% and 21.3% of the equipped area,
respectively (EDIA, 2022). These orchards mostly consist of high (>300
trees ha™!) and very high-density (>1500 trees ha™1) orchard systems,
which require high to very-high input factors (Paco et al., 2019).

The abrupt landscape change has naturally raised doubts about the
sustainability of the new production systems, with local populations
often raising concerns about respective environmental impacts as often
reported by the traditional and social media (Expresso, 2018; Dinheiro
Vivo, 2021; Publico, 2021). This social unrest is per se pressing on the
viability of those systems, resulting in the need for a throughout and
clear quantification of the main environmental risks associated with the
new cropping reality in the Alentejo region. While some studies already
exist to address improved crop water use (Paco et al.,, 2019, 2014;
Santos, 2018; Conceicao et al., 2017), and decrease soil salinization risks
(Ramos et al., 2019) and non-point source pollution due to fertigation
practices (Cameira et al., 2014), these studies imply further assessing
crop water use to better control environmental impacts. Meanwhile,
studies are limited to olive and are insufficient to provide guidelines for
improving irrigation and fertigation practices to local farmers.

The current study follows the need to increase knowledge on the
water use and environmental impacts of the new orchard systems
dominating the landscape in the Alentejo region, southern Portugal. The
first part of the study aims to assess local irrigation practices through the
accurate estimate of evapotranspiration and crop coefficients in
different orchards systems. The selected tool was the SIMDualKc model
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(Rosa et al., 2012), which adopts the FAO-56 dual-K. approach for
computing ET, fluxes when partitioning into crop transpiration and soil
evaporation. A review on water balance models justifies that option
(Pereira et al., 2020b). The reasons for choosing this model further lay
on: (i) the acknowledged more accurate estimates of the evapotranspi-
ration processes provided by the FAO-56 dual-K. approach as compared
to other methods (Pereira et al., 2015a; Kool et al., 2014; Lopez-Urrea
et al., 2009); (ii) the adequacy in adopting the estimated potential
transpiration and soil evaporation fluxes, thus defining atmospheric
boundary conditions in mechanistic vadose zone modeling aimed at
evaluating soil salinization and fertigation risks (Chen et al., 2022;
Phogat et al., 2017; Gonzalez et al., 2015; Ramos et al., 2012; Minhas
et al., 2020); and (iii) the extensive testing already performed with the
SIMDualKc model in orchards grown under diverse management options
and climate conditions, namely for olive (Puig-Sirera et al., 2021; Paco
etal., 2019, 2014), peach (Paco et al., 2012), grapevine (Darouich et al.,
2022a; Silva et al., 2021; Cancela et al., 2015; Fandino et al., 2012), and
citrus (Darouich et al., 2022b).

The objectives of this study, therefore, consist of: (i) to calibrate and
validate the SIMDualKc model in various almond, olive, citrus (orange,
clementine, and mandarin), and pomegranate orchards of Alentejo using
field data of the 2019 and 2020 growing seasons; (ii) with support by the
model, to derive the K. and K, standard and actual crop coefficients for
those crops using the dual-K. approach; (iii) to evaluate the components
of the soil water balance from a water saving perspective; and, (iv) using
the model, to develop alternative water saving irrigation schedules and
management issues. Results of this study will also be used as input to
mechanistic models aimed at predicting soil salinization and crop fer-
tigation risks, which assessment shall be the object of companion papers
to be published later. As such, this study aims to contribute to improve
irrigation water use in the Alentejo region considering the sustainability
and response to climate change of local production systems. A few
novelties must be referred: the adoption of a dual-K. model to assess the
irrigation and related water balance of six different crops and nine fields;
the gain of further data on standard basal crop coefficients for Medi-
terranean tree crops, which is still very limited; the use, for the first time,
of a dual-K. model for almond, mandarin, and pomegranate orchards;
and not limiting the assessment to discussions on possible issues, but
proposing quantified predictions of water saving for all nine plots
through model simulations considering mild deficit irrigation for the
crop stages when the crop and yields are not affected.

2. Material and methods
2.1. Description of the study area

This study was conducted in the Roxo irrigation district (RID),
Montes Velhos, Aljustrel, Portugal, from January 1%, 2019, to December
31%, 2020. The RID is a collective system with 5041 ha, built during
stage I of the irrigation plan for Alentejo, in 1968. Since 2016, the RID is
connected to the Alqueva system, which provides an extra water supply
during drier seasons. The climate in the region is semi-arid. The mean
annual air temperature is 16.3°C, ranging from a minimum of 9.8°C in
January to a maximum of 23.1°C in August. The mean annual precipi-
tation is 454 mm, which occurs mostly between October and May. The
mean annual reference evapotranspiration (ET,) computed with the
FAO-PM equation (Allen et al., 1998) is 1363 mm for the period
1979-2020 (Hersbach et al., 2018). The main soil units are classified as
Luvisols (~40%), Fluvisols and Regosols (~20%), Gleysols and Plano-
sols (~20%), and Vertisols (~10%) (IUSS Working Group WRB, 2014).
Soil salinization problems have long been reported in the region
(Alexandre et al., 2018; Martins et al., 2005), resulting from the use of
poor-quality soil drainage and irrigation water prior to the connection of
the RID to the Alqueva system. Salinization may have also been aggra-
vated due to less percolating water resulting from a decreasing precip-
itation trend as reported by Portela et al. (2020).
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In 2019, the dominant land uses were rainfed cereals (~46%), sun-
flower (~14%), olive (~21%), almond (~5%), and maize (~4%). This
distribution was explained by drought conditions which limited irriga-
tion in that season. Nonetheless, olive and almond areas have been
expanding despite drought conditions observed over the last decade.
Drip is the most common irrigation method, but sprinkler and surface
methods are also used, the latter in farms of smaller dimensions. The
groundwater table depth averaged 5.5 m, with maximum and minimum
depths of 7.6 and 4.2 m, respectively (SNIRH, 2022).

2.2. Experimental plots and measurements

Irrigation practices were monitored in nine commercial orchards
located in the RID (Fig. 1). The selected crops were almond (Prunus
amygdalus Batsch), olive (Olea europaea L.), citrus (Citrus spp.), and
pomegranate (Punica granatum L.), covering the most representative
perennials grown in the region. Table 1 presents the main characteristics
of the selected orchards, including location, plant variety, crop density
and age, training system, and soil type. In five locations, orchards were
on ridges, mostly trapezoidal shaped with 0.25-0.70 m height, and
1.2-1.6 m wide at the top and 2.3-2.8 m wide at the bottom.

Table 2 gives the main physical and chemical properties of soils in
the nine study sites. The soil classification follows the IUSS Working
Group (2014). The particle size distribution was determined following
the International Soil Science Society (ISSS) particle limits (Atterberg
scale), with particles of diameter < 0.002mm (clay) and
0.02-0.002 mm (silt) obtained using the pipette method, and particles
0.2-0.02 mm (fine sand) and 2-0.2 mm (coarse sand) obtained through
sieving. The organic matter (OM, %) content was estimated from the
organic carbon (OC, %) content determined by the Walkley-Black
method, using the relation OM = 1.724 x OC (Nelson and Sommers,
1982). Dry bulk density (p,) was determined by drying volumetric soil
samples (100 cm®) at 105°C for 48 h. Soil hydraulic properties were
measured also in 100 cm® undisturbed soil cores. The soil water content
at saturation (6s) was determined from the maximum holding capacity
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of the soil cores on a volumetric basis. The soil water content at field
capacity (0pc) was measured using suction tables at — 10 kPa matric
potential (Romano et al., 2002). The soil water content at the wilting
point (Bwp) was measured with a pressure plate extractor at — 1500 kPa
matric potential (Dane and Hopmans, 2002). Measured depths were
assumed representative of the entire root zone layer, including with
ridges. The electrical conductivity of the soil saturation paste extract
(EC.) was determined potentiometrically.

Meteorological data for the study period were collected at the local
weather station. Data included daily values of maximum and minimum
air temperatures (Tpyip and Tpax, °C), minimum and maximum relative
humidity (RHpin, RHmax, %), solar radiation (Rg, MJ m2 day_l), wind
speed measured at 2 m height (up, m s’l), and rainfall (P, mm). Fig. 2
briefly characterizes the weather conditions during the study period,
showing relatively similar interannual variability for most variables
except for rainfall.

At every site, drip irrigation systems were used, with management
practices performed according to standard practices in the region and
decided by farmers, i.e., applying daily small irrigation depths. Drippers
were spaced 0.7-1.0 m apart, placed under tree canopies in a single line
in almond and olive plots and two lines in citrus and pomegranate plots.
Table 3 shows the main characteristics of irrigation events, namely
initiation and end dates, depths per event, the fraction of the soil surface
wetted by irrigation (fy), and the total seasonal application depths.
Irrigation depths per irrigation event averaged between 2.7 (P6) and
7.4 mm (P8). The season irrigation depths per cropped fields averaged
658 mm in almond, 320 mm in olive, 830 mm in citrus, and 791 mm in
pomegranate. Depths were monitored using a flowmeter inserted in the
drip lines. Irrigation was carried out nearly every day during the sum-
mer dry season and less frequently during spring and autumn.

Soil water contents were continuously monitored at depths of 0.1,
0.3, 0.5, and 0.7 m using EnviroPro MT capacitance probes (MAIT In-
dustries, Australia). Probes were installed in the crop rows, with varying
distances from emitters but always less than 0.3 m. Fig. 3 presents, as an
example, the monitoring area in P1, showing the relative positions of the

Fig. 1. Location of the study area.
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Table 1

Location and general characteristics of the case studies.
Field plot Crop Variety Latitude Longitude Density Age Training system Soil * Slope Ridges

(trees ha™!) (%)

P1 Almond Monterey 37.9387 -8.1525 391 5 Vase Chromic Abruptic Luvisol 5.0 No
P2 Almond Monterey 37.9407 -8.1536 391 5 Vase Chromic Abruptic Luvisol 5.0 No
P3 Olive Arbequina 37.9407 -8.1419 319 11 Vase Chromic Dystric Cambisol <1.0 Yes
P4 Olive Cobrangosa 37.9512 -8.1538 297 12 Vase Chromic Dystric Cambisol < 1.0 No
P5 Olive Picual 37.9540 -8.1398 297 11 Vase Calcaric Regosol 1.0 - 2.0 No
P6 Orange Fukumoto 37.9700 -8.1808 404 5 Vase Chromic Abruptic Luvisol 1.0 - 2.0 Yes
pP7 Clementine Oronules 37.9697 -8.1758 675 5 Vase Eutric Sodic Stagnic Regosol <1.0 Yes
P8 Mandarin Setubalense 37.9675 -8.1808 529 5 Vase Eutric Sodic Regosol < 1.0 Yes
P9 Pomegranate Acco 37.9644 -8.1841 666 5 Vase Luvic Planosol <1.0 Yes

Note: * According to IUSS Working Group (2014).

Table 2

Main soil physical and chemical properties in the case studies.
Depth (m) Soil texture (%) oM Pb Soil hydraulic properties (m® m?) TAW EC.

-3 1
cs FS si C ) (Mg m™) 05 Orc Owp (mm) (@S m)

P1. Almond
0.0-0.3 46.0 23.7 15.4 14.9 2.2 1.33 0.419 0.225 0.067 99.5 0.21
0.3-0.5 35.2 16.6 13.2 35.0 0.8 1.41 0.388 0.215 0.135 0.29
0.5-1.0 27.6 13.1 13.1 46.2 0.4 - - - - 0.34
P2. Almond
0.0-0.2 41.0 28.0 17.1 13.9 2.0 1.48 0.418 0.195 0.080 120.6 0.20
0.2-0.4 27.8 20.0 13.4 38.8 1.1 1.41 0.421 0.202 0.080 0.18
0.4-0.7 12,5 20.5 12.0 55.0 0.8 - - - - 0.19
0.7-1.0 35.5 31.8 15.9 16.8 - - - - - 0.47
P3. Olive
0.0-0.4 19.9 38.7 21.1 20.3 1.2 1.34 0.458 0.198 0.105 74.0 0.20
0.4-0.6 21.9 33.9 21.5 22.7 1.0 - - - - 0.14
0.6-0.8 23.8 31.9 19.2 25.1 0.6 - - - - 0.23
P4. Olive
0.0-0.4 27.1 38.5 17.7 16.7 2.6 1.36 0.409 0.192 0.075 116.7 0.20
0.4-0.7 27.3 19.1 10.2 43.4 0.7 - - - - 0.10
0.7-1.0 32.0 10.6 7.5 49.9 1.7 - - - - 0.26
P5. Olive
0.0-0.5 15.7 16.4 20.0 48.0 1.5 1.38 0.543 0.469 0.295 139.1 0.24
0.5-0.8 29.6 20.0 22.5 27.9 0.3 - - - - 0.22
P6. Orange
0.0-0.7 39.4 34.5 13.1 13.0 0.9 1.50 0.409 0.252 0.100 136.8 0.51
0.7-0.9 28.2 23.8 14.9 33.1 3.8 - - - - 0.33
P7. Clementine
0.0-0.8 46.3 36.7 8.0 9.0 0.8 1.61 0.372 0.187 0.042 145.6 1.04
0.8-1.0 33.4 27.0 7.8 31.8 0.4 - - - - 0.61
P8. Mandarin
0.0-0.8 31.0 39.9 14.9 14.2 0.5 1.84 0.384 0.256 0.097 158.4 0.68
0.8-1.0 36.0 32.2 6.4 25.4 0.2 - - - - 0.61
P9. Pomegranate
0.0-0.6 49.6 37.6 7.2 5.6 1.5 1.51 0.382 0.195 0.045 149.7 0.38
0.6-0.8 44.1 31.2 7.3 17.4 1.4 - - - - 0.17
0.8-1.0 42.5 37.1 6.9 13.5 0.5 - - - - 0.13

Note: CS, coarse sand (2000-200 um); FS, fine sand (200-20 pm); Si, silt (20-2 um); C, clay (< 2 um); py, soil bulk density; OM, soil organic matter; 6s, Orc, Owp, S0il
water contents at saturation, field capacity, and the wilting point, respectively; TAW, total available water; EC,, electrical conductivity of the saturation paste extract.

almond trees, the emitters, and the soil water monitoring points. Soil
moisture data were subjected to calibration by comparing measured
values with gravimetric soil water contents measured in disturbed soil
samples taken periodically from each plot and multiplied by the
respective pp, values. The soil water retention data determined in the
laboratory was also considered in the calibration process. The contin-
uous readings of soil water contents measured at different depths were
then averaged for a daily value representing the entire soil profile. EC
was periodically measured in each field by collecting disturbed soil
samples below emitters using an auger. The monitored layer depths
were 0.0-0.2, 0.2-0.4, 0.4-0.6, and 0.6-0.8 m, but reaching the deeper
depths depended on the stoniness of soils of each plot and of soil
moisture at sampling. Measured EC, values were then averaged to get
representative values of the rootzone salinity in the different fields. The
electrical conductivity of irrigation water (ECj,) was periodically

monitored in the RID irrigation channel, with values averaging 0.72 dS
m~L. This value contrasts with the previous range of ECy, values from
1.05 to 1.67 dS m™! measured in the RDI channels between 2003 and
2006 (Martins et al., 2005), before the RDI was connected to Alqueva.

The crops were monitored for the crop stage dates, crop height (h),
the fraction of the ground covered by the canopies (f.), active root depth
(Z,), and interrow management. The dates of crop stages and respective
growing degree-days (GDD) are given in Table 4. The dates of crop
stages approach those reported in the literature for almond (Bellvert
et al., 2018; Lopez-Lopez et al., 2018; Espadafor et al., 2015), olive
(Garrido et al., 2021, 2020; Paco et al., 2019; Sanz-Cortés et al., 2002),
citrus (Darouich et al., 2022b; Garcia-Tejero et al., 2010, Garcia Tejero
et al.,, 2011; Gonzalez-Altozano and Castel, 2000), and pomegranate
(Intrigliolo et al., 2011; Melgarejo et al., 1997) grown in other locations
also having a Mediterranean type of climate. The base temperatures



T.B. Ramos et al.

Prec. (mm)

RHmean (%)

Rs (MJm2d-?)

=
N & O ®©® © =N W
o O ©O O O o o o o

Agricultural Water Management 279 (2023) 108209

ET, (mm)

i ! : :
ik S G fE : i : T
- 23 4 Watfleh .o 3 H [
I3 E3 g .;i;' % 3 é - )
FEE Y ot =2 *H £
1 2§ Fif A5E 2%, 3 E
FE RSB s H i =
= TR T WAL aB iy B
R = 22 R v
H vh e Liawl feks
K vt o u:&-..'u
RHERARS
P I S S S S i PR P S S SR A o
T T T T T T T T T T T T T T T T T T T T T T T T
A O 0O O O O O 6O O O OO ) O O O O O 0O O O O 0o o o
™ = = e W - - - NN NN NN NN NN NN
N~ S T S S S &S S S CSCSCSETSCTESEFTCSESEFTCSE TS SCSCSESEESCSEFTCESE TCTCSCTSETTCTSTETETTCTCETCSESETCESEYERTCERTESESETE
= = N g W W N 00O - AN @O N g N O N0 O O - N
©O O 0 00000 OO0 0 0 0 OO0 00 00 00 o0 d dA -«
T T T T T T e > T T S > e e s s s e
o eH N e " " 0O 0O 00NN WO N W NN S T N NN -
O M O O O M M M N N N N N N N N N N N N N N N N N
Time (days)

Fig. 2. Daily weather data during the study period (P, precipitation; ET,, reference evapotranspiration; Tpay and Tp;,, maximum and minimum air temperatures,
respectively; RHyean, mean relative humidity; Rs, solar radiation; u,, wind speed at 2 m height).

Table 3
Seasonal irrigation and characteristics of irrigation events.

Plot Dates Depth per event (mm) fw Total
Initiati . . © (mm)
nitiation End Mean Minimum Maximum

P1. Almond

2019 17/03 15/12 4.4 1.1 8.6 0.11 617

2020 05/03 26/11 3.9 1.0 10.5 0.11 596

P2. Almond

2019 17/03 15/12 3.5 1.1 7.2 0.12 649

2020 05/03 26/11 5.0 1.7 13.0 0.12 772

P3. Olive

2019 22/03 01/11 4.9 1.1 9.9 0.10 339

2020 29/01 18/10 6.1 1.2 9.2 0.10 355

P4. Olive

2019 24/03 19/11 4.1 1.0 8.4 0.10 273

2020 28/03 17/10 3.5 1.0 6.3 0.10 266

P5. Olive

2019 30/03 18/11 3.8 1.0 9.1 0.09 357

2020 10/03 18/10 4.0 1.0 8.5 0.09 330

P6. Orange

2019 10/01 28/11 2.7 1.1 22.5 0.10 548

2020 10/03 15/10 5.9 1.9 12.2 0.18 843

P7. Clementine

2019 18/01 09/12 3.3 1.1 20.1 0.12 653

2020 13/03 21/10 5.5 21 9.3 0.12 858

P8. Mandarin

2019 18/01 09/12 4.7 1.0 9.3 0.10 906

2020 13/03 21/10 7.4 1.4 29.0 0.12 1170

P9. Pomegranate

2019 11/03 03/12 4.7 1.1 8.5 0.17 654

2020 24/05 06/10 6.2 1.6 12.7 0.17 694

Note: fy, fraction of the soil surface wetted by irrigation.

Almond trees
wIi6'e

Flowmeter | @ Soil water monitoring points

Fig. 3. Experimental layout in the P1 plot.

considered for computing the GDD were 7.0 °C for almond (Egea et al.,
2003; Degrandi-Hoffman et al., 1996), 8.8 °C for olive (Melo-Abreu
etal., 2004), 12.8 °C for citrus (Darouich et al., 2022b; Luo, 2011; Coops
etal., 2001), and 10°C for pomegranate (Melgarejo et al., 1997), again in
line with the respective literature.

Tree height (Table 5) and mean canopy width were monitored using
a tape at the beginning of the initial, mid-season, and late-season, as well
as the non-growing season. The f, values are presented in Table 5 and
refer to the average values observed in each crop stage since no signif-
icant differences were found between the two monitored seasons. Trees
in plots P1 and P2 (almond fields) were subjected to a light pruning at
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Table 4
Crop growth stage dates and duration of growing seasons (in growing degree-days, GDD).
Plot Crop growth stages Total GDD
Non-growing Initiation Crop develop. Mid-season Late-season End-season Non-growing ‘o
P1. Almond
2019 Dates 01/01 22/02 04/03 24/03 30/08 01/11 31/12 -
GDD - 66 126 2107 866 - - 3165
2020 Dates 01/01 18/02 01/03 20/03 27/08 05/11 31/12 -
GDD - 72 131 2202 894 - - 3299
P2. Almond
2019 Dates 01/01 22/02 04/03 24/03 30/08 01/11 31/12 -
GDD - 66 126 2107 866 - - 3165
2020 Dates 01/01 18/02 01/03 20/03 27/08 05/11 31/12 -
GDD - 72 131 2202 894 - - 3299
P3. Olive
2019 Dates 01/01 05/03 20/03 14/05 25/09 01/11 31/12 -
GDD - 67 378 1833 379 - - 2657
2020 Dates 01/01 01/03 20/03 18/05 25/09 01/11 31/12 -
GDD - 96 397 1935 322 - - 2750
P4. Olive
2019 Dates 01/01 08/03 19/03 10/05 30/09 15/11 31/12 -
GDD - 52 331 1942 392 - - 2717
2020 Dates 01/01 05/03 20/03 12/05 25/09 12/11 31/12 -
GDD - 79 348 1983 396 - - 2806
P5. Olive
2019 Dates 01/01 05/03 19/03 10/05 25/09 05/11 31/12 -
GDD - 63 331 1884 413 - - 2691
2020 Dates 01/01 05/03 24/03 14/05 01/10 20/11 31/12 -
GDD - 88 352 2034 401 - - 2875
P6. Orange
2019 Dates 01/01 22/02 20/03 20/05 25/10 31/12 - -
GDD - 25 204 1435 114 - - 1778
2020 Dates 01/01 24/02 25/03 23/05 15/11 31/12 - -
GDD - 36 218 1580 60 - - 1894
P7. Clementine
2019 Dates 01/01 22/02 17/03 15/05 28/10 31/12 - -
GDD - 24 180 1482 92 - - 1778
2020 Dates 01/01 24/02 20/03 23/05 04/11 31/12 - -
GDD - 35 219 1550 89 - - 1893
P8. Mandarin
2019 Dates 01/01 22/02 15/03 15/05 23/10 31/12 - -
GDD - 21 183 1458 116 - - 1778
2020 Dates 01/01 24/02 20/03 23/05 04/11 31/12 - -
GDD - 35 219 1550 89 - - 1893
P9. Pomegranate
2019 Dates 01/01 22/03 12/04 10/05 15/10 25/11 31/12 -
GDD - 83 177 1924 207 - - 2391
2020 Dates 01/01 27/03 16/04 15/05 07/10 15/11 31/12 -
GDD - 96 186 1901 266 - - 2449
Table 5
Mean values of the fraction of the ground cover (f.), tree height (h), and root depth (Z,) during the diverse crop stages.
Plot Crop stages Z,
- e . (m)
Non-growing Initiation Mid-season End-season
fe h fe h fe h fe h
O] (m) O] (m) ©) (m) ©) (m)
P1. Almond 0.08 3.0 0.10 3.0 0.41 4.0 0.20 4.0 1.0
P2. Almond 0.05 3.0 0.10 3.0 0.42 4.0 0.20 4.0 1.0
P3. Olive 0.24 4.0 0.24 4.0 0.26 4.1 0.23 4.0 0.8
P4. Olive 0.20 2.8 0.20 2.8 0.23 3.0 0.20 2.8 1.0
P5. Olive 0.20 3.8 0.22 3.8 0.27 3.9 0.23 3.8 0.8
P6. Orange 0.29 2.4 0.29 2.4 0.29 2.4 0.29 2.4 1.0
P7. Clementine 0.25 2.7 0.25 2.7 0.28 2.7 0.28 2.7 1.0
P8. Mandarin 0.28 2.8 0.28 2.8 0.29 2.8 0.28 2.8 1.0
P9. Pomegranate 0.05 2.0 0.20 2.0 0.41 2.5 0.30 2.3 1.0

the beginning of January 2020. Trees in plots P3 and P4 (olive fields) ground covered by those plants (f. cover) Was defined accordingly.
were pruned more intensively in February 2020. Z, was assessed from

observations in soil profiles. Lastly, the interrow were monitored for the 2.3. Modeling approach

periods with active groundcover, and for residues mulching when those

plants dried out by the early summer. The density and height of the 2.3.1. Model description

interrow plants was assessed by visual analysis, and the fraction of the The soil water balance SIMDualKc model (Rosa et al., 2012) has been
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extensively described in several publications, namely relative to its use
(e.g., Pereira et al., 2015a, 2020b; Paco et al., 2019; Darouich et al.,
2022a, 2022b). Therefore, only the main features of the modeling
approach are given here. The soil water balance at the field scale is
performed daily as follows:

Dr.i = Dr.i—l — (P — RC))l — Ii - CRI + DP, + ETc acti (1)

where D; is the root zone depletion (mm) given by the difference be-
tween soil water content at field capacity and actual soil moisture
conditions, P is the rainfall (mm), RO is the runoff (mm), I is the net
irrigation depth (mm), CR is the capillary rise from the groundwater
table (mm), DP is the deep percolation (mm), and ET, , is the actual
crop evapotranspiration (mm), all referring to day i or i-1. In this
application, CR was not considered as the groundwater table was too
deep (>4.2 m) to contribute to crop evapotranspiration.

Following the FAO56 dual-K. approach (Allen et al., 1998, 2005;
Pereira et al., 2020b), the ET. (mm) is estimated by computing the
components relative to crop transpiration (T, mm) and soil evaporation
(Es, mm) separately:

T. = KiKoET, (2)
Es = KcETo (3)

where K, is the standard basal crop coefficient (-) that refers primarily
to crop transpiration although some diffusive soil evaporation may also
be included, particularly during the initial crop stage, K, is the evapo-
ration coefficient (-) that describes direct evaporation from the surface
soil layer of depth Z (cm), ET,, is the reference evapotranspiration (mm)
computed with the FAO Penman-Monteith equation (Allen et al., 1998),
and Kj is a multiplier stress coefficient describing the impact of water
and salinity stressors on crop evapotranspiration. K = 1 when no stress
occurs and actual crop transpiration rates (T¢ at, mm) match their po-
tential values (T, mm); K5 < 1, and T, 5t < T, when crops are subjected
to water and/or salinity stress. In this application, the K; was computed
following Pereira et al. (2007) and Minhas et al. (2020):

TAWsall - Dr b
K5 - 1- ECE - ECe hreshol 4
<TAW53“ - RAWsall> ( Ky100 ( thresh ld) “4)

where TAWg,; and RAW,; are the total and readily available water
(mm) corrected for salinity relative to the root zone soil depth Z; (m),
ECe threshold is the crop tolerance salinity threshold value (dS m’!) where
crop growth and production starts to decline, b is the percentage of crop
yield reduction per unit increase in EC. above the ECe threshold (%/dS
m’l), and Ky is the yield response factor (-) that describes the rela-
tionship between the relative yield decrease and the relative evapo-
transpiration deficit (Stewart et al., 1977; Doorenbos and Kassam,
1979). Parameter values were updated by Minhas et al. (2020). The first
term on the right side of the previous equation corresponds to the water
(matric) stress when Dy ; > RAWg,;. The second one is used to correct the
former for the effects of salinity (osmotic) stress, i.e., when EC. > EC,
threshold Telative to the considered crop as follows:

TAW i = (8rc — Owp sair) 1000 Z; 5)
RAW = p TAW 6)
and

b (ECc — ECe yresho
Owp sar = Owp + T00 (#) (Brc — Owp) 7
Pa = P — B(ECe — ECe threshona )P 8)

where Bgc is the soil water content at the field capacity (m®m™3), Owp
is the soil water content at the wilting point (m® m~3), Z, is the crop root
depth (m), and Owp sait and psaye are respectively the soil water content at
the wilting point and the depletion fraction for no stress (p) after
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correction for salinity. Successful applications of this approach can be
found in Rosa et al. (2016) for maize and sorghum in Portugal, and Liu
et al. (2022a, 2022b) for maize in China.

Soil evaporation is computed through consideration of the energy
available at the soil surface and water availability in the evaporative soil
layer. The two-stage evaporation model of Ritchie (1972) is adopted,
with the first stage corresponding to the energy limited stage, and the
second to the water limited stage (Allen et al., 1998, 2005; Pereira et al.,
2020b). In this approach, the K, is computed as:

Ke = Kr (Kc max ch min) S few Kc max (9)

and K; as follows:

K, =1 for D,;, < REW (10)
TEW — D ,
K, = m for De,l—l > REW an

where K; is the evaporation reduction coefficient (-), K. max is the
maximum value of K (i.e., K¢ + Ke) following rain or irrigation events
(), few is the fraction of the soil that is both exposed to solar radiation
and wetted by rain or irrigation, and which depends upon the effective
fraction of ground covered or shaded by vegetation near solar noon (f,
eff), TEW is the maximum depth of water that can be evaporated from the
evaporation soil layer when it has been completely wetted (mm), REW is
the depth of water that can be easily evaporated without water avail-
ability restrictions (mm), and D, is the evaporation layer depletion at the
end of day i — 1 (mm). The computation of D, implies computing the
daily soil water balance for the evaporative soil layer.

Deep percolation (DP) is estimated using a time decay function
relating the soil water storage near saturation with the time after the
occurrence of heavy rain or irrigation (Liu et al., 2006):

W, = ap t 12)

where W, is the actual soil water storage in the root zone (mm), ap, is the
soil water storage comprised between 05 and Ogc, bp is an empirical
dimensionless parameter (-), and t is the time after irrigation or rain that
produces storage above field capacity (days). Surface runoff is estimated
using the widely used curve number (CN) approach (Allen et al., 2007;
USDA-SCS, 1972).

For tree crops and vineyards, the K, values include the character-
istics of the main crop and the understory vegetation. While they are
obtained from model calibration, the K., values can be divided into their
components as follows (Pereira et al., 2020a, 2021c; Allen and Pereira,
2009):

Kc ull — Kc cover
Kch = ch geover + Kd <max (ch Sull — ch geover %) ) (13)

where Kep geover is the Kep, of the ground cover vegetation in the absence
of tree foliage (-), K¢p 1 is the estimated basal K. during peak plant
growth for conditions having nearly full ground cover (-), and Ky is the
crop density coefficient (-). The second term of the max function reduces
the estimate for K¢, during the mid-season stage by half the difference
between Kp gy and Kep cover When this difference is negative. This ac-
counts for impacts of the shading of the surface cover by overstory
vegetation having a K, that is lower than that of the ground cover due to
differences in stomatal conductance. When no ground cover exists or
when the cover crop dries out becoming a less dense residual mulch, the
previous equation is simplified by replacing K¢p cover With the minimum
K. for bare soil (K¢ min = 0.15). The K}, £y is estimated primarily as a
function of crop height and then adjusted for tree crops using a reduction
factor (F;) estimated from the mean leaf stomatal resistance (Pereira
et al., 2020a). The density coefficient (Kg) is estimated from the fraction
of ground cover as follows:
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T+h

Kg=min | I, Mfe o, f as

where f; ¢ is the effective fraction of ground covered or shaded by
vegetation near solar noon (-), My, is a multiplier on f;. ¢ (1.5-2.0)
describing the effect of the canopy density on shading and on maximum
relative evapotranspiration per fraction of ground shaded (to simulate
the physical limits imposed on water flux through the plant root, stem,
and leaf systems), and h is the mean height of trees (m). Successful
applications of this approach can be found in Darouich et al. (2022a),
(2022b) for grapevine and citrus, and Paco et al., (2019, 2014) for olive.

2.3.2. Model setup

The computation of the soil water balance in each study orchard
required comprehensive data on weather conditions, soil properties,
crop phenology, ground conditions (active ground cover and/or mulch),
irrigation events, and performance of irrigation systems to feed the
SIMDualKc model.

Soil data included the particle size distribution and 6g¢ and 6yp of the
different layers in each soil profile, as well as the mean ECc of the entire
rootzone (Table 2). TAWg,; was then computed as the sum of the
product of the difference between Op¢ and Oyp relative to the different
soil layers of the rootzone of depth Z; (Table 5) while adjusting to
salinity conditions when EC. > ECe threshold (Minhas et al., 2020; Rosa
et al., 2016). This adjustment was specified for the initial conditions and
the dates when EC. data was available from sampling. Then, TAWg,¢
(and the corresponding RAW,¢) varied linearly between two successive
dates depending on whether salinity levels were above crop tolerance
thresholds along the growing seasons. If these conditions were not
observed, no salinity adjustment was required. The TEW, REW, and the
depth of the evaporative soil layer (Z,, m) were set up according to the
textural and hydraulic properties of the surface soil layer (Allen et al.,
1998, 2005). The deep percolation parameters ap and bp were defined
according to soil texture and soil hydraulic properties (Liu et al., 2006).
The CN values for computing runoff were set up based on the texture of
the surface soil layer, soil surface conditions, and land use (USDA-SCS,
1972). Lastly, the initial soil water depletion values in both the root zone
and the evaporative soil layer corresponded to field measurements
(Table 6).

Crop data included the observed dates of the initial, development,
mid-season, and late-season stages, as well as the non-growing periods
(Table 4). Also included were the corresponding K, values for the initial
(Keb ini), mid-season (Kcp mig), end season (Kcp end), and non-growing
periods (Keb non growing)- The K default values were computed
following Pereira et al. (2021c) by considering the management system
in each orchard, and the f. and h measured in each crop stage (Table 5).
For each management class, the central F; value of the proposed range of
values was selected. The soil water depletion fraction values for no stress
for the same crop stages (Pini, Pmid> Pend) Were set up following Allen
et al. (1998). Crop state variables such as h, f., and Z; were defined for
each crop stage according to observations (Table 5). Lastly, the Ky, EC
threshold, and b values were taken from the literature (Ayers and Westcot,
1985; Allen et al., 1998; Minhas et al., 2020). For almonds, the Ky was
0.70, the ECe threshold Was 1.5 dS m %, and b was 19%,/dS m ™. For olive
and pomegranate, the Ky was 0.75, the ECe threshold was 4.0 dS m~ L, andb
was 16%,/dS m~'. For citrus, Ky was 1.20, the ECe threshold Was 1.7 dS
m~!, and b was 16%,/dS m™".

Ground cover conditions were defined based on observations and
included the periods with active ground cover, usually during the rainy
season (i.e., from October to May) and with residues mulching due to
falling leaves or when the row and interrow weeds dried out. In almond
plots (P1 and P2), the active ground cover was present only in the
interrow, with a density of 20%, a fraction of ground cover (f; cover) Of
0.30, and a maximum height (h¢oyer) of 0.15 m. In olive plots (P3 and
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Table 6
Initial soil water depletion in the root zone (% of TAW) and evaporable soil layer
(% of TEW).

Plot % of TAW % of TEW
P1. Almond

2019 9.0 9.0
2020 0.0 0.0
P2. Almond

2019 0.0 0.0
2020 0.0 0.0
P3. Olive

2019 41.0 41.0
2020 20.0 20.0
P4. Olive

2019 45.0 45.0
2020 31.0 31.0
P5. Olive

2019 45.0 45.0
2020 30.0 30.0
P6. Orange

2019 8.0 8.0
2020 5.0 5.0
P7. Clementine

2019 6.0 6.0
2020 5.0 5.0
P8. Mandarin

2019 13.0 13.0
2020 7.0 7.0
P9. Pomegranate

2019 10.0 10.0
2020 7.0 7.0

P4), the density of the active ground cover in the interrow ranged from
20% to 30%, and the f; cover Varied from 0.20 to 0.30, with h¢gyer of 0.25.
Lower values were always observed in P3. In both fields, there was only
aresidual presence of active ground cover along the trees row. No active
ground cover was observed in the P5 olive plot. In citrus (P6, P7, and P8)
and pomegranate (P9) plots, the density of the active ground cover in the
row and interrow varied from 20% to 50%, the f; cover Was from 0.20 to
0.50, and the h¢gyer was from 0.20 m (P7) to 0.50 m (P9). In all fields, the
evaporation reduction due to the residues mulch was ranging from 40%
(P1 and P2) to 60% (P9).

The dates of irrigation events and depths applied were input ac-
cording to observations. The fractions of the soil surface wetted by
irrigation (f,,) were also defined according to field measurements
(Table 3).

2.3.3. Model calibration and validation

The SIMDualKc model followed the same “iterative trial-and-error”
procedure described in Pereira et al. (2015b), which consists of adjust-
ing groups of combined model parameters, one at a time and within
reasonable ranges of values until deviations between model simulations
and field measurements of soil water contents in the rootzone are
minimized. Calibration was carried out for each of the studied orchards
using the 2019 dataset. Validation was then performed using the cali-
brated parameters and the 2020 dataset. Model calibration started by
first adjusting the K., and the corresponding p-values for each crop
stage; then, the ap and bp parameters of Liu et al. (2006) parametric
functions, followed by Z,, TEW, and REW; and lastly, the CN value. The
ECe threshold> D, and Ky model parameters did not require adjustment.
Model calibration ended when the best fit was reached, i.e., when the
errors of prediction did not change from one iteration to the next. If that
goal was not achieved at the end of a modification cycle, the calibration
process restarted again.

The statistical indicators used to evaluate the goodness-of-fit be-
tween observed (O;) and predicted (P;) soil water content values were
also those proposed and described by Pereira et al. (2015b): the
regression coefficient of the linear regression through the origin (by), the
coefficient of determination (R?) of the ordinary least-squares regression
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between observed and predicted values, the root mean square error
(RMSE), the ratio of the RMSE to the standard deviation of the observed
data (NRMSE), the percent bias of estimation (PBIAS), and the modeling
efficiency (NSE). The full description of these indicators can be found in
Moriasi et al. (2007), Legates and McCabe (1999), and Nash and Sut-
cliffe (1970). In general, by equal to 1 indicates that the predicted values
are statistically identical to field measurements. R? values close to 1
show that the model well explains the variance of the observations.
RMSE and NRMSE values close to zero indicate that estimation errors
are small and model predictions are excellent. PBIAS values close to zero
describe accurate model simulations, while negative or positive values
indicate over- or under-estimation bias, respectively. NSE values close to
1 mean that model predictions are good because the residuals’ variance
is much smaller than the observed data variance. Contrarily, if NSE < 0,
the observed mean is a better estimator than model predictions.

3. Results and discussion
3.1. Model parametrization

Table 7 presents the calibrated model parameters relative to the nine
case studies. The default K., values for the initial, mid-, and end-of-
season stages were set up following Pereira et al. (2021c), by consid-
ering the characteristics that most approached crop management in each
field as well as the f. and h values measured in each crop stage. However,
as the K, values are much dependent on observed values of f. and h
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(Pereira et al., 2020a, 2021c), as well as on interrow management
(Darouich et al., 2022a), the calibrated ones ended up varying to a
greater or lesser extent from the default values.

In olive trees, the calibrated fractions of soil water depletion for no-
stress (p values) were always below those proposed by Allen et al. (1998)
for the different crop stages. They were also lower than those in Paco
et al. (2019) but higher than in Santos (2018). In almonds, only the piy;
and ppiq values differed from Allen et al. (1998), larger in both cases. On
the other hand, the calibrated p values in citrus and pomegranate or-
chards always matched those in Allen et al. (1998). The remaining
calibrated parameters, i.e., the soil evaporation parameters Z,, TEW, and
REW; the percolation parameters ap and bp from Liu’s et al. (2006)
parametric equations; and the CN value for computing runoff, were
found to have values in agreement with the soil textural and the soil
hydraulic characteristics of each case study field.

3.2. Model performance

Fig. 4 and Fig. 5 show the fitting of the daily measured soil water
contents (SWC) by the SIMDualKc-simulated values in the nine com-
mercial orchards during the 2019 and 2020 growing seasons. The figures
also include the depths and dates of irrigation and rainfall events. The
figures further reflect the diverse management applied in the monitored
fields.

In the almond fields (Fig. 4), the SWC dynamics differed between
sites, with SWC in P1 dropping below 8}, in both seasons. Soil salinity

Table 7
Initial default (in brackets) and calibrated model parameters.

Parameter P1 P2 P3 P4 P5 P6 P7 P8 P9
Almond Almond Olive Olive Olive Orange Clementine Mandarin Pomegranate
Keb non growing 0.18 0.18 0.32 0.32 0.33 0.41 0.40 0.40 0.26
(0.20) (0.20) (0.32) (0.32) (0.32) (0.40) (0.40) (0.40) (0.20)
Keb ini 0.22 0.22 0.32 0.32 0.33 0.40 0.40 0.40 0.24
(0.20) (0.20) (0.32) (0.32) (0.32) (0.40) (0.40) (0.40) (0.34)
Keb mid 0.58 0.58 0.35 0.35 0.36 0.41 0.40 0.40 0.60
(0.60) (0.60) (0.38) (0.38) (0.38) (0.41) (0.41) (0.41) (0.64)
Keb end 0.50 0.50 0.33 0.33 0.34 0.41 0.40 0.40 0.52
(0.40) (0.40) (0.31) (0.31) (0.31) (0.41) (0.41) (0.41) (0.41)
Pini 0.60 0.60 0.55 0.50 0.50 0.50 0.50 0.50 0.50
(0.40) (0.40) (0.65) (0.65) (0.65) (0.50) (0.50) (0.50) (0.50)
Pmid 0.45 0.45 0.55 0.50 0.50 0.50 0.50 0.50 0.50
(0.40) (0.40) (0.65) (0.65) (0.65) (0.50) (0.50) (0.50) (0.50)
Pend 0.60 0.60 0.55 0.50 0.50 0.50 0.50 0.50 0.50
(0.60) (0.60) (0.65) (0.65) (0.65) (0.50) (0.50) (0.50) (0.50)
TEW (mm) 19 19 16 19 26 20 13 15 17
24) (23) (22) (16) (32) (29) (25) (€39] (26)
REW (mm) 9 10 8 10 9 9 6 8 7
© (10) [©)] 9 12) 9 @) [©)] @)
Z. (m) 0.10 0.12 0.10 0.11 0.10 0.10 0.10 0.10 0.10
(0.10) (0.15) (0.15) (0.10) (0.15) (0.15) (0.15) (0.15) (0.15)
ap (mm) 225 220 210 200 420 265 200 267 215
O] ©) O] ©) ) O] O] O] O]
bp —0.019 —0.018 —0.020 —0.020 —0.018 —0.020 —0.020 —0.020 —0.018
(—0.0173) (—0.0173) (—0.0173) (-0.0173) (—0.0173) (—0.0173) (—0.0173) (—0.0173) (—0.0173)
CN 68 68 75 80 75 70 75 70 70
(72) (72) (72) (72) (80) (72) (72) (72) (65)

Symbols: Kp, basal crop coefficients for the initial (Kcp ini), mid (Kcp miq), and end season (Kep end); Keb non growing, basal crop coefficient during the non-growing period;
p, depletion fraction for no stress during the initial (pjn;), mid (Pmiqa), and end season (penq); TEW, total evaporable water; REW, readily evaporable water; Z., depth of
the soil evaporation layer; ap and bp, parameters of the deep percolation; CN, curve number.
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Fig. 4. Measured and simulated soil water contents in plots P1, P2, P3, P4, and P5 during the 2019-2020 growing seasons (8¢, Owp, and 6, correspond to soil water
contents at field capacity, the wilting point, and at the depletion fraction for no stress).

was monitored in 2019, a dry year, which partially explains that SWC
drop below 8p. In P2, the measured EC. values were never above the EC,
threshold for almonds and the SWC values were always kept within the
RAW limits. In the olive fields (Fig. 4), the SWC also dropped to values
below 6, for extended periods during both irrigation seasons, which
indicates that trees were subjected to mild water stress during most of
the mid- and late-season stages. No salinity stress was ever noticed in
these sites. Contrastingly, SWC in citrus fields (Fig. 5) were systemati-
cally above Op¢ during irrigation periods, thus clearly showing that over-
irrigation was practiced. This assumption was confirmed when

10

observing Table 3, which shows that high water depths were applied
over both seasons, especially in the mandarin field (P8). The same was
observed in the pomegranate case in 2020, where SWC was continuously
monitored above Ogc during the irrigation season. The results above
indicate that farmers adopt a poor irrigation scheduling and that there is
the need to develop and propose to farmers the adoption of water saving
schedules as the ones presented later.

The box plots in Fig. 6 present the mean EC, values measured in all
fields along the two seasons. Results differ from a plot to another, and
their variability is supposed to differently influence soil water



T.B. Ramos et al.

Agricultural Water Management 279 (2023) 108209

0.30 - P6. Orange 100
0_25 _.. ............ 80
0.20 A
........................................................................................................................................................ - 60
0.15 -6,
- 40
0.10 -é ....................................................................................................................................................
005 { " - 20
0.00 0
0.30 P7. Clementine r 100
0.25
0.20
o
7 015 o
€ [=X
w 0.10 =
£ g
- 0.05 =3
c o
& 0.00 3
c =3
S 0.30 100 3.
(5
S Q
9 0.25 =4
ig 80 g
0.20
= 60 ’§
VO’ 0.15 " 3
0.10
0.05 20
0.00 0
0.30 - P9. Pomegranate r 100
0.25
0.20
0.15
0.10
0.05 vveecborerernerreene i ——— hl ..... o “H]l“ .......................... 1 |||Ju|| 20
0.00 - T — T — 1 L T r—h i T T T — Ll d o
O 0O 60O 0O O O 6O 0o 60O 0o 0o 0o 0 O O O 0O O O 0O O o o o o
- .l = - - al = = - - - - - N N N o N N o~ N N N o~ o~
e T - T~ e -~ T e s - - - -~ T
= = MM < 1NN 1N O N 0 O O = AN A &N O & 1N O N 0 O O = N
O O O O O 0 0 0000 # Hw O O O O 0 000 0 H" = =
e e T T T T T T P o s T T T T e S S
o = AN d " =" O O 00NN VO NV NN T O N N -
O M O O O M MM M N N N N N N N N N N N N N N N N N
Time (days) = Model O Measurement
I Net Precipitation Irrigation

Fig. 5. Measured and simulated soil water contents in plots P6, P7, P8, and P9 during the 2019-2020 growing seasons (8gc, 6wp, and 8, correspond to soil water
contents at field capacity, the wilting point, and at the depletion fraction for no stress).

45T
4.0 T °
3571
30T
25T °

207t
I o
X
||

15T
X
T

EC, (dS m)

10t
05T
0.0

-

1 T

PL P2 P3 P4 P5 P6 P7 P8 P9
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olive (P3, P4, and P5), citrus (P6, P7, and P8), and pomegranate (P9) orchards
during the 2019 and 2020 growing seasons (X represents the mean while the
bar mmmm represents the median value).
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availability. P1 was greatly affected by soil salinity, mainly during the
2019 season, so affecting the almond crop, which is sensitive to soil
salinity (ECe threshold = 1.5 dS m™Y). In this field, EC. measurements
performed along the season were systematically higher than the crop
tolerance salinity threshold (3.62 dS m™! on May 24th, 2019; 2.80 dS
m~! on October 31st, 2019; and 1.90 dS m™~" on December 12th, 2019),
resulting in an increase of the osmotic stress and decrease of soil water
availability. In all other fields, soil salinity did not increase to levels
above the crop tolerance thresholds except for some short periods in case
of P2(1.69dSm ™! on August 24th, 2020), P7 (2.42dS m~! on December
11th, 2019), and P8 (2.81 dS m~! on December 11th, 2019; and 2.06 dS
m~!on May 5th, 2020). P9, in a Luvic Planosol, i.e., where the soil has
the poorest drainage conditions among all case studies, registered the
highest salinity levels (4.04 dS m~! on December 11th, 2019) but,
because pomegranate is highly tolerant to salinity stress, there was no
noticeable impact on SWC.

The statistical indicators used to evaluate the goodness-of-fit be-
tween simulated and measured SWC values are presented in Table 8. For
the calibration year (2019), the regression coefficients by were all close
to the 1.0 target, ranging from 0.98 (P1) to 1.02 (P8), indicating that the
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Table 8

Goodness-of-fit indicators when comparing measured and simulated soil water
contents. Data for the calibration were those of 2019 and for validation those of
2020.

Plot bo R? RMSE NRMSE PBIAS NSE
o © @m*m® %) ©)

P1. Almond

2019 0.978 0.729 0.003 0.016 1.718 0.694

2020 1.027 0.671 0.005 0.024 -3.079 0.586

P2. Almond

2019 0.991 0.593 0.002 0.009 0.692 0.584

2020 1.018 0.449 0.002 0.013 -2.150 0.363

P3. Olive

2019 0.980 0.768 0.002 0.019 2.041 0.644

2020 0.997 0.822 0.001 0.015 0.440 0.723

P4. Olive

2019 1.003 0.577 0.002 0.019 -0.486 0.408

2020 1.005 0.799 0.003 0.018 -0.385 0.699

P5. Olive

2019 0.991 0.820 0.005 0.013 0.887 0.782

2020 1.008 0.768 0.004 0.010 -0.836 0.720

P6. Orange

2019 0.991 0.534 0.003 0.011 0.799 0.468

2020 1.003 0.513 0.003 0.010 -0.406 0.458

P7. Clementine

2019 1.008 0.842 0.001 0.004 -0.731 0.671

2020 1.005 0.784 0.001 0.005 -0.441 0.521

P8. Mandarin

2019 1.015 0.815 0.002 0.006 -1.432 0.587

2020 0.998 0.744 0.001 0.004 0.177 0.718

P9. Pomegranate

2019 1.013 0.779 0.001 0.006 -1.395 0.724

2020 1.004 0.707 0.001 0.007 -0.423 0.619

Note: 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.

simulated values were close to the observed ones. The value of R? varied
from 0.53 (P6) to 0.84 (P7), showing that generally the model could
explain most of the variance of the observed data. The errors of the es-
timates were always small (0.001 <RMSE<0.005 m® m2 and
0.004 <NRMSE<0.019). In agreement with by, the PBIAS values were
quite small (—1.43 <PBIAS<2.04%), with no particular over- or under-
estimation trend in simulating the measured data. Lastly, the NSE values
were relatively high, ranging from 0.408 (P4) to 0.782 (P5), thus indi-
cating that the variance of the residuals was smaller than the measured
data variance. For validation (with 2020 data), the goodness-of-fit in-
dicators showed generally the same trend and similar range of values as
observed for calibration. The worst statistics were obtained in P2 while
the best indicators were in P3.

Hence, overall, the SIMDualKc model performed well when simu-
lating SWC in the nine case studies relative to the four tree crops. The
resulting goodness-of-fit indicators were also within the ranges of values
reported in the literature for SIMdualKc applications to perennial crops,
e.g., Paco et al. (2019) and Puig-Sirera et al. (2021) for olive, Darouich
et al. (2022b) for clementine, Rosa (2018) for lemon, and Peddinti and
Kambhammettu (2019) for orange. Thus, the obtained results may be
considered appropriate for the analysis reported herein.

3.3. Assessing crop coefficients and crop water use

3.3.1. Almond orchards

For almond, the Kcp ini, Keb mid, and Kep end Were calibrated to 0.22,
0.58, and 0.50, respectively (Table 7). No differences were noticed be-
tween the two locations (P1 and P2), which were nearby. Trees were 5
years old (Table 1), thus corresponding to the mature stage in almond
trees (Drechsler et al., 2022; Lopez-Lopez et al., 2018; Garcia-Tejero
et al., 2015). Mid-season f. and h values of 0.41-0.42 and 4.0 m,
respectively, and end-season f. and h values of 0.20 and 4.0 m were
observed (Table 5).
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The calibrated Kq, mig was close to the indicative value (0.60)
tabulated by Pereira et al. (2021c), which correspond to a f. of 0.40-0.50
and h of 4.0-5.0 m. The K¢, miq was also close to the K¢y mig of 0.60
reported by Espadafor et al. (2015) with 4 years old trees, f. of 0.60, and
h of 4.8 m. Likewise, Lopez-Lopez et al. (2018) reported K¢p miq of 0.55
and 0.68 for 6 and 7 years old almond trees, with f. of 0.55 and 0.59,
respectively, and h of 4.8 m. In Sanchez et al. (2021), the low f. of 0.41
observed corresponded to a small K¢}, mig of 0.36. However, Rallo et al.
(2021) reported similar Kcp migq for almond orchards with f. of 0.40-0.50
and h of 4.0-5.0 m. These comparisons indicate that the orchards have a
canopy and height smaller than expected for mature almonds orchard,
which may be due to short trees spacing, heavy pruning, and less
appropriate training. The previously referred salinity occurrence is
nevertheless small and is not sufficient to justify the low development of
the almond orchards, which likely also result from poor soil fertility. For
the end-season, the calibrated K¢p eng (0.50) was higher than expected, e.
g., the values (0.40) proposed by Rallo et al. (2021), and corresponding
to f. of 0.50-0.60 as tabulated by Pereira et al. (2021c). The calibrated
Kcb end Was also higher than in Espadafor et al. (2015) and Lopez-Lopez
et al. (2018). The large Kp enq is likely due to irrigation applied much
longer after harvesting which relates with the observed dryness of
October-November.

Fig. 7 shows the dynamics of the potential (not stressed) basal crop
coefficients (Kcp) in the two almond fields during both seasons. In P1, the
large drop observed in the K¢, ¢ in 2019, which translates the reduction
of the T, 4 relative to T., was likely explained by water and salinity
stress, when measured EC, was higher than the ECe threshold- In the next
year, 2020, no salinity stress occurred but the K¢}, ot failed again to reach
the potential K., values due to deficient irrigation scheduling during the
dry summer season. Water stress in almond trees is reported to reduce
vegetative growth and canopy size, also affecting the accumulation of
reserves. During the growing season, water shortages during the kernel-
filling stage may reduce nut weight and may affect fruit loads in the next
season (Lopez-Lopez et al., 2018; Goldhamer and Girona, 2012). This
likely occurred in P1 while in P2 the K¢ ot matched the K¢, values
throughout both seasons, i.e., no water or salinity stresses were
observed.

Fig. 7 further shows the dynamics of the soil evaporation coefficients
(Ke) in both fields and seasons. The K, could only be indirectly influ-
enced by the salinity stress if f. would be affected and consequently
increase the soil surface exposure to solar radiation (Rosa et al., 2016).
As salinity stress was only transient, likely resulting from some more
intensive fertigation events rather than soil, groundwater, or irrigation
water quality related causes, the f. was apparently not affected. The
dynamics of the K values were the same in both P1 and P2 fields,
showing multiple high peaks during the rainfall seasons when the entire
soil surface was wet (f,y = 1), and quite low values during the irrigation
seasons when the resulting soil wetted fraction was small (f,, < 0.12)
because of drip irrigation. The K. curves, as well as the K¢, curves
(Fig. 7), resulted similar to those for olives, with K. higher in
spring-summer when transpiration is higher, and K. high in fall and
winter when rain occurs, and small in summer when rain is rare.

3.3.2. Olive orchards

The calibrated K, for each crop stage of olive varied only slightly in
the three fields (P3, P4, and P5), with Kb ini, Keb mid, and Kep end
assuming values of 0.32-0.33, 0.35-0.36, and 0.33-0.34, respectively
(Table 7). Trees were 11-12 years old, with mid-season f. and h values of
0.23-0.27 and 3.0-4.1 m, respectively, and end-season f. and h values of
0.20-0.23 and 2.8-4.0 m, respectively (Table 5).

The calibrated Kcp, mig values were slightly lower than the indicative
value (0.40) tabulated by Pereira et al. (2021c) for olive orchards with f.
of 0.35 and h of 3.5 m. They were also lower than the proposed value
(0.40) in Rallo et al. (2021) for orchards with f. of 0.20-0.30 and h of
3.0-3.5 m. Apparently, when compared with existing reviews, f. and h
values were expected to be larger, thus values now reported may be due
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Fig. 7. Seasonal variation of the standard (non-stressed) basal crop coefficient (K.), the actual basal crop coefficient (K¢ act), the evaporation coefficient (K.), and
the actual crop coefficient (Kc act = Keb act + Ke) in almond, P1 and P2, during the 2019-2020 growing seasons.

to excessive pruning and less good training. More adequate values were
obtained when applying the Allen & Pereira (A&P) approach (Allen and
Pereira, 2009; Pereira et al., 2020a, 2021c) using observed f. and h
values. On the other hand, the calibrated K}, enq Was consistent with the
indicative values in Pereira et al. (2021c¢) and Rallo et al. (2021). Yet, the
existing literature shows a wide range of variation of the K¢}, in mature
olive orchards, with calibrated K¢, mig values approaching those in Vil-
lalobos et al. (2000) for a traditional orchard (cv. Picual) in southern
Spain, with 278 trees ha’l, f. = 0.3 and h = 4.0, while the K¢, eng values
were relatively higher, likely because irrigation in the study orchards
was extended until the end of October/beginning of November. Differ-
ently, the calibrated K¢}, miq were lower while the K¢, eng approached the
values reported in Puig-Sirera et al. (2021) for a traditional orchard in
Sicily, Italy, with 250 trees ha’l, f. = 0.35, and h = 3.5. K, values in
Conceicao et al. (2017) and Santos (2018) were also comparable to those
in this study. These authors estimated the K, of olive orchards with
similar characteristics (trees 8-10 years old; 300 trees ha';f.=0.25;h
= 3.5-3.7 m) in the Alentejo region using sap-flow measurements.

The major contrast between olive and almond fields was in the dy-
namics of the Kep act, with daily values in olive departing from the po-
tential K., between May (all plots in 2019) and July (P5 in 2020),
maintaining this condition up to the September (Fig. 8). This agreed
with various reports available in the literature addressing the relation-
ship between olive oil yields and water application, and confirming that
oil yields are maximized at water application rates below 100% of full
irrigation (Ahumada-Orellana et al., 2018; Hernandez et al., 2018;
Rosecrance et al., 2015; Ramos and Santos, 2010; Moriana et al., 2007,
2003; Grattan et al., 2006). Moderated water stress can also significantly
reduce tree growth, thus reducing shoot growth, trunk growth, and
pruning weights. These are however objectives for super intensive olive
systems but, likely, too much stress has been imposed in the studied
orchards which ended up limiting canopy development and f. values.
The dynamics of the K, were similar to that in the almond fields. Higher
K. values were again noticed during winter when the entire soil surface
was wetted, decreasing during the irrigation season as the wetted area
reduced since drip irrigation was wetting the soil mostly under the
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canopies. The K, curves (Fig. 8) are therefore similar to those reported
by Paco et al. (2019) and Puig-Sirera et al. (2021).

3.3.3. Citrus orchards

The Keb ini, Keb mid, and Kep end for citrus were set to 0.40, 0.41, and
0.41, respectively, for the orange field (P6), and to 0.40, 0.40, and 0.40,
respectively, for the clementine (P7) and mandarin (P8) fields (Table 7).
Only minor differences were found between fields. Trees were 5 years
old, with f. varying from 0.25 to 0.29 along the growing seasons, and
relatively short, with heights ranging from 2.4 m in P6 to 2.8 m in P8
(Table 5).

The calibrated K}, values were comparable to those computed using
the A&P approach (Allen and Pereira, 2009; Pereira et al., 2020a,
2021c) using the f. and h values listed in Table 5 for the different crop
stages. However, when compared to the indicative values in Pereira
etal. (2021c¢) and Rallo et al. (2021), the calibrated Kcp miq were found to
be lower than those tabulated by for citrus orchards with f. of 0.25-0.40
and h of 2.3-4.5 m. Citrus trees were thus likely trained small for easy
harvesting which also resulted in small f.. Closer values (K., = 0.45)
were given in Allen and Pereira (2009) for citrus orchards with f; ¢ of
0.25, but with no ground cover, which was not the case in P6, P7, and
P8. The calibrated K., values were also in close agreement with Villa-
lobos et al. (2013) for 7 years old citrus trees, f. of 0.27, and h equal to
2.30 m. The remaining dedicated literature was carried out in larger
citrus trees, thus with larger f. and h, showing consistently higher K,
values (Darouich et al., 2022b; Jafari et al., 2021; Peddinti and Kamb-
hammettu, 2019; Rallo et al., 2017; Taylor et al., 2017; Er-Raki et al.,
2009).

In citrus fields (P6, P7, and P8), irrigation was characterized by large
application depths, with seasonal values summing 548 mm (P6 in 2019)
to 1170 mm (P8 in 2020 mm) (Table 3). These depths were more than
enough to meet T, values. As a result, no water stress was ever observed,
with the K¢ act matching always K, values in the three sites except
when a slight salinity stress was noticed. This succeeded in P7 and P8
when the measured EC, was above the ECe threshold Of citrus for a short
period (December 2019), causing the respective K, oct Values to slightly



T.B. Ramos et al.

Agricultural Water Management 279 (2023) 108209

12 - ) - 100
P3. Olive .
L0 it il s
0.8 - : 1
- 60
0.6 -
1 it - 40
0.4 - WL -3 2 T e i :
PRI q RPN I i o
0.2 - 7 1 L 20
— 0-0 -_‘_‘_-I_l;_m'h_‘l__ﬁ‘r L A I e _LJJJALA- 0
£ 1.2 - - 100 g
E L P4. Olive 3
= . o
5 1.0 A = & + 80 5".
* 08 4: 5
5 081 L 60 S
za, 0.6 - ‘=
o F 40 3.
= 0.4 - i <
3 EEEC ' -2 §
¥ 0.2 S
2 oo TR d. ool bl 3
3
1.2 4 P5. Olive r 100 =

a OO O O O O O O O 6O 0O a0 0
= = - - - = = = = - - - -
NS S S S S S S S SN
o =" g NN VW N O O = N
©O O 0 0 0o 00 00 0 Hd # -
- S S S S OSSO S O " ">“">">"=
o =" AN d " " 0O O O 0 0NN
Time (d
Daily K,
......... Daily K

c act

O O O O O O © O © ©o o o
o~ o~ o~ N o~ N N o~ o~ o~ o~ o~
~ S~ S~ S~ S~ S~ S~ S~ S~ S~ ~ S~
i (o] o < wn =) ~ 0 O o - o~
O O O O 0 0000w = -
N, S S S S S S S S SSSS
(%) n [C) n n < < m o~ - -
(] (o] ~ ~ ~ o~ (o] (o] (o] o~ ~ o~
ays)
--------- Daily K, ot Daily K, Mean K,
Mean K, | Irrigation | Net precipitation

Fig. 8. Seasonal variation of the standard (non-stressed) basal crop coefficient (K), the actual basal crop coefficient (K¢ oct), the evaporation coefficient (K.), and
the actual crop coefficient (K. act = Keb act + Ke) in P3, P4, and P5 during the 2019-2020 growing seasons.

dropping from K¢, (Fig. 9). The dynamics of the K. followed also the
same trends reported above. Considering that rainfall occurs in fall and
winter but not in summer, and that most of transpiration occurs in
summer, it resulted that K. curves are similar to those of olives. Differ-
ently, because citrus trees are active throughout the season if not heavy
stressed, the K., curve has a constant value as already detected in a
previous application with clementine (Darouich et al., 2022b).

3.3.4. Pomegranate

The Kep ini> Keb mid, @and Kep end for pomegranate (P9) were calibrated
to 0.24, 0.60, and 0.52, respectively (Table 7). Trees were also 5 years
old, with mid-season f. and h values of 0.41 and 2.5 m, and end-season f,
and h values of 0.30 and 2.3 m, respectively (Table 5). The calibrated
Keb mid and Kep end were found to be higher than the indicative values in
Rallo et al. (2021) for pomegranate orchards with f. of 0.35-0.45 and h
of 2.5-3.5 m. However, a better agreement was noticed between the
calibrated Kcp mig and the upper-class values given in Rallo et al. (2021),
when f. is above 0.45. Differently from the other crops, results for Kcp mia
fitted well those tabulated by Pereira et al. (2021c) but the K¢, enq was
larger in the current study, which may be due to excess irrigation during
the late season. K¢, mig values reported by Niu et al. (2021) and Noory
et al. (2021) likely were larger than in the current study but those au-
thors did not provide for f. values. Intrigliolo et al. (2021) reported also
similar K¢p mig but with a f. of 0.58, which was much larger than the
observed one.

Fig. 10 shows the K¢ ot always equaling K, values in the studied
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orchard despite high salinity EC. values monitored in different dates
along both growing seasons. As such, no water or salinity stress ever
affected crop development. Nonetheless, research has shown that
moderate water deficits during flowering and fruit set may increase aril
red for some cultivars without detrimental effects on marketable yield,
fruit size, and chemical composition. In addition, for some cultivars,
during ripening and throughout the growing season, moderate water
deficits may improve the red color of the fruit peel and/or juice but
negatively affecting fruit weight and economic income (Volschenk,
2020; Martinez-Nicolas et al., 2019; Galindo et al., 2017; Intrigliolo
etal., 2013). Yet, more research is needed for the Acco cultivar grown in
P9. The K. and K, curves (Fig. 10) are similar to those of almonds, also a
deciduous tree, since transpiration and soil evaporation have contrary
dynamics due to summer dryness.

3.4. Single crop coefficients as indicators of crop water use

Table 9 summarizes the mean K. values computed from the sum of
the computed K¢, 5t and K, during the crop stages of each case study
using the SIMDualKc model. As already stated, the crop coefficients
developed for different irrigation systems and different cultivars in
different countries cannot be simply transferred to local management
due to the complex characteristics of orchard systems, evidencing the
necessity of conducting field research under local conditions (Rallo
et al., 2021; Volschenk, 2020; Fereres et al., 2012). The K. mean values
depicted in Table 9 follow typical trends observed in drip systems as
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Fig. 9. Seasonal variation of the standard (non-stressed) basal crop coefficient (Kp), the actual basal crop coefficient (K¢p act), the evaporation coefficient (K.), and
the actual crop coefficient (K¢ act = Keb act + Ke) in P6, P7, and P8 during the 2019-2020 growing seasons.
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Fig. 10. Seasonal variation of the standard (non-stressed) basal crop coefficient (Kp), the actual basal crop coefficient (Kcp, act), the evaporation coefficient (K.), and
the actual crop coefficient (Kc act = Keb act + Ke) in P9 during the 2019-2020 growing seasons.

already discussed in Darouich et al. (2022b) for citrus and Paco et al.
(2019) for olive orchards. The K¢, curves (Figs. 7-10) result in FAO
segmented curves with generally higher K}, during the mid-season when
irrigation is applied (spring and summer). Naturally, curves have
smaller K, in the non-growing period, when transpiration is low, or
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much low, thus with the single K. segmented curve showing a dynamic
opposed to that of Ky, as discussed before relative to each crop. Because
it also depends on soil evaporation, and thus on the fraction of the
wetted soil surface, K. (= K¢p + Ke) is smaller during the active growing
period, when Eg and K. are low due to negligeable precipitation and
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Table 9
Mean crop coefficients (K.) computed by SIMDualKc for the different crop stages
and case studies.

Plot Crop stages

Non-growing Initial Mid-season End season
P1. Almond
2019 1.01 1.00 0.65 0.97
2020 0.97 0.97 0.65 0.96
P2. Almond
2019 1.00 0.99 0.66 0.96
2020 0.98 0.98 0.66 0.96
P3. Olive
2019 0.98 0.98 0.44 0.92
2020 0.91 0.91 0.43 0.94
P4. Olive
2019 0.91 0.91 0.44 0.92
2020 0.91 0.91 0.44 0.94
P5. Olive
2019 0.89 0.89 0.44 0.88
2020 0.89 0.89 0.44 0.86
P6. Orange
2019 0.86 0.85 0.49 0.89
2020 0.89 0.89 0.50 0.95
P7. Clementine
2019 0.95 0.95 0.50 0.94
2020 0.94 0.94 0.50 0.92
P8. Mandarin
2019 0.94 0.94 0.49 0.93
2020 0.93 0.93 0.50 0.92
P9. Pomegranate
2019 0.88 0.84 0.71 0.84
2020 0.87 0.83 0.71 0.83

irrigation water applied directly along the trees’ row, in small areas
shaded by the canopies. Contrarily, K. is larger in fall and winter
(non-growing season, and initial and end-season crop stages), when
rainfall occurs, and the entire soil surface contributes to soil
evaporation.

The adequacy of the K}, was already discussed in Section 3.3. In the
analysis, it was evident that studies addressing the partition of the ET,
into its components are quite limited for some of the studied crops,
namely almond and pomegranate. However, more information is
available regarding the K. values of these two crops. For almond, Gar-
cia-Tejero et al. (2018) provided a review of K, values published in the
literature, with many of their references reporting K. values for the
mid-season above 1.05. These values highly contrast with those in
Table 9 and the tabulated values in Pereira et al. (2021c¢) and Rallo et al.
(2021). Such differences can be attributed to several factors: (i) in those
studies, irrigation was delivered through micro-sprinklers, thus
increasing the K, component in the K; (ii) most orchards were located in
more fertile soils, with trees exhibiting larger canopies that resulted in
higher transpiration rates and a larger weight of the K., component in K,
(Goldhamer and Fereres, 2017; Girona, 2006), while soils in P1 and P2
(Luvisols) are less fertile, with a very high fraction of coarse elements (>
70%); and (iii) yields in P1 and P2 were barely above 1.0 Mg ha~! while
several publications report yields ranging from 1.8 to 4.0 Mg ha™?
(Lopez-Lopez et al., 2018; Goldhamer and Fereres, 2017; Girona, 2006).
Fruit load may also impact K. and K, values in almonds as observed by
Lopez-Lopez et al. (2018), who measured differences in the canopy
conductance of trees with higher fruit load during the third year of
observations, despite the same canopy size as the previous years.

For olive, K¢ miq values in Table 9 were comparable to those reported
by Er-Raki et al. (2008) for an orchard in Morocco (fc=0.6; h=6.0) and
by Lopez-Olivari et al. (2016) in Chile (f,.=0.29-0.31; h=3.2 m). Yet,
those orchards characteristics differed considerably from those in the
Alentejo cases. For citrus, the K nijq values were in the range of values
reported by Castel (2000), Consoli et al. (2006), and Er-Raki et al.
(2009) for orchards with f. ranging from 0.2 to 0.3. However, the K¢ ini
and K. epq differ considerably from the available literature. For
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pomegranate, the mean K, values for the mid-season approached those
in Intrigliolo et al. (2011) and Buesa et al. (2012) for southern Spain but
were below those in Ayars et al. (2017) for California.

Hence, Table 9 includes K. values adequate for irrigation water
management of orchards in the Alentejo region of southern Portugal.
The approach adopted combines information provided by soil water
content measurements and simulated with the state-of-the-art SIM-
DualKc model to overcome the limitations of data collection and the
impact of the three-dimensionality of drip irrigation on soil measure-
ments. It is one of the most widely used methods for measuring crop
evapotranspiration as reported in Pereira et al. (2020b) and Allen et al.
(2011), being validated against other methodologies, namely sap-flow
(Paco et al., 2019, 2014; Puig-Sirera et al., 2020). Still, the proposed
K. values need to be used with care, with proper consideration of the
specific characteristics of local orchards.

3.5. Evaluation of the soil water balance in the studied orchards

3.5.1. Almond

Table 10 presents the soil water balance computed by SIMDualKc for
the almond orchards (P1 and P2) during the 2019 and 2020 growing
seasons. Seasonal net irrigation depths ranged from 596 to 772 mm,
with less water applied always in P1 than in P2, particularly in 2020.
Seasonal T. values were naturally equal or very close in both fields,
corresponding to 72.8-74.5% of the ET. (880-907 mm). However, T gt
values were remarkably different. In P1, T, 5 values were always below
the potential T, values, amounting to 377 and 613 mm in 2019 and
2020, respectively. In P2, T, ot values practically matched the potential
T, values during both seasons (660-655 mm). Seasonal soil evaporation
ranged from 224 to 237 mm, corresponding to 25.5-27.2% of the ET,,
and 26.6-38.1% of the ET. 5¢¢ (609-837 mm in P1; 907-892 mm in P2).

While seasonal ET, 4 values depend on tree age and size, climate
conditions, interrow management, and irrigation methods, in P2, where
no stress was observed, ET, 4 values were within the range of values
reported in the literature for mature almond orchards. They were
comparable to the ET o¢; values of 946 mm for a mature almond orchard
(7 years old) with 7.3 m x 7.3 m tree spacing in Arbuckle, California,
USA, in the early 1980 s (Fereres et al., 1982). Yet, they were far below
more recent records, which refer to the need of 1250 mm for fully
satisfying mature almond trees’ water needs and reaching maximum
yields in the southern San Joaquin Valley of California, USA (Goldhamer
and Fereres, 2017).

Seasonal percolation differed also between fields. In P1, the impact
of the salinity stress on transpiration rates resulted in an increase in
percolation losses in the drier season of 2019 compared to 2020. As
shown in Fig. 11, in that year, most of the estimated percolation values
occurred during the irrigation season (about 73%) because of the os-
motic stress impact on root water uptake. Obviously, the percolated
water could have helped leach salts away from the rootzone, thus
decreasing the impact of the salinity stress on crop transpiration. This
cannot be simulated in SIMDualKc, except by providing inputs of the EC,
in the rootzone throughout the crop growing season. However, field
measurements of the EC, in 2019 were always higher than the crop
tolerance salinity threshold. In 2020, percolation resulted mostly from
rainfall. Also noticeable was that about 10% and 36% of percolation
losses occurred in the late season stage of 2019 and 2020 seasons,
respectively, because of late irrigation events often combined with
rainfall depths above the soil’s water holding capacity. In P2, higher
percolation values were found, as expected, in the 2020 rainier season,
when also some losses from irrigation events were noticed. Likely, the
farmer of P1 adopted a more adequate irrigation schedule.

3.5.2. Olive

Soil water dynamics in olive fields (P3, P4, and P5) were remarkably
different than in the almonds’ cases. Seasonal irrigation depths were
smaller, ranging from 266 to 357 mm (Table 10). Seasonal T. values
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Table 10

Components of the soil water balance.
Plot I P ASW Te Te act Es DP RO

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

P1. Almond
2019 617 337 -9 661 377 232 323 6
2020 596 484 -10 656 613 224 207 24
P2. Almond
2019 649 337 10 660 660 247 80 6
2020 772 484 5 656 655 237 316 20
P3. Olive
2019 339 337 -24 431 378 195 73 10
2020 355 484 -13 427 410 204 174 38
P4. Olive
2019 273 337 -52 433 339 200 9 18
2020 266 484 -39 428 374 226 60 50
P5. Olive
2019 357 337 -52 445 340 192 100 14
2020 330 484 -15 440 404 215 136 47
P6. Orange
2019 548 337 -8 516 516 180 177 27
2020 843 484 -8 510 510 258 526 27
P7. Clementine
2019 653 337 8 505 504 213 252 14
2020 858 484 -18 499 499 214 580 38
P8. Mandarin
2019 906 337 -3 505 504 199 517 8
2020 1170 484 -17 499 498 220 899 27
P9. Pomegranate
2019 654 337 -22 649 649 219 84 6
2020 694 484 -21 637 637 222 268 26

Note: [, irrigation; P, precipitation; ASW, soil water storage variation; T, potential crop transpiration; T, .., actual crop transpiration; Es, soil evaporation; DP, deep

percolation; RO, runoff.
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Fig. 11. Daily values of percolation and runoff in P1 and P2 during the 2019-2020 growing seasons.

were also lower than for almonds, summing 427-445 mm during both
growing seasons (65.4-69.9% of the ET.), which evidence the lower
water requirements of olives compared to almonds. Differences between
olive plots were related to planting densities and lengths of crop stages
of the different varieties. The major contrast between olive and almond
fields was in the dynamics of the T, 5¢t (and K¢p act) as discussed in
Section 3.3.2. T, reductions due to water stress ended up varying from
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4.0% (P3 in 2020) to 23.6% (P5 in 2019). No salinity stress was ever
registered, with the monitored EC. always below the crop’s salinity
tolerance threshold. Seasonal soil evaporation ranged from 192 to
226 mm, corresponding to 30.1-34.6% of the ET. (626-655 mm) and
33.2-37.7% of the ET, 5t (532-619 mm). The weight of soil evaporation
on crop evapotranspiration was thus slightly higher than in the almond
fields. Runoff (10-50 mm) and percolation (9-174 mm) resulted mostly



T.B. Ramos et al.

Agricultural Water Management 279 (2023) 108209

0 T T T T T T T T T T r r T — r”. T T T T T T rp[[ 60
-10 1 P3. Olive - 50
=20 - - 40
-30 1 - 30
-40 - - 20
o | | i Ll 5
i l i A l i L 1
-60 - . - 0 v
T e A . |, T &
E’ -10 - P4. Olive L 50 g
S -20 40 S
= 3
S -30 + - 30 3
g’: -40 A - 20 ‘g
£ 50 - L 10 S
£ | i Liacdl A, 1] =
é -60 - )i 1 airn 1 L ! 1 1 L 0 3
0 — T — T T —T T — T T T — 60 ‘3’
-10 - 50
-20 - - 40
-30 A - 30
-40 L 20
o | U i
-60 - l || Ll j_]l LU Il | 1 I L 0
()] ()] (<)) [<)] ()] ()] ()] [<)] ()] ()] ()] [<)] ()] o o (=] o o o o o o o o o
al Ll Ll al al al i al al Ll =l Al .l o~ o~ o~ o~ o o~ o~ o~ o~ o~ o~ o~
e T - - - > T e s - - - - e
=l - [32) < wn wn (%) ~ =) (<)) o - o~ - o [32) < wn [0 ~ =) <)) o - o~
O O O O O 0O 0O 0 0O 0O # = =« O O O O 0O 0O 0O 0O O ™ = «
g9 8 99 90 0 0 I NRNO MO MN B ITIT N IS o9 o
o o o o o o m om o~ o~ o~ (o] o~ o~ o~ o~ ~ o~ o~ o~ ~ o~ o~ o~ ~
Time (days) | Percolation Runoff

I Gross Precipitation Irrigation

Fig. 12. Daily values of percolation and runoff in P3, P4, and P5 during the 2019-2020 growing seasons.

from rainfall events (Fig. 12). It is likely that olive farmers skills are
better since irrigation of olives is practiced for a longer time than in
almonds.

3.5.3. Citrus

In citrus fields (P6, P7, and P8), irrigation was characterized by large
application depths, with seasonal values summing from 548 mm (P6 in
2019) to 1170 mm (P8 in 2020 mm) (Table 10). These depths were more
than enough to meet T, values, which only ranged from 499 (P7 in 2020)
to 516 mm (P6 in 2019), corresponding to 66.4-74.1% of the ET.. No
water stress was ever observed while the salinity stress was only minor
and affecting P7 and P8 for a very short period (December 2019; Fig. 9).
Seasonal soil evaporation ranged from 180 to 258 mm, corresponding to
25.9-33.6% of the ET..

Deep percolation had a large weight compared to the other outputs
of the soil water balance. The large percolation values, which the SIM-
DualKc estimated to range from 177 to 526 mm in the orange field (P6)
to 517-899 mm in the mandarin field (P8), confirmed the excess water
application. Contrarily to observations in almond and olive orchards,
the percolation in citrus fields mainly occurred during the irrigation
season (Fig. 13), when 66.0% (P6 in 2020) to 84.4% (P8 in 2020) of the
seasonal percolation amounts were computed. It also corresponded to
32.3% (P6 in 2019) to 76.8% (P8 in 2020) of the total irrigation water
applied.

The results of the water balance in the citrus fields have obviously no
other justification than complete mismanagement of irrigation water. It
is known that citrus trees can endure mild-moderate water stress except
for the most critical growth stages, which are the flowering and fruit
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growth periods (Garcia-Tejero et al., 2012). For this reason, deficit
irrigation practices have long been evaluated in the main citrus pro-
duction areas due to limited water resource availability (Pagan et al.,
2022, Rallo et al, 2017; Ballester et al., 2011; Garcia Tejero et al., 2011).
Better management practices need thus to be implemented in the three
commercial orchards.

3.5.4. Pomegranate

Pomegranate is far less studied than the crops above, which high-
lights the importance of the respective monitoring (P9). The seasonal
irrigation depth reached 654 mm in 2019 and 694 mm in 2020
(Table 10). These values are below the 848 and 932 mm applied by
surface drip in trees of similar age of the cultivar ‘Wonderful’ in Cali-
fornia (Ayars et al., 2017). Their totals are also within the range of
depths (392-776 mm) reported for cultivars ‘Mollar de Elche’ and
‘Wonderful’ (7-13 years old) grown in soils with different textures in
southern Spain as reviewed by Volschenk (2020).

Seasonal T, values amounted 649 (2019) and 637 mm (2020), cor-
responding respectively to 74.8% and 74.2% of the ET,. These seasonal
values were lower than those reported in Ayars et al. (2017) for trees of
the same age (912-953 mm) grown in California. No water or salinity
stresses were noticed in the pomegranate orchard, even if the monitored
EC, values were in general the highest of all cases. Seasonal soil evap-
oration corresponded to 25.2% (219 mm) and 25.8% (222 mm) of the
ET, in 2019 and 2020, respectively. More significant percolation was
computed in 2020, with approximately 37% of the seasonal amount
occurring during the irrigation season, which corresponded to 39% of
the water applied (Fig. 14). Thus, despite better than for citrus, there is
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Fig. 14. Daily values of percolation and runoff in P9 during the 2019-2020 growing seasons.

room for improvement and water saving.

3.6. Searching improved water use with SIMDualKc

Fig. 15 exemplifies the evolution of the K¢ act, Ke, and K gt in
selected plots (P1, P5, P8, and P9) when considering a mild deficit
irrigation scheduling scenario. The soil water balance is then presented
for all plots in Table 11. The mild deficit scenario included the same
dates of the crop stages in each growing season as well as the previously
calibrated model parameters. Irrigation triggering was set for a
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Management Allowable Depletion (MAD) of 1.05 0p, while irrigation
depths were set to 5 mm following the observed data in Table 3. No
salinity effects were considered due to its transient nature.

Table 11 shows a reduction of the T, 5 values of 3.0% (P5, P7, and
P8 in 2020) to 5.2% (P1 in 2019) relative to the T, values, thus with no
effect on crop yields considering the tolerance of the study crops to mild
water deficits as explained above. Percolation estimates returned the
greatest contrast when compared with the farmers schedules, with re-
ductions reaching 63-98% in the almond fields, 17-58% in the olive
fields, 82-100% in the citrus fields, and 70-98% in the pomegranate



T.B. Ramos et al.

1.2 4

P1. Almond
1.0 = i 2

Agricultural Water Management 279 (2023) 108209

- 100
80
60
40

20

0
100

ch' ch act? Kel Kc' Kc act (mm)

(ww) uonesdiag ‘uoneydaid

0.8 4:
0.6 1

IJIIl ﬂdl TIPS “ﬁmh i

0.0 " e e Y E 0
1.2 - - 100
1.0 P9. Pomegranate

40

0.4 - d b
02 T -
o0 Ll gl L0 bl el b
A O O 0O O O O 60O 0O 0O 0O 0O 0 O O O O O O 0O 0O O ©o o o
Al Al .l - - - \al Al Al Al al i - N N N N N N N o N o N N
e T - - e - e T e s e - > e T
- = N & N NN O N 0 O O =H AN = &N O F N O N 0O O O = N
©O © O © © 9 020 0 9 06 4 4 490 90 9o 90 9 90 0 9 0 d4dd
NS S S S S S S TS TS TS TSI RTETETEFCTEIRTETESI TFTSTSFTFTSTSTFTYSYSSTFTSSFTSTFTFTSYSTFTSYSTYSYSTRTSYSERTS
o =02 N 0 04 4 O O O 00 00 N N VU N VW NN W g S O N N o o
O M O O O M M M N N N N N N N N NN N N N NN N N N N
Time (days)
Daily K, «eeeeee Daily K, . Daily K, Mean K,
--------- DailyK,,, —— MeanK, | Irrigation | Net precipitation

Fig. 15. Seasonal variation of the standard (non-stressed) basal crop coefficient (K), the actual basal crop coefficient (Kcp, act), the evaporation coefficient (K.), and
the actual crop coefficient (K. act = Keb act + Ke) in P1, P5, P8 and P9 when considering a mild irrigation scheduling scenario.

field. This confirms that most of percolation losses were due to poor
irrigation scheduling. All other components of the water balance showed
similar estimates as those obtained when analysing the farmers sched-
ules. As such, the mild deficit irrigation scheduling scenario shows
possible water savings of 20 mm in case of olives, up to 855 mm for
citrus. Yet, for olive, water savings were naturally only possible when
the observed water stress was less pronounced than the one considered
in the modeling scenario.

4. Conclusions

The current paper presents and discusses estimates of crop evapo-
transpiration in nine commercial orchards in the Alentejo region of
southern Portugal. The crops addressed were almonds, olive, citrus
(orange, clementine, and mandarin), and pomegranate. In all case
studies, crop evapotranspiration was estimated by computing the soil
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water balance following the FAO56 dual-K. approach adopted in the
SIMDualKc model, i.e., through the partition of crop evapotranspiration
into its components, crop transpiration, and soil evaporation. The model
may be considered one of the most adequate solutions for computing the
water balance in such complex agricultural systems; it is able to estimate
the K¢, at various crop stages taking into consideration the crop density
through a density coefficient K4, which is a function of f. and h. In
addition, it accounts for the effects of interrow management (active
ground cover and mulching, namely dried understory plants and falling
leaves) and soil conditions (mainly soil salinity) on actual transpiration
rates. The model successfully simulated the soil water contents
measured in the different fields along two growing seasons, with root
mean square error values lower than 0.005 m® m™ and modeling effi-
ciencies from 0.363 to 0.782.

For almonds, differences to the literature were noticed, especially for
the K. and when compared to almond orchards from California, which
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Table 11
Water savings considering a mild deficit irrigation scheduling scenario.
Plot Farmers Mild deficit scenario Ws
I (%)
(mm) I P ASW T, Te act Eq DP RO
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
P1. Almond
2019 617 535 337 -17 661 626 220 6 5 13.3
2020 596 475 484 -13 656 626 216 77 31 20.3
P2. Almond
2019 649 535 337 11 660 627 228 24 6 17.6
2020 772 480 484 5 656 627 221 77 20 37.8
P3. Olive
2019 339 365 337 -24 431 416 215 38 10 -
2020 355 335 484 -13 427 412 221 134 38 5.6
P4. Olive
2019 273 375 337 -51 433 418 219 8 18 -
2020 266 330 484 -39 428 414 238 71 50 -
P5. Olive
2019 357 370 337 -19 445 429 207 42 13 -
2020 330 310 484 -15 440 427 214 94 46 6.1
P6. Orange
2019 548 355 337 -7 516 499 170 11 6 35.2
2020 843 330 484 -4 510 494 191 94 26 60.9
P7. Clementine
2019 653 360 337 -6 505 490 186 3 14 44.9
2020 858 315 484 -8 499 484 191 74 38 63.3
P8. Mandarin
2019 906 365 337 -13 505 488 194 1 8 59.7
2020 1170 315 484 -8 499 484 196 81 27 73.1
P9. Pomegranate
2019 654 510 337 -17 649 621 210 1 6 22.0
2020 694 474 484 -17 637 610 215 82 26 31.7

Note: I, irrigation; P, precipitation; ASW, soil water storage variation; T, potential crop transpiration; T, ¢, actual crop transpiration; Eg, soil evaporation; DP, deep

percolation; RO, runoff; WS, water saving.

were mainly attributed to the irrigation management, soil fertility, fruit
load, training, and crop height and canopy size. Salinity levels in one of
the fields during the 2019 growing season led to significant water uptake
reductions, resulting most likely from intensive fertigation misman-
agement. For olive, small differences in the K, and K. values were
noticed between the three case studies, which were related to the frac-
tion of the ground covered by the trees’ canopies and height. Mild water
stress conditions were noticed in the three monitored fields, generally
corresponding to a water saving strategy with no impact on oil yields. In
citrus fields, the estimated K., and K, values were relatively small when
compared with the existing literature, which was justified by orchards’
training. Monitoring of irrigation practices in the three case studies
showed a large excess irrigation water application, with translated into
large percolation losses. Lastly, for pomegranate, information on the
partition of the ET. was quite limited and, as far as we know, this is one
of the first studies assessing separately the dynamics of the K, and K. in
this crop. Like in the citrus fields, excess application of irrigation water
was observed, but without the same magnitude of losses estimated for
the clementine and mandarin fields.

This study provides more accurate K. values for the orchard systems
in the Roxo Irrigation District, thus also providing for improving irri-
gation water management in the Alentejo region. A proper character-
ization of evapotranspiration fluxes and dynamics was needed for
further studies, namely the assessment of soil salinization and nutrient
leaching risks resulting from current agricultural practices. With these
aims, data and parameterization obtained in this study were used with
the calibrated model SIMDualKc to develop alternative irrigation man-
agement issues, mainly improved schedules. Results show a potential
water saving of 82-292 mm for almond, 20 mm for olive, 193-855 mm
for citrus, particularly for mandarin, and 144-220 mm for pomegranate.
However, modeling tools are insufficient for improving irrigation and it
is desirable that farmers are trained, including in their computing skills,
and that support on the various orchard management issues, namely
relative to water and fertility, become available, thus contributing to
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better facing global change challenges.
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