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Abstract

The aim of this study was to estimate standard crop coefficients of surface and sub-surface drip-irrigated young almond trees
under non-limiting soil water content conditions, based on measurements of the fraction of ground covered by the canopy
(f.) and tree height (h) (A&P approach proposed by Allen and Pereira (2009)) and to improve the transferability of them
to the productive sector once weather data (i.e. maximum and minimum air temperature (T,,, and T, respectively), as
well as dew point temperature (T, )) were adjusted to the reference conditions. A 4 year field experiment was carried out
in a~12.5 ha commercial young almond (Prunus dulcis (Mill.) D.A. Webb) orchard located in Hellin, (SE Spain). ‘Penta’
almond trees, grafted onto the GF-677 rootstock, were planted in 2018. Field measurements of f. and h were performed
over four consecutive growing seasons from 2019 to 2022. In parallel, ET, computed by the nearest meteorological station,
located at a non-reference weather site, was reduced around 6% after bringing weather data closer to the reference condi-
tions, while actual crop evapotranspiration and its components (actual tree transpiration and soil evaporation) were estimated
in each irrigation system through the so-called simplified two-source energy balance (STSEB) model in order to be used
as a quality assessment of the A&P approach. The ratio between the former estimations and the ET, allowed to compute
STSEB-based crop coefficients. No significant differences in effective canopy cover (f, ;) nor h were observed between the
two irrigation systems, and thus the estimated K values were the same for both drip-irrigation systems. f, . values during
mid-season stage ranged between 0.15 in 2019 and 0.62 in 2022, whereas average h values for this stage ranged between
2.36 and 3.80 m in 2019 and 2022, respectively. These values of f, .4+ and h resulted in average mid-season basal crop coef-
ficients (K y_miq) of 0.28 in 2019, 0.39 in 2020, 0.61 in 2021 and 1.02 in 2022. Soil evaporation estimates through STSEB
model were significantly different between the two irrigation systems, leading to differences in K, being around 16% higher
for DI than SDI. Moreover, the intra-annual K values moved in the same range for the initial, mid- and end-season crop
growth stages, varying from 0.30 in 2019 to 1.01 in 2022, computed under standard conditions. Finally, the A&P approach
was shown to be an especially interesting method for estimating K, values in almond fruit trees, being useful for refining
K, and/or K for conditions of plant spacing, size and density that may differ from standard values. In this way, irrigation
scheduling can be optimized regarding the almond tree architecture (i.e. f_ . and h), allowing to manage properly irrigation
water to meet the tree water demands.

Introduction
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744,000 ha, followed by the United States of America (USA)
with around 534,000 ha. However, the USA is the world’s
foremost almond producer with a share of 55% of world
production in 2021 (FAOSTAT 2022), whereas in Spain this
share is 9% (MAPA 2023). This is because, although the
irrigated area in Spain has almost tripled in the last 5 years,
low-yielding traditional non-irrigated orchards still repre-
sent more than 80% of the cultivated area (MAPA 2023).
This explains why Spain’s average yields of shelled almonds
are lower (0.49 t ha™!) than those of the USA (4.10 t ha™")
(FAOSTAT 2022), where the majority of almond orchards
are fully-irrigated and managed under standard optimal
conditions. In the Castilla-La Mancha region (i.e. the study
area), the almond cultivated area has grown exponentially,
reaching 150,453 ha in 2021, of which only 17% are irri-
gated. However, most of the new almond orchards are culti-
vated in traditional irrigated areas, replacing less profitable
irrigated crops (Miras-Avalos et al., 2023).

In arid and semi-arid areas with water resource scar-
city, population growth and increasing water competition
with other sectors, such as the industrial and urban sectors,
improving almond water management is absolutely essen-
tial. In addition, in a global scenario of climate change, this
situation appears to be worsening, mainly due to higher tem-
peratures, less annual rainfall and an increasing number of
extreme weather events (IPCC 2022). Under this context,
in the study area, where water resources (mainly ground-
water) are limited and at serious risk of overexploitation,
it is impossible, in many cases, to apply irrigation regimes
that cover the potential crop water requirements of almond
trees. Therefore, measuring or estimating almond crop
evapotranspiration (ET,) and crop transpiration (T,) under
standard, well-watered conditions (i.e. under pristine, non-
stress cropping conditions), and relate them to the FAO Pen-
man-Monteith (FAO-PM) grass reference evapotranspira-
tion (ET,) equation (Allen et al. 1998), allow to derive single
and basal crop coefficients (i.e. K, and K, respectively)
as accurately as possible. However, when crop is managed
under non-standard conditions due to non-uniform irriga-
tion, water and/or salt stress, unsuitable soil management,
etc. (Pereira et al. 2023; Lopez-Urrea et al. 2024), the obser-
vations refer to actual crop ET (ET, , ) and not standard ET,,
with ET, . <ET,, being equal to ET_ only when the crop is
well-watered and managed in a pristine condition (Pereira
et al. 2023). The resulting actual K, (K, ,.,) is calculated as
the product of K_ by a stress coefficient (K,), describing the
effect of water and/or salt stress on crop ET. When using the
dual crop coefficient method, only the K, is modified into
Kb actr 38 K¢ 0ot = Koy K+ K., thus affecting only crop tran-
spiration, where the last term is the coefficient of soil evapo-
ration not affected by stress (Allen et al. 1998). In this sense,
obtaining crop coefficients values represent a key objective
for optimizing the irrigation scheduling of this fruit tree, and
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identifying the best scheduling irrigation strategies when the
almond water requirements cannot be met.

In the last decade, several studies have focused on the
measurement of mature almond tree water requirements
(Stevens et al. 2012; Goldhamer and Fereres 2017; Lopez-
Lopez et al. 2018; Bellvert et al. 2018), being carried out
in many cases with traditional cultivars (‘Nonpareil’ or
‘Guara’). Similarly, young almond orchards have also been
studied in recent years (Garcia-Tejero et al. 2015; Espada-
for et al. 2015; Drechsler et al. 2022), where the crop water
requirements studies for new late and extra-late flowering
cultivars are still quite scarce (Sanchez et al. 2021; Montoya
et al. 2022). Different methods have been used to measure
or estimate crop evapotranspiration in almond tree, such as
the soil water balance (SWB) based on measuring the soil
water content with neutron probe (Lopez-Lopez et al. 2018),
weighing lysimeters (Espadafor et al. 2015), sap flow sen-
sors or eddy covariance heat flux systems (Sanchez et al.
2021). Other methods of estimating crop water use are based
on remote sensing surface energy balance models, either
one- or two-source (Norman et al. 1995; Allen et al. 2007),
which offer a higher spatial resolution than the SWB. In
this research, a simplified version of the Two-Source Energy
Balance (TSEB) model was used. In recent years, the TSEB,
using field measurements of soil and canopy temperature,
canopy height and fractional cover or leaf area index (LAI)
as inputs, has proven to be a reliable approach for estimating
almond ET, and its separate components (soil evaporation
(E,) and canopy transpiration (T,)) (Sénchez et al. 2021;
Quintanilla-Albornoz et al. 2023).

Seasonal water use of young almond trees has been
shown to vary greatly in accordance with tree density and
orchard management practices, where the irrigation system
method (i.e. micro-sprinkler vs. drip) can result in large
differences in the crop evapotranspiration rates despite the
fraction of ground covered by the canopy (f,) being in the
same ranges. Drechsler et al. (2022) reported seasonal actual
crop evapotranspiration (ET, ,.,) of 888, 1075, and 995 mm
for 3-, 4-, and 5-year-old micro-sprinkler irrigated almond
trees, respectively, from full bloom until the end of harvest.
In contrast, several studies carried out under drip irrigation
system have reported lower accumulated ET, .. Fereres
et al. (1982) estimated between 114 and 643 mm of cumu-
lative ET, ,, for 2 — 5 year-old almond trees in a field trial
conducted in California, while the seasonal water use in a
semiarid Spanish area was 321 mm, from March to October,
in 3 year-old almond trees (Sanchez et al. 2021), and close
to 600 mm and 450 mm of seasonal ET ,, in a 4 year-old
almond orchard managed under surface and sub-surface drip
irrigation systems, respectively (Montoya et al. 2022).

Together with the measurement or estimation of the
almond tree water requirements, studies have dealt with the
derivation of single (K.) and basal (K ) crop coefficients for
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young and mature almond trees, representing the ratios of
the ET, and crop transpiration (T,), respectively, to the grass
reference evapotranspiration (ET,), (i.e., K.=ET/ET, and
K, =TJ/ET,; Allen et al. 1998; Pereira et al. 2024). These
coefficients are an operative tool for farmers and techni-
cians when irrigation scheduling is performed based on the
daily crop water demand using the two step approach (Allen
et al. 1998). It is worth noting those crop coefficients should
be computed for an almond crop under pristine conditions
(Pereira et al. 2015). In a recent review of K. and K, for
temperate climate fruit crops, included in this Special Issue,
Lopez-Urrea et al. (2024) identified a significant variabil-
ity of those coefficients mainly due to differences in f, and
height (h) of almond tree, which are directly related to the
training system, pruning and tree age. For mature trees, K,
values during the mid-season stage ranged between 0.33 and
1.23, while K values ranged between 0.30 and 1.00 for the
same stage (Stevens et al. 2012; Lopez-Lopez et al. 2018;
Bellvert et al. 2018; Ramos et al. 2023). However, for young
almond trees (less than 4 years), the reported mid-season
K, (K¢ i) and K, (K ;) ranged between 0.30-0.90 and
0.19-0.50, respectively (Espadafor et al. 2015; Sanchez
et al. 2021; Drechsler et al. 2022). Unlike the former stage,
initial and end growth stages for both coefficients were
less variables. During the initial stage, K ;,; and K i,
ranged between 0.40-0.50 and 0.15-0.30, respectively; and
0.20-0.55 (K, ¢nq) and 0.18-0.50 (K, o) for end-season.
This variability was also identified in mature almond trees
by Rallo et al. (2021), although reporting K, values from
literature between 0.45 and 1.00 during mid-season, and
between 0.40 and 0.65 during end season, but not tabulat-
ing the coefficients related with canopy density on shading
and on maximum relative ET (M; ), and the stomatal control
of the tree on transpiration (F,) (Allen and Pereira 2009).
As discussed above, K. and K values over the crop
growing season are strongly related to a variety of vegeta-
tion parameters, including f_, h, LAI or the fraction of the
intercepted photosynthetic active radiation (fipyg) Which is
assumed as an estimate of f, (Pereira et al. 2020b). Allen
et al. (1998) introduced a standardized approach to relate K,
during the midseason period, K g, to LAL or f, using a K,
value representing K, under conditions of full cover. Allen
and Pereira (2009) later developed a method for predict-
ing actual crops coefficients from f, and h, (hereinafter the
A&P approach), who showed that this approach performs
particularly well for fruit trees and vines. Those actual crop
coefficients are considered as standard when their estimates
are based on fruit trees and vine crops managed under well-
watered and pristine/eustress cropping conditions (Pereira
et al. 2023; Lopez-Urrea et al. 2024). Regarding fruit trees
and vines, that approach, adopted in SIMDualKc model
(Rosa et al. 2012a, b), has reported a good performance eval-
uating true ground ET, measurements (i.e. Eddy Covariance

and sap flow devices) for peaches (Paco et al. 2012), super-
intensive olive orchard (Pago et al. 2014, 2019) and vine-
yards (Cancela et al. 2015); or with soil moisture sensors in
citrus, pomegranate, olive and almond (Ramos et al. 2023).
Recently, the A&P approach was validated and parameter-
ized using ground and remote sensing data for several field
and vegetable crops (Pereira et al. 2020b, 2021c¢). In the case
of young and mature almond trees, Pereira et al. (2020b)
did not report the validation of K predicted from f, and h
using either ground or remote sensing observations although
Ramos et al. (2023) obtained the 5 year-old almond’ param-
eterization using SIMDualKc.

The standard FAO56 approach, for computing crop water
requirements, uses ET, calculated with the FAO-PM-ET,
equation) and a K, (Allen et al. 1998; Pereira et al. 2024);
where the latter represents an integration of the effect of
four primary characteristics (i.e., crop height, albedo, can-
opy resistance and soil water evaporation) that distinguish
a typical field crop from the grass reference in terms of the
energy balance, and ET represents the actual evaporative
demand of the atmosphere. According to the FAO56 method
for computing ET, weather data must be measured above an
extensive grass crop that is actively evapotranspirating, or in
an environment with healthy vegetation not short of water.
When these weather data are measured at a non-reference
site (over non-transpiring, low-transpiring surfaces or having
a short grass fetch), the reference rate of evapotranspira-
tion cannot be attained because air temperatures measured
at non-reference sites are higher than those that would have
been measured if reference conditions had existed. The
opposite occurs for the air relative humidity. One of the
main issues of weather station networks around the world is
related to their location, since most are not installed over an
extensive grass surface or in an environment with healthy
vegetation not short of water. In this sense, the present work
seeks to improve the transferability of standard single and
basal crop coefficients of young almond trees, adjusting the
ET, to the reference conditions.

This 4-year study was conducted with the aim of esti-
mating standard crop coefficients for an extra-late flower-
ing cultivar of young almond trees to improve estimates of
almond trees-water requirements, using the FAO56 method
(A&P approach), and a simplified two source energy balance
model as a mean of quality control of data, in order to opti-
mize the irrigation scheduling and make a more sustainable
use of irrigation water during the early years of an almond
orchard when its canopy architecture (i.e. f, and h) is grow-
ing. To achieve this goal, it was proposed to: i) analyse the
effects of using weather data obtained over non-reference
sites on the calculation of ET,; ii) estimate the K, values for
drip-irrigated (surface and subsurface) young almond trees
under standard, well-watered conditions, based on measure-
ments of f, and h (i.e., applying the A&P approach); iii)
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assess the differences in the soil water evaporation (evapo-
ration coefficient, K,) and, hence, in the K values, between
surface and subsurface drip irrigation systems; iv) assess
and validate the crop coefficients predicted using of the A&P
approach, harnessing ET. ,, estimates from a surface energy
balance model (STSEB model).

Materials and methods
Study site description and orchard management

The present study was conducted over four consecutive crop-
ping campaigns (2019-2022) within the framework of an
irrigation trial carried out in a 0.9 ha area of a commercial
almond orchard (Montoya et al. 2022). A brief description
of the study site and orchard management is provided at fol-
low, being the reader referred to Montoya et al. (2022) for
further information.

The field experiment was conducted in a 12.5-ha com-
mercial young almond orchard located in Albacete (SE
Spain) (38° 29" N, 1° 47 W, 550 m a.s.l.). The climate is
semiarid, temperate Mediterranean, with predominantly dry
and warm summers. Long-term average annual rainfall is
about 320 mm and the annual cumulative ET, calculated
with the FAO-PM-ET, equation is about 1259 mm. The soil
is classified as Aridisol with a fine-loam texture (USDA-
NRCS 2014).

Almond trees (Prunus dulcis (Mill.) D.A. Webb) were
planted in 2018 with cv. Penta grafted onto the GF-677 root-
stock. Tree spacing was 5 m (within row) and 6 m (inter-
row), resulting in 333 trees ha~!. The average soil depth of
the almond plot was 1.2 m, with there being a petrocalcic
horizon underneath this soil depth. The ground surface of
the almond orchard was maintained with bare soil. Soil till-
age was carried out with a cultivator at different times per
campaign, mainly after 5—7 days of a heavy rainfall, and the
ploughing depth was 0.10 m during the experiment. The
space between trees was maintained without weeds using
herbicide in the two first crop-greening seasons.

Weather records during the 4-year experiment were
measured with an agrometeorological station located at the
experimental plot. The following variables were measured:
air temperature and relative humidity, horizontal wind speed
and direction, incoming-outgoing shortwave and longwave
radiations, and rainfall. In addition, ET values were calcu-
lated daily by means of the FAO-PM ET, equation (Allen
et al. 1998), using the climate data provided by the “Ontur”
meteorological station, the nearest ones to the experimen-
tal plot (~29 km.) belonging to the Spanish Agro-climatic
Information System for Irrigation (SIAR 2022). In this field
experiment, two drip-irrigation systems (surface, DI; and
subsurface, SDI) were designed to meet the full crop water
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requirements. Each treatment was arranged with 4 replicates
in a complete block randomized design.

Correction of weather data affected by aridity
conditions to compute reference evapotranspiration

The “Ontur” meteorological station (latitude 38° 37’ north,
longitude 1° 29° west and 695 m above sea level; STAR
2022), as most of the Spanish network of weather stations
and others around the world, is located in a cropped area
where the recorded meteorological data are measured in
atmospheric conditions similar to those for the surrounding
crops. However, a criterion for establishment, i.e. being sited
on an extensive surface of irrigated grass or short crop, is
typically not met.

Allen et al. (1998) reported that ET, computed from
standard estimates for available energy (net radiation, R,
minus soil heat flux, G), aerodynamic resistance (r,) and
surface resistance (r,), would overestimate those calculations
using meteorological data of air temperature and vapour
pressure deficit under non-reference conditions (T, ,.; and
VPD, .. respectively). This is because T, ;¢ are higher than
those measured if reference conditions had existed, and rela-
tive humidity measured at a non-reference site is lower than
that which would have occurred under reference conditions
(VPD,..s> VPD,). Therefore, a correction is required to
bring temperature and humidity data closer to the reference
conditions. This is the case of the “Ontur” weather station,
the observed meteorological data from which were recorded
at a non-reference site.

Following the correction process proposed by Allen et al.
(1998) and Pereira et al. (2024), maximum and minimum air
temperature (T,,,, and T,;,, respectively), as well as dew
point temperature (T, ), were corrected in proportion to the
difference (T ;;—T4e.), comparing the (T ; —Tg,,) from
the non/reference set to (T,,;,—T4,,) from the reference site.
The reference weather station used for the corrections was
located at “Las Tiesas” experimental farm (latitude 39° 14’
north, longitude 2° 5° west and 695 m above sea level). At
this site, there is a 1.5-ha standardized vegetated (grass) sur-
face (Festuca arundinacea Schreb., cv. ‘‘Asterix’’) of uni-
form height, actively growing and not short of water, with
the aim of measuring ET_ using a large weighing lysim-
eter. In addition, a weather station is available to record the
meteorological variables necessary to calculate ET, with
the FAO-PM equation (L6pez-Urrea et al. 2006; Trigo et al.
2018). To the best of our knowledge, this is the nearest site
to the “Ontur” weather station (69.8 km far away) meeting
all reference conditions.

In this sense, the following process was implemented to
adjust T, T, and Ty, and then to compute the final,
already corrected, ET, values (Allen et al. 1998).



Irrigation Science (2024) 42:1311-1332

1315

1. By a graphical procedure, compare T, ;;—T .- €ither
daily or monthly data, from a non-reference site with those
from a reference site using monthly ratios of precipitation/
ET, as the abscissa. Monthly data were considered for this
study.

2. When monthly (or daily) differences T, ;,—Te,, for the
non-reference site are systematically higher than the refer-
ence site, compute the average differences (AT) for those
time steps which require correction.

T,

AT = (Tmin - Tdew) min — Tdew)mf (])

n/ref - (

3. Adjust temperatures for each type of time step used
(daily or monthly).

(TmaX)cor = (TmaX)abs = (8T/h) )
(Tmin)mr = (Tmin)ohs - (AT/2) 3
(Tdew)cor = (Tdew)obs + (AT/Z) (4)

4. Compute a new ET_ with the corrected values for T,
T nin and Ty, This correction was carried out for the 4-year
study using this same temporal horizon (2019-2022) for
both sites (i.e. Las Tiesas reference conditions vs. Ontur
non-reference conditions).

Irrigation management, soil, and trees
determinations

Irrigation was managed in the almond orchard to maintain
non-limiting soil water content. For this purpose, a daily
irrigation schedule was implemented, based on the SWB fol-
lowing the FAO56 approach (Allen et al. 1998; Pereira et al.
2020a). Crop evapotranspiration (ET,) was computed by
multiplying the grass reference evapotranspiration (ET,) by
a dual crop coefficient, consisting of a basal crop coefficient
(K,,) and an evaporation coefficient (K,) representing the
crop transpiration (T,) and soil evaporation (E,), respectively
(K.=K., +K,) (Allen et al. 1998, 2005). The K, values
used were: K ;; (initial stage): 0.15; K .4 (mid-season):
0.85; and K .4 (end-season): 0.35, which represents K,
prior to leaf drop. K, niq Was adjusted to local climate con-
ditions when different to standard conditions (i.e. minimum
relative humidity (RH,,;,) of 45% and wind speed (u,) of
2 m s7!). Additionally, K, was reduced using the shading
factor (K,) reported by Fereres et al. (2012).

The first two extensions proposed by Allen et al. (2005)
were adopted to calculate the total evaporation and dry-
ing process. In this sense, the soil evaporation coeffi-
cient calculation was divided into two separate terms

(Ke swp =Kqi + K; Allen et al. 2005); the first was done for

the exposed fraction of the soil wetted by both precipitation
and irrigation (f,,;), and the second was only for the fraction
of the soil wetted by precipitation (f,,,,). The average frac-
tions of soil wetted by DI and SDI were 0.12 (considering a
wetting bulb for every drip line with a width of 0.40 m) and
0.01, respectively, while the fraction of the soil surface wet-
ted by precipitation was 1.00. The readily evaporable water
(REW) and the total evaporable water (TEW) were 8.0 and
18.1 mm, respectively. Finally, the transpiration rate from
the surface layer of 0.10 m was also considered in the SWB
(Allen et al. 2005).

The almond trees phenological stages were determined
following the scale designed by Thomas (2018). Observa-
tions were carried out every 10-15 days starting by Febru-
ary until mid-December in each season (Table 1). The four
main growing stages associated with the FAO segmented
crop coefficient curve (Allen et al. 1998) were merged to the
main almond phenological stages, defining the initial stage
from swollen bud to onset of fruit set, crop development
from onset of fruit set to fruit final size, mid-season from
fruit final size to fruit ripening and end-season from harvest
to onset of leaf fall (full tree maturity). The former stage is
typically represented for tree conditions when both vegeta-
tive and reproductive buds have already differentiated. This
growth stage, in terms of f_ /f., is usually represented by
around 0.10 less of the maximum ground cover reached by
the tree (Pereira et al. 2023).

The length of each phenological stage was estimated
based on thermal time (Mcmaster and Wilhelm 1997), with
4.5 °C as the base temperature (T,,.) and 35 °C as the upper
temperature (Ty,pc,) (Paredes et al. 2024a), the values of
which were represented as cumulative thermal time or grow-
ing degree days (CGDD). Daily GDD was computed based
on the difference of the average air temperature (T,,; °C)
and Ty,,.. Meanwhile, T,,, was calculated as the average of
the maximum and minimum air temperature (T, and T,
respectively). Daily GDD was adjusted following the same
rules proposed by Raes et al. (2023), described as follows:

T,
T = (Taxt) )

avg )

— If T, is less than Ty, then Ty, =Ty,

avg
- IfT,, is greater than T, then T, =T

avg upper’ upper

Determinations of the f, were performed on 9 times on
16 trees in the three first cropping campaigns and 7 times in
the last growing season. During the first and the last growing
season of this study, digital photographs were taken at solar
noon, vertically from an approximate height of 3.0 m above
the tree canopy (eight plants per treatment). The CANOPEO
software (Patrignani and Ochsner 2015) was used to obtain
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Table 1 Duration in days and

. Season Duration The FAO56 four crop growth stages
cumulated growing degree
days (CGDD) of the four main Initial Crop development  Mid-season Late-season
growing stages associated
with the FAO segmented crop 2019 Date 19-Feb to 26-Mar 27-March to 7-May 8-May to 1-Sep ~ 2-Sep to 31-Oct
coefficient curve (Allen et al. DA-Swb 35 77 194 254
1998) for almond trees across CGDD 250 600 2765 3,644
the study seasons (2019-2022)
2020 Date 30-Jan to 20-Mar 21-Mar to 30-Apr  1-May to 28-Aug 29-Aug to14-Oct
DA-Swb 50 91 211 258
CGDD 365 654 2,819 3,512
2021 Date 2-Feb to 30-Mar  31-Mar to 29-Apr ~ 30-Apr to 27-Aug 28-Aug to 10-Oct
DA-Swb 56 86 206 250
CGDD 349 607 2,694 3,436
2022 Date 4-Feb to 3-Apr 4-Apr to 25-Apr 26-Apr to 27-Aug  28-Aug to 9-Oct
DA-Swb 58 80 204 247
CGDD 348 532 2,765 3,124
2019-2022 CGDD (avg) 328 598 2,761 3,522
CGDD (sd) 53 69 60 81
CGDD (CV) 16.1 25.6 2.8 10.7

Date: first and last day of each growth stage; DA-Swb: days after swollen bud; CGDD cumulated growing
degree days (°C) from swollen bud, avg average, sd standard deviation, CV coefficient of variation (%),
Initial period from swollen bud to onset of fruit set, Crop development period from onset of fruit set to fruit
final size, Mid-season period from fruit final size to ripening fruit, Late season from fruit ripening to onset

of leaf drop

the f, value of each image using a white reference of known
surface area. However, f, was estimated in the second and
the third campaign by measuring close to midday the frac-
tion of intercepted photosynthetic active radiation in one
central tree in each experimental plot. A SunScan™ canopy
analysis system (Delta-T Devices Ltd., Cambridge, UK) was
used to take measurements of photosynthetic active radia-
tion data above and below the tree canopy over a fixed mesh
of 66 reading points covering the planting frame of a tree.
For further information, reader is referred to Montoya et al.
(2022). In parallel to the f, monitoring, tree height (h) was
also measured on the same 16 trees across the four growing
seasons. Using a measuring tape, h was measured between
10 and 13 times during the first three campaigns, while it
was sampled three times in the last season.

In this study, the soil and plant water status were tested,
respectively, by volumetric soil water content (VSWC) and
midday stem water potential (SWP) measurements. VSWC
was continuously monitored at 15-, 30-, 45- and 60-cm
depths, using a set of four FDR sensors (model 10HS, Deca-
gon Devices, WA, USA) installed at four different points on
the plot (two monitor points per irrigation system) and close
to the drip line (around 0.10 cm away to the drip line and
distanced 1.0 m to the main stem of the tree). All hourly data
were stored in four dataloggers (EM50, Decagon Devices,
WA, USA). The reader is referred to Montoya et al. (2022)
for further information. Determinations of SWP were con-
ducted with a pressure chamber (model 600, PMS Instru-
ment Company, Albany, OR, USA) on a leaf from each of 16
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trees (8 trees monitored per treatment). This pressure cham-
ber was calibrated before the start of the first and the third
growing seasons. The measurements were performed close
to solar noon on mature leaves located in the lower third of
the canopy that were covered with a foil-laminate bag for
at least one hour before being excised from the tree (Fulton
et al. 2014). The total number of measurement days was
10, 12, 9 and 4 in 2019, 2020, 2021 and 2022, respectively.
The behaviour of f,, h and SWP in this almond orchard for
the 2019-2021 field experiments was already described and
analysed by Montoya et al. (2022).

Brief description of the A&P approach (Allen
and Pereira 2009) and K /K, computation

The procedure for estimating the crop coefficients based on
measurements of f, and h, firstly initiated by Allen et al.
(1998) and later detailed in Allen and Pereira (2009) (A&P
approach), can be quite accurately estimated through their
relationships with f, h and the amount of the stomatal reg-
ulation under soil moist conditions (Pereira et al. 2020b).
According to Allen and Pereira (2009) a standardized
method to relate the basal K. during the mid-season period,
Kb mig> to £, 1s by using K, values representing K under
conditions of full cover, K ;- Which is represented by
LAI> 3 (Pereira et al. 2020b). The K_ values are reduced
when plant density or leaf area fall below full ground cover.
In the same way, K, which represents mostly transpiration,
can be expressed in terms of a density coefficient (K;) that
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is estimated as a function of effective f, (f, ;). We estimated
f, .t using the f, measured (Fig. 3a-d) and the mean angle
of the sun above the horizon during the period of maximum
evapotranspiration, as described by Allen and Pereira (2009)

and Oyarzun et al. (2007).
Koy =K, min + (ch fut — Ko min) ©6)

where K, ,;, i1s the minimum basal K, for bare soil
(K¢ min ~ 0.15 under typical agricultural conditions), Ky, ¢
is the estimated basal K during peak plant growth for condi-
tions having nearly full ground cover (or LAI> 3).

. 1/(1+h
K, = mm(l,ML Xfceﬁ“fc(eﬁ/( i ))> @

where f_ . is the effective fraction of ground covered by
vegetation [0.01-1] near solar noon, M; is a multiplier on
f, . describing the effect of canopy density on shading and
on maximum relative ET per fraction of ground shaded
[1.0-2.0], and h is the mean height of the trees in meters.

A resistance correction factor (F,) was proposed for the
LAI- and f_-based equations to take stomatal control by
vegetation into consideration (Pereira et al. 2020b). Thus,
Kb - When used with ET,, can be adjusted as a function of
plant height, the climate and the stomatal control on transpi-
ration (F,, [0—-1]). For further information about the descrip-
tion of the A&P approach, the reader is referred to Allen and
Pereira (2009) and Pereira et al. (2020b).

A+y><(1+0.34><u2)

" ; ®)
+yx <1+0.34><u2><ﬁ>

where 1, is the mean leaf resistance for the vegetation (s

m~1), A is the slope of the saturation vapour pressure vs. air

temperature curve (kPa °C™!), and v is the psychrometric

constant (kPa °C™"), both relative to the period when K, 1

is computed.

chmu =F,
h 0.3
x <min(1 + 0.1, 1.20) + [0.04 X (1, = 2) = 0.004 x (RH,, —45)] x (3 ) )

®

where h is the mean maximum plant height in m, u, is

the mean value for wind speed at 2 m height during the mid-

and/or end-season in m s~!, and RH,;, is the mean value

for minimum daily relative humidity during the mid- and/
or end-season in %.

Following the former procedure, as well as considering
the new M; and F, values tabulated for almond trees by
Loépez-Urrea et al. (2024), daily almond K, values were
computed using the f. and h measurements sampled along
each growing season. After predicting K, values apply-
ing the A&P approach (K, Agp), K, values for each stage

(i.e., initial, mid- and end-season) were estimated adding
K, values calculated using the method proposed by Allen
et al. (2005) (K, gwg) to K, agp The obtained mid- and end-
season K, and K, values upper than 0.45 were adjusted to
a standard temperate climate (i.e., sub-humid climate with
moderate wind speed), characterized by minimum relative
humidity (RH,;,) of 45% and wind speed (u,) of 2 m s,
using the equation reported by Allen et al. (1998). However,
when these K, and K, values were lower than 0.45, this
adjustment was not required (Pereira et al. 2021b).

Brief description of the STSEB model

Based on the parallel approach introduced by Norman et al.
(1995), a simplified version of the Two-Source Energy Bal-
ance (STSEB) model was initially proposed by Sanchez
et al. (2008). The basis of the STSEB modelling for crop
evapotranspiration (ET,), including its soil evaporation (E,)
and canopy transpiration (T.) components, stands on the
conversion of the total latent heat flux (LE) and its soil and
canopy components (LE  and LE, respectively), by dividing
them by the latent heat of vaporization of water, denoted as
A (J kg™). This turbulent energy flux can be approximated
as a residual from the surface energy balance equation once
net radiation (R,) and soil (G) and sensible heat (H) fluxes
are computed. For a comprehensive understanding of the
mathematical framework and necessary inputs and param-
eters, readers are referred to Sanchez et al. (2021) where
a proper calibration and evaluation of this model was car-
ried out using eddy covariance system data as a reference,
and adopting the quality control criteria of the ET estimates
given by Allen et al. (2011a, b).

In this study, ground observations of tree canopy height
and fractional green vegetation cover (outlined above) were
utilized to model these inputs within the STSEB framework,
employing a third-order polynomial adjustment. Two sets
of 3—4 thermal InfraRed Thermometers (IRT) each (SI-121
and SI-421, Apogee Instruments, Inc., Logan, USA) were
installed on two masts to continuously monitor the radio-
metric temperature of both the almond tree canopy and soil
at separated locations representing both DI and SDI irriga-
tion treatments. Three of the IRTs were positioned down-
wards at a 45° angle, two directed towards the canopy top
on the east and west sides of trees, and the third pointing
to the inter-row soil. The mast in the DI treatment area was
equipped with an additional IRT monitoring the exposed
fraction of soil wetted by surface drip irrigation in order
to accurately characterize soil temperature in this scenario.
This comprehensive set of thermal measurements included
an extra IRT pointing upwards to measure downwelling sky
radiance, which is essential for atmospheric correction of
all soil and canopy temperatures. The experimental setup,
including location and installation height, was designed to
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ensure representative monitoring of each target, account-
ing for the field of view of the IRTs. Continuous 15-min
IRT readings were collected to properly capture the surface
energy fluxes. All measurements underwent corrections for
atmospheric and emissivity effects following the methodol-
ogy detailed in Sanchez et al. (2008).

Daily ET, values and the T /E, partition, derived from the
STSEB model along with available thermal infrared data,
were obtained for 251 days in 2019 (April 4 to December
12), only 152 days in 2020 (June 5 to November 3) due to
pandemic-related constraints, then 286 days in 2021 (Febru-
ary 18 to November 30), and finally 223 days (March 2 to
October 10) in 2022 (this year excluding a few weeks in mid-
season for DI treatment due to an experimental failure with
one of the IRTs). Daily almond K, K, and K, values were
computed as the ratios ET/ET, T/ET,, and E/ET, values,
respectively. The ET, values computed after weather data
correction, presented below, were also used for the STSEB
estimates. To avoid the scatter produced by irrigation events,
crop coefficient values were averaged in a 5-day time step.

Statistical analysis and evaluation of A&P approach
performance

Calculated values of ET, (corrected and non-corrected)
from the “Ontur” meteorological station were compared
using linear regression analysis (the intercept, slope, coef-
ficient of determination (R?) and significance of the linear
model) to determine the consistency of said regression.
The significance levels used were: p>0.05 not significant;
0.01 <p<0.05 significant; and p < 0.01 very significant.

To evaluate the A&P approach estimating K, and K,
we used a previous statistical analysis for almond K, and
K., through an intra-annual analysis of variance (ANOVA;
mean comparison test) and normality and homoscedasticity
tests (Shapiro—Wilk and Barlett test, respectively), in order
to determine whether the K estimations obtained by the
A&P approach and STSEB model were different between
the two irrigation systems described in this work (i.e. DI and
SDI). The same procedure was carried out for K, calculated
and estimated through the SWB and STSEB model, respec-
tively. In the cases where the null hypothesis of the nor-
mality test was false, a non-parametric test (Mann Whitney:
Wilcox test; median comparison test) was used instead of
ANOVA. When the ANOVA or Mann Whitney test showed
no evidence of the null hypothesis, the average value of K
and/or K, of both treatments was proposed to study the A&P
approach performance.

Subsequently, the K values obtained by the A&P
approach (K, o ¢p) and STSEB model (K, grspp) Were com-
pared for every growing season, as well as for all the years
together, to evaluate the performance of the A&P approach.
In this evaluation, Ky s¢p and K, srsgg Were considered
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as estimated values, representing graphically K s¢p in the
ordinate axis and K, grgpp in abscissa axis. In the same
way, K., calculated by the SWB approach (K, gwc) (Allen
et al. 2005), and K_, as the addition of K, gwc and K, aps
were compared to the values reported by the STSEB model
(i.e. K, gg and K, grsgg). These evaluations were carried
out using the following statistical indicators: the root mean
square error (RMSE), the mean bias error (MBE) and the
index of agreement (d) (Willmott 1982). Linear regressions
coefficients were performed through the Deming method
since both approaches used to estimate K, are subjected to
errors, despite STSEB method has been considered as the
reference approach in this research (Linnet 1990). Finally,
the average K. and K, values obtained for each stage by the
A&P approach were standardized and compared with the
new updated K /K, values reported by Lopez-Urrea et al.
(2024). R Core Team (2021) was used to perform the sta-
tistical analysis.

Results

Meteorological conditions and ET, values
computed after weather data correction

The daily meteorological conditions during the 2019-2022
almond growing seasons at the experimental site for aver-
age air temperature and relative humidity (Fig. 1a), solar
radiation and average wind speed (Fig. 1b) and ET, (Fig. 1c)
were typical of the long-term average weather conditions in
the southeast of Spain. Compared to the 20-year mean in
the area, rainfall was especially above average during the
three first seasons, being about 28%, 68% and 32% higher in
2019, 2020 and 2021, respectively, while total precipitation
in 2022 was similar to the long-term average data (320 mm;
Fig. 1c). Most of the higher number of rainfall events were
located during the spring and autumn seasons, as is typical
in this area.

For the evaluation of the ET, values provided by the
non-reference “Ontur” station, the monthly differences
of Ti,—Tg4ew Were in general between 1.0 and 7.0 °C
(Fig. 2a), computing values higher than 2 °C from May to
September in all the years studied, and during the winter
and autumn months in 2019 and 2022 (data not shown).
These conditions were mainly due to a precipitation/ET,
ratio lower than 0.5, which was registered for around 54%
of the total analysed months. However, monthly differ-
ences for the reference site (Las Tiesas) were lower than
0.6 °C regardless of the monthly ratio of precipitation
to ET, (Fig. 2a), observing that these differences com-
prised between 0.4 °C and 0.6 °C corresponded to summer
months, i.e. when drier conditions occur (precipitation/
ET, ratio <0.5).
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Fig. 1 Daily meteorological data during the almond growing seasons
across the four consecutive years of the trial, represented as average
daily data for air temperature (Ta) and relative humidity (RH) (a),
wind speed and cumulative daily data for solar radiation (b), grass
reference evapotranspiration (ET,) and precipitation (c)

Once T, ¢ Thi, and T, were adjusted to the new
conditions (Egs. 2 — 4), the ET, values (ET, .,,,) for this
station was newly computed and plotted with respect to
the data originally provided by the weather station (ET,;
Fig. 2b). A good significant linear relationship was com-
puted between the two variables, obtaining a very high
coefficient of determination (R?=0.995), with a slope and
y-intercept close to 1.00 and 0.00, respectively (Fig. 2b).
Overall, ET, ., was reduced by around 6% for the four
studied seasons. This dataset was used to derive the single
and basal almond crop coefficients as ET/ET, and T/ET,,
respectively.

a)

Tmin-Tdew

P/ET

Ontur oref "Las Tiesas

ET, (mmj

Fig.2 Comparison of differences between the monthly values of
minimum and dew point temperature (T,;,-T4e,) from the reference
site (Las Tiesas) and those from the non-reference site (Ontur), with
respect to the monthly ratios of precipitation/ET, (a); and plotted
with the ET, values (ET,_corr) vs. the former ones calculated by the
weather station upon T, ; T, .. and T, having been corrected for the
four growing seasons (b). Equation fit, coefficient of determination
and significance level are also plotted

Tree determinations and almond production

Overall, the almond phenological stages were not affected
by the irrigation systems used in this experiment, with a
similar almond tree development being obtained across the
four studied seasons (Table 1). The almond trees required
around 3,522 °C of accumulated average thermal time, rang-
ing between 3,436 and 3,644 °C, to complete the crop cycle
length (Table 1). A fair duration of the main phenological
stages for almond was obtained in accordance with the coef-
ficient of the variation values reported in Table 1, where a
large variability was determined for initial and crop devel-
opment periods (16.1% and 25.6%, respectively). This vari-
ability was lower, however, for the subsequent periods: 3.0%
and 10.7%, with mid-season being the most homogeneous
period in the area requiring an average value of 2,761 °C
from the swollen bud stage (Table 1). Unlike the other three
periods reported in Table 1, crop development was the short-
est period in terms of cumulated thermal time, requiring 270
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Fig.3 Seasonal evolution of the fraction ground cover (f,, circles)
and effective f, (f, . squares) (a, b, c and d), tree height (h, circles)
(e, f, g and h), and midday stem water potential (SWP) measured over
the four study seasons (2019: a, e and i; 2020: b, f, j; 2021: c, g, k;
2022: d, h, 1) as a function of the cumulative growing degree days

°C as the average value for the four seasons; while initial,
mid-season and late stages accumulated 328 °C, 2,162 °C
and 761 °C, respectively.

Almond canopy growth, represented in terms of frac-
tion of ground cover (f ; Figs. 3a—d, circles) and tree height
(h; Figs. 3e-h, circles), was positive over the four grow-
ing seasons, showing a similar behavior, regardless of the
irrigation system considered. The maximum f, values were
0.19, 0.26, 0.39 and 0.58 in 2019, 2020, 2021 and 2022,
respectively. The inter-annual average increase rate for f,
was determined at around 0.13, having minimum and maxi-
mum rates of 0.07 and 0.19, while the maximum h values
ranged between 2.65 m in 2019 and 3.80 m in 2022. The
larger height growth rate was observed between 2019 and
2020 (around 0.75 m), while a steadier rate, around 0.20 m,
was obtained for the rest studied seasons. The daily f, and
h evolution modelled to be used by STSEB model are also
represented in Figs. 3a—h (continuous and dotted lines for
DI and SDI treatments).
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(CGDD) for surface- and subsurface-drip irrigation systems (DI and
SDI, respectively). Vertical bars: standard deviation of the average
value; cross symbol: onset of fruit set stage; triangle symbols: onset
and end of mid-season period; start symbol: end-season (onset of leaf
drop)

The f. .4 evolution is also plotted across each growing
season (Figs. 3a—d; squares). In the four campaigns, f, and
f, . showed a similar evolution pattern, while an increase
in both variables was produced, in general terms, until the
early hull split stage (around 200 °C before the end of mid-
season; Figs. 3a—d), followed by a decrease, coinciding
with the end of mid-season (fruit ripe stage), until com-
plete senescence of the trees. The maximum average f_ ¢
values reached 0.20, 0.28, 0.41 and 0.82 in 2019, 2020,
2021 and 2022, respectively. During the mid-season stage,
f. and f_ 4 values were very close, with average differences
computed of about 8.0%; whereas the measured values of
f. during the initial and late season stages, and those com-
puted for f_ . showed much greater differences (around
60.0%) because of the mean angle of the sun above the
horizon during those time periods. These differences were
most evident in the 2022 campaign, with average f, values
for both irrigation systems of 0.58 at the end-season stage,
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and 0.37 after end-season stage, with computed average
f, .t values of 0.82 and 0.59, respectively (Fig. 3d).

Tree water status, characterized by the midday stem
water potential measurements, ranged between -0.5 MPa
and -1.1 MPa over the three first growing seasons during
mid-season and post-harvest periods, suggesting the almond
trees were in a hydric comfort zone (Figs. 3i-1) (Montoya
et al. 2022). Only in the pre-harvest period in the 2020 and
2021 seasons, as well as during mid-season period in 2022,
were SWP values of close to —1.5 MPa reached. Like the
f. and h measurements, the SWP values showed a similar
trend between the DI and SDI systems over the four studied
seasons (non-significant differences).

Finally, kernel yield (Y,) showed no differences
between the two irrigation systems, with values reaching
2200 kg ha~! in the fourth crop-greening (Table 2). How-
ever, in the first and third harvest year, Y, was around
450 kg ha™! and 250 kg ha™!, respectively. The lowest Y,
obtained by the farmer in 2022 was due to a late frost occur-
ring at the onset of the fruit set stage causing a yield reduc-
tion in almost 95%.

Irrigation water applied, crop evapotranspiration
and E/T_partitioning

In general terms, the irrigation water applied to the crop
increased as the tree canopy cover also rose over the four
studied seasons. The total irrigation water (IW) depth
applied to the DI system ranged between 2,581 m> ha~! in
2019 and 7,158 m> ha™! in 2021 (Table 2). The SDI system
received between 10% less irrigation water in 2019, and
around 13.8% less in 2020 and 2021. However, the accu-
mulated IW applied for 2022 was 99 mm and 77 mm less
for DI and SDI, respectively, compared with those values
for 2021. The highest values of the total IW applied to the
almond trees corresponded to the mid-season stage of each
growing season (Table 2), which represented around 69% of
the total irrigation water due to, on one hand, the duration
of this stage was the largest (2,162 °C) and, on the other
hand, it mainly occurring during the summer months (low
number of precipitation events and of short depth, and high
evaporative demand; Fig. 1c and Table 2). In contrast, during
the late stage, the almond trees received around 22% of the
total IW as the average value of the four experimental years.

The estimated crop evapotranspiration and its compo-
nents (E; and T_) using STSEB showed a similar behaviour
to that described for IW. It is worth highlighting that ET,
and T, during mid-season were substantial with respect to
their accumulated values (Table 2), representing between 42
and 76% for ET,, and between 72 and 85% for T,. Excluding
the last growing season, where the ET, and T, estimations
for DI system were not representative for the complete crop
cycle (Table 2), total ET, was notably different between the

two irrigation systems (between 12 and 31%), but not so
evident in terms of T, (between 5 and 19%). This was due to
the soil evaporation estimates, since the DI system reported
larger E, values than the SDI system during the mid-season
stage (Table 2). Moreover, E,, either estimated by STSEB or
calculated by SWB during the mid-season stage, decreased
as canopy size rose for both irrigation systems; i.e. chang-
ing from 21% higher for DI than SDI in 2019, to only a 3%
difference in 2022 in accordance with STSEB estimates. A
similar trend for E; was computed by the SWB approach
(Table 2).

Dual crop coefficient (K, + K,) evolution.
Approaches from canopy cover and tree height,
and surface energy balance

The K, seasonal evolution estimated by the A&P approach
(K¢p agp) and STSEB model (K, grsgg) showed a similar
behaviour in both irrigation systems over the four experi-
mental years (Figs. 4a-d). The statistical analysis per-
formed for K, 54p values showed no significant differences
between the two irrigation systems for every growing sea-
son (Table 3). However, K, grsgg showed some differences
between both irrigation systems, being much less significant
in the two first seasons than in 2021 and 2022 (Table 3), i.e.
0.02 vs. 0.06 in 2021 and 0.10 in 2022.

Table 4 summarizes the K, values obtained for both irri-
gation systems using the A&P approach for the four almond
growing seasons, identifying initial, mid- and end- season
crop growth stages, following the FAO56 approach (Allen
et al. 1998; Pereira et al. 2021a). K agp Was computed
considering the average values of both f_ . as f_ (circles
and squares, respectively; Figs. 4a—d). Thus, the maximum
values of K x4p Were reached during mid-season (K i)
coinciding with the highest values of both f_ . or f_ and h
(Figs. 4a—d; Table 4). However, K 54p for the end-season
(K¢p ena) Was represented by tree conditions prior to leaf
drop (i.e. at full maturation of both flowering and vegetative
buds), with f, between 0.07 and 0.12 lower than their maxi-
mum values (Figs. 3a,b,d), excepting 2021, for which the
difference was 0.22 (Fig. 3¢c) due to a rapid leaf drop caused
by incorrect leaf micronutrient application during the post-
harvest period. The Ky «p estimates data using M; and F,
values parameterized by Lopez-Urrea et al. (2024) and £,
showed to be slightly higher to those estimations obtained
by STSEB across the four growing seasons (Figs. 4a—d).
These overestimations are highlighted during mid-season
in the first and last season, and during post-harvest period for
all growing seasons (differences ranging between 0.05 and
0.25). Both fractions (f; . or f) used to calculate K, 5gp
reported similar crop coefficients for almost all the crop
cycle, resulting between 0.03 and 0.17 higher for f_ .4 than
f, (Figs. 4a—d). In general terms, the lowest differences were
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Fig.4 Seasonal evolution of the basal crop coefficient (K,) and soil
evaporation coefficient (K,) as a function of the cumulative growing
degree days (CGDD) for the surface- (DI) and subsurface-drip (SDI)
irrigation systems across the four studied seasons (2019: a and e;

2020: b and f; 2021: ¢ and g; 2022: d and h). Vertical bars: standard
deviation of the average value every five days; cross symbol: onset of
fruit set stage; triangle symbols: onset and end of mid-season period;
start symbol: end-season (onset of leaf drop)
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Table 3 Comparison of means

. Season Model Coef Irrigation S-w Bt ANOVA M-W
(ANOVA test) and medians system
(Wilcox test) for K, K, and K,
estimated by the STSEB model 2019 A&P+SWB K, DI -_ ns ns _
and calculated using the A&P
approach (K ), and soil water SDI ns
balance (K,) (SWB) DI o ns - o
STSEB Ky DI wE ns - *
DI kokosk * — ns
2020 A&P+SWB Ky DI ns ns ns -
SDI ns
DI sksksk ns _ sksksk
STSEB Ky DI HEE ns - *
DI sksksk ns _ sksksk
2021 A&P+SWB Ky DI * ns - ns
SDI *E
DI sksksk Kk _ sksksk
STSEB ch DI sksksk skfok — ksksk
DI sksksk ns — ksksk
2022 A&P+SWB Ky DI ns ns ns -
SDI ns
DI Hk ns - ns
SDI wE
STSEB Ky DI HE * - HkE
DI ok ns _ ksgsk

S-W normality (Shapiro Wilk test), Bf homoscedasticity (Barlett test), ANOVA analysis of variance, M-W
median comparison test (Mann—Whitney: Wilcox test), DI surface drip irrigation system, SDI subsurface

drip irrigation system

p-value: level of significance (ns: not significant; *: 0.05>p>0.01; **: 0.01 >p>0.001; ***: p<0.001)

observed during mid-season for all years (< 0.05), while the
largest were identified as late stage was ending, with the dif-
ferences ranging between 0.08 and 0.17. K ini» Kep miq @and
Kb eng increased every year (from the second to fifth crop-
greening) as f, 4 or f, values became higher (Figs. 4a—d).
Considering f, .4, the average K., gpmia Was 0.30, 0.39,
0.60 and 1.00 for the 2019, 2020, 2021 and 2022 campaigns,
corresponding to f, .4 values of 0.15, 0.26, 0.37, and 0.62,
respectively (Fig. 4; Table 4).

The evolution of the soil evaporation coefficient com-
puted through SWB (K, qwp; circles in Figs. 4e-h) and esti-
mated from STSEB (K, grsgp; squares in Figs. 4e—h) showed
a similar trend across the four experimental seasons, ranging

@ Springer

between values as large as 0.90, due to rainfall events at
crop development and post-harvest stages when the ground
cover values were low, to minimum values of 0.05 or less,
mainly calculated and estimated during the mid-season stage
(Figs. 4e—h; Table 4). In addition, both approaches reported
around 16% higher K, values for DI than SDI during the four
experimental seasons. These average differences between
the two irrigation systems were clearly identified through
the statistical analysis performed for each growing season,
where both approaches showed that K, was significantly
different between DI and SDI for almost all the growing
seasons (Table 3).
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Table 4 Summary of observed and standard crop coefficients (K, K,
and K) relative to the initial, mid- and end-season periods, computed
with the A&P approach in accordance with the effective fraction can-
opy cover (f, .4, tree height (h), and M, and F, values tabulated by

Lopez-Urrea et al. (2024). Statistical indicators evaluate the goodness
of fit of the crop coefficients between those computed by the A&P
approach (K,) +soil water balance (K,), and those estimated through
the STSEB model

Season Growth stage / h (m) £, o M, F Observed crop coefficients Standard crop coef-
statistical indica-  (range) (range) ficients
ors K (range) K.~ K, K K,
DI SDI DI  SDI DI  SDI
2019 Initial 1.63 0.06 1.5 1.00 0.15 033 031 048 046 0.15 048 046
Mid-season 2.36 0.15 1.3 1.00 0.28 0.10 0.02 038 0.30 028 038 0.30
(2.00-2.65) (0.09-0.20) (0.19-0.37)
End-season 2.72 0.22 1.1 1.00 0.33* 020 0.16 053 049 0.33* 0.53 0.49
RMSE - - - - 015 0.10 0.11 0.18 0.16 - - -
MBE - - - - 015 0.03 -0.02 0.18 0.15 - - -
d - - - - 088 096 096 085 0.89 - - -
2020 Initial 2.54 0.16 1.5 085 0.29 0.18 0.15 047 044 029 047 044
Mid-season 3.10 0.23 1.7 0.75 0.39 0.11  0.04 050 043 0.39 050 0.43
(2.65-3.35) (0.20-0.29) (0.27-0.47)
End-season 3.27 0.24 1.7 0.75 041* 0.12  0.08 053 049 0.41* 0.53 0.49
RMSE - - - - 013 028 0.28 041 040 - - -
MBE - - - - 0.10 0.11  0.08 024 020 - - -
d - - - - 090 069 0.72 043 047 - - -
2021 Initial 3.06 0.27 1.5 085 044 024 0.17 0.69 0.62 044  0.69 0.62
Mid-season 3.35 0.37 1.7 0.75 0.61 0.16 0.06 0.77 0.67 056 0.72 0.62
(3.05-3.62) (0.29-0.42) (0.52-0.67)
End-season 3.56 0.18 1.7 075 0.31* 026 026 0.74 0.69 0.31* 0.74 0.69
RMSE - - - - 020 0.11  0.12 024 0.24 - - -
MBE - - - - 017 0.01 -0.02 0.13 0.18 - - -
d - - - - 091 093 094 085 0.85 - - -
2022 Initial 3.77 0.24 14 085 040 0.63 062 1.03 1.02 040 1.03 1.02
Mid-season 3.80 0.62 1.5 090 1.02 0.04 0.04 1.06 1.06 097 1.01 1.01
(3.77-3.85) (0.56-0.67) (0.97-1.05)
End-season 3.80 0.72 14 0.60 0.67* 0.03 0.04 070 0.71 0.67* 0.70 0.71
RMSE - - - - 024 020 021 050 0.26 - - -
MBE - - - - 022 -0.07 -0.06 0.19 -0.01 - - -
d - - - - 087 0.89 0.89 0.89 096 - - -

~ average value for late stage

* K prior to leaf drop (i.e. onset of leaf drop)

A&P approach assessment

In the 2020 and 2021 experimental seasons, K ,¢p dur-
ing the mid-season stage showed an excellent agreement
with the K, grsgp Values estimated every five days (differ-
ences between 0.01 and 0.05), with either f_  or f, being
used (Figs. 4b—c). However, in 2019 and 2022, K, dif-
ferences were more significant during mid-season growth
stage, ranging from 0.13 in 2019 (Fig. 4a) to 0.40 in 2022
(Fig. 4d). Moreover, this was also identified during the
late stage; K., ogp Values determined using f_ .4 tended to
be much higher, between 0.06 and 0.18, than the K, sp
values obtained through f, (between 0.01 and 0.08), with

regard to the K, gpgpp estimations. Overall, K o p and
K., stsep showed a very good agreement (0.80 <d <0.98;
Table 4) despite K, o ¢p Overestimating K, gpqpp at an aver-
age value of 0.16 or 0.10 when using f, . or f_, respectively
(Figs. 4a—d). Additionally, the two K, ,¢p datasets esti-
mated either using f_ .4 or f, (Figs. 4a—d), together with those
Kb stseg Values, showed high coefficients of determination
(R?>0.80) for the linear regressions associated with the
Deming method. These regressions attained similar slopes
(around 0.86) and intercepts of 0.18 and 0.14 for f_ - and f,
respectively (Fig. 5). A lower intercept was reached using
f, because better fits to the STSEB estimates were mainly
obtained during late season stage (Figs. 4a—d).

@ Springer
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Fig.5 Relationship between average basal crop coefficients values
estimated by the A&P approach and STSEB model, considering both
f, . (black circles) as f, (white circles) in the A&P approach equa-
tions (color figure online)

The average K, computed by the SWB tended to under-
estimate that obtained from the STSEB approach, with
errors of around 0.20 for both irrigation systems (Table 4).
These errors represent between 0.7 mm and 1.5 mm when
the highest ET, values are considered. The index of agree-
ment between K, gwp and K, gpgpp for the four seasons was,
in general, good, attaining the best fits (d = 0.94) and the
lowest errors (RMSE =~ 0.11) in 2021 (Table 4). However,
somewhat higher errors and moderate fits were obtained in
2020 (RMSE = 0.28, d = 0.70; Table 4).

Finally, the average K_ values reported in this research
showed an inter-annual increase as f, .4/ f. and h also rose
(Table 4). As for f, ., K, agpyswe for the mid-season (K ,;q)
ranged from 0.30 in 2019 to 1.06 in 2022. However, the aver-
age K, agpiswe for the initial stage (K ,,;) and end-season
(K, cng) moved in the same ranges as K 5 gp, swc miq fOr every
growing season, with these differences being in the order of
0.05-0.19 for the first season and of around 0.05 for the rest
of seasons, excepting in 2022, when there was a difference
of around 0.40 between K 5 ¢p.swe mia a1d K¢ Agp+swe end
(Table 4). Overall, K_ o ¢p,swp overestimated K, gpgpg With
larger errors (around 0.26) than those obtained in the K,
(Table 4). Evidently, the different K ,¢p,swg Values esti-
mated for DI and SDI were due to the computed K, gwg
ranges.

Standard crop coefficients

After adjusting local climatic conditions to the standard
conditions (i.e. u,: 2 m s™'; RH,;,: 45%), Ky, agp for the

@ Springer

mid- and end- seasons of 2021 and 2022 were corrected,
since the estimated K, o¢p values were higher than 0.45
(Table 4). This adjustment to the standard conditions led to
Kb agp mig a0d Ky, agp eng decreasing between 0.02 and 0.05
(Table 4). Consequently, K. 5gpiswe mia a0d K¢ Agpswe end
for both seasons were also modified in the same range
(Table 4).

Discussion
ET, after correction of weather data

The general tendency of monthly T, values above T,
values for both reference (Las Tiesas) and non-reference
(Ontur) sites obtained in this study was also observed by
Allen (1996) comparing two semiarid locations in Idaho
(US) 200 km apart. This author obtained differences as
high as 10 °C for the non-reference site, and between 2 °C
and 5 °C for the irrigated site, having a close relationship
to the precipitation/ET ratio where values lower than 0.5
showed high aridity in its study area, causing the T ;- T jew
difference to exceed 2 °C in most cases. Similarly, this
relationship is consistent with findings for the most inland
areas of Spain; De La Antonia Gonzalez (2023) obtained,
for Albacete station (area influence of the present research)
and other locations, T,,;,-T4., differences higher than 2
°C and precipitation/ET, ratio lower than 0.5 over four
and seven successive months, respectively, indicating high
aridity conditions during the warm season and the bor-
dering months. Aridity conditions during those months
of winter and autumn of 2019 and 2022, respectively,
are shown by the low number of precipitation events and
total rainfall amount registered in the area, i.e. 7 mm and
40 mm, respectively when the accumulated ET, is typi-
cally similar (Fig. 2c). The general reduction in the ET,
with respect to ET, for the Ontur weather station has also
been observed for weather stations located under similar
conditions in northeast Spain, where slopes between ET,
values after being corrected and non-corrected the weather
data differed by around 3.5% (De La Antonia Gonzalez
2023). The reduction of around 6% in ET, due to aridity
conditions computed in this research can be not much rele-
vant towards the estimated crop coefficients. However, the
aridity conditions in other productive areas in the world
can be much stronger, making the correction of weather
data a step required for estimating properly the crop water
requirements.
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Almond growth stages related to cumulative
growing degree days and tree determinations

The variability in cumulative growing degree days (CGDD)
reported in Table 1 was similar to, and even lower than, the
values computed with other crops typically grown in the
area, such as maize (Dominguez et al. 2012b) and onions
(Dominguez et al. 2012a), where the higher and lower vari-
ability identified by those authors was at initial and develop-
ment stages (between 11.5% and 17.7%) and the late stage
(between 4.6% and 7.5%). The average CGDD values for
mid-season in this research (i.e. 2,162 °C; Table 1) coincide
with those reported by Paredes et al. (2024a) for almond tree
of early maturation (close to 2250 °C). Similar differences
are observed for the rest of growth stages, being 74 °C, 35 °C
and 59 °C for initial, growth development and end-season
stages, respectively.

The threshold temperatures considered in this work, i.e.
Thase 0f 4.5 °C and T, of 35 °C, differed slightly to the
values used by Lorite et al. (2020) (T, of 4 °C and T,
of 36 °C) to identify, through a modelling framework, the
flowering date of several almond cultivars in different areas
of the Iberian Peninsula. However, their cultivars did not
include Penta. Nevertheless, these authors determined that
the day of year for the start of full bloom, for late-flowering
cultivars (e.g. cv. “Lauranne’), was around 70, with an inter-
annual standard deviation of around 7.5 and 10.9 days for
different places in the Iberian Peninsula. Taking into account
that the full bloom stage for Lauranne is around 6-10 days
earlier than Penta in the area (F. Maiias, personnel communi-
cation), these dates agree with the results shown in Table 1,
where day of year 88 was the average value reported for the
full bloom stage using the 4 studied seasons. Note that the
lacks of studies related with extra-late flowering cultivars
like Penta, in terms of accumulated thermal time for each
phenological stage.

A detailed description and analysis of the variables
related to canopy growth for the three first study campaigns
is included in Montoya et al. (2022). In summary, the statis-
tical analysis carried out by these authors evidenced that the
irrigation system used, and the irrigation water applied, did
not influence the tree behaviour in terms of f, and h. Similar
conclusions can be extracted for the last study season, since
the measured f, and h showed no significant differences
between the two irrigation systems (Figs. 3d , h; statistical
analysis results are not shown).

In general terms, the optimal agricultural management
in this experimental almond orchard led f, to almost tri-
ple from a young age (second crop-greening) to mature age
(fifth crop-greening). Despite the f, evolution in 2021 being
characterized by its rapid drop during the late stage, as Mon-
toya et al. (2022) reported, the f_ inter-annual increase rate
between 2020 and 2021 almost doubled with respect to the

previous season, i.e. 0.13 vs. 0.07 obtained between 2019
and 2020; while that inter-annual rate for the following two
seasons was 0.19, which is around 50% higher. Considering
the same tree ages as in this research, several authors have
found similar values for f, inter-annual changes. Drechsler
et al. (2022) reported changes of 0.16 and 0.08 in two 2 to
3 year-old and 4- 5 year old almond orchards, respectively;
Sanchez et al. (2021) identified a change of 0.15 and 0.05
between the third and fourth crop-greening and between
the fourth and fifth crop-greening, respectively; while more
uniform f_ inter-annual changes, between 0.10 and 0.15,
were observed by Espadafor et al. (2015) across the first
four years after planting a ‘Guara’ almond orchard. In con-
trast to the f, tendency observed in this experiment, which
started to decline at the end of August (close to harvest date;
Figs. 3a—d), Espadafor et al. (2015) showed a much more
uniform ground cover tendency. Regarding tree height evo-
lution measured in this experiment (Figs. 3e-h), the values
are consistent with the data reported by Quintanilla-Albor-
noz et al. (2023) and the classification provided by Lopez-
Urrea et al. (2024) after a comprehensive literature review
to update K, and K, values for almond trees. For a train-
ing system based on open vase, Lopez-Urrea et al. (2024)
proposed a range of h and f, of 4.0-4.5 m and 0.40-0.55,
respectively, being similar to the maximum values of this
research.

Like the findings for f, and h, SWP showed no signifi-
cant dependence on the irrigation system. In accordance
with Fulton et al. (2014), the total amount of water applied
by both irrigation systems led the almond trees to be well-
watered for almost the whole growing cycle. However, mod-
erate stress (values of SWP close to —1.5 MPa) was identi-
fied in 2020 and 2021 over a short period of time located at
pre-harvest because it is a common agronomic practice to
suppress or reduce irrigation in that period to avoid or mini-
mize the risk of bark splitting during the harvesting process.
Tree water stress was also observed for days close to harvest
time by Drechsler et al. (2022), albeit with the midday SWP
falling towards values as deep as —3.1 MPa. Likewise, mod-
erate stress conditions were also maintained during the mid-
season period in 2022 because of the late frost occurring at
the onset of fruit set stage. This was the cause of the lack
of kernel yield in 2022 (Table 2). Reasons such as seeking
to avoid very vigorous tree canopy growth, together with
an imbalance of the economical revenues, led the farmer to
decide to apply moderate water deficit conditions, mainly
during the mid-season stage (Fig. 31). In this sense, the total
irrigation water applied in 2022 was around 13% less than
in 2021 (Table 2), when the total effective precipitation in
the crop cycle was also lower (21.6% less). Nonetheless,
canopy growth continued to increase, since almost its total
crop water requirements were met, either by irrigation, pre-
cipitation or the soil water reserve, as previously described.

@ Springer
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Table 5 Characteristics of the almond fruit orchards and its crops coefficients derived from field observations both from several study sites as in

this experiment

Author Age (years) f,or f o h (m) Crop coefficients from field observations
Kep ini Kb mid Kb ena Ko ini K. mid Keena
Drechsler et al. (2022) 1 n/r 2.0 n/r n/r n/r n/r 0.40 0.20
2 0.09 3.0 n/r n/r n/r n/r 0.50 0.20
3 0.23-0.25 4.0 n/r n/r n/r 0.40 0.80-0.90 0.45
4 0.22-0.47 4.0-5.0 n/r n/r n/r 0.50 0.90-1.10 0.40
5 0.55 5.0 n/r n/r n/r 0.45 1.00 n/r
Espadafor et al. (2015) 3 0.36 n/r 0.30 0.50 0.18 n/r n/r n/r
4 0.48 4.8 0.15 0.55 0.40 n/r n/r n/r
Garcia-Tejero et al. (2015) 4 n/r n/r n/r n/r n/r 0.40 1.10 0.50
Lépez-Lopez et al. (2018) 5 0.55 n/r 0.30 0.65 0.50 n/r n/r n/r
6 0.59 n/r 0.15 0.80 0.60 n/r n/r n/r
7 0.55 n/r n/r 0.95 0.70 n/r n/r n/r
Ramos et al. (2023) 5-6 0.41 4.0 0.22 0.58 0.50 0.99 0.65 0.96
Sénchez et al. (2021) 2 0.21 1.8 n/r 0.19 n/r n/r 0.30 n/r
3 0.35 3.0 n/r 0.30 n/r n/r 0.33 n/r
4 0.39 3.8 n/r 0.36 n/r n/r 0.45 n/r
In this study 2 0.15 2.4 0.15 0.28 0.33 0.48 0.387 0.53~
0.46* 0.30* 0.497%
3 0.23 3.1 0.29 0.39 0.41 047 0.50™ 0.53~
0.44%* 0.43%* 0.497%
4 0.37 34 0.44 0.61 0.31 0.69~ 0.777 0.74~
0.62%* 0.67* 0.69%*
5 0.62 38 0.40 1.02 0.67 1.03~ 1.06” 0.70~
1.02%* 1.06* 0.71%

~ K, estimated for surface drip irrigation system (DI)

* K, estimated for sub-surface drip irrigation system (SDI)

In this regard, there is a gap in the literature on how to man-
age irrigation water in an almond orchard (total volume
applied and allocation along the season), and the effects on
the subsequent season when the fruit load is minimum due to
climatic effects such as those in 2022. Works have reported
that the transpiration rate of the almond tree decreased dur-
ing mid-season because of a low fruit load in comparison
to a previous year with a higher load (differences of kernel
yield not reported; Espadafor et al. 2015); in the case of
apple and pear, the evapotranspiration rate also diminished
after fruit removal at harvest (Girona et al. 2011; Auzmendi
etal. 2011).

Evapotranspiration and crop coefficients for young
almond trees

The analysis of the total net water available for the crop
(Pe+IWA; Table 2) for both irrigation systems showed that
the largest differences were mainly observed during mid-
season, attaining values between 9.4% and 14.1% higher for
DI than SDI. Clearly, as the cumulative Pe during spring
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and autumn seasons was larger than for summer, irrigation
requirements were lower, and therefore, differences between
irrigation systems were not noteworthy (around 4%). This
difference between the two irrigation systems is consistent,
despite the lower amount of water used in 2022. Broadly
speaking, the total IW applied in this research was close
to the amount of water used by Quintanilla-Albornoz et al.
(2023). Drechsler et al. (2022) and Sanchez et al. (2021),
considering the same range of f, although tree age can dif-
fer. Comparing ET, and T, estimations with STSEB model
between the different growing seasons, it is observed that
the increase in the size of the canopies also involved a raise
value for both variables, while E tended to decrease in the
growth stages which were completely monitored (mainly
mid- and late-season; Table 2; Figs. 3a—d). In addition, the
total crop evapotranspiration estimates with STSEB model
for the completely monitored growth stages of 2021 and
2022 (Table 2) coincide with the different TSEB estimations
for mature almond trees reported by Quintanilla-Albornoz
et al. (2023), who separated the soil evaporative component
to the tree transpiration component.
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The lack of evidence that the intra-annual K , ¢p evolu-
tion was significantly influenced by the irrigation system,
allows us to affirm that a single K, ,¢p for every growth
stage and age tree can be proposed. This behavior is logi-
cal since no significant differences in terms of f /f_ .4 and
h evolution (Figs. 3a—h) were observed between the two
irrigation systems for any growing season (Montoya et al.
2022). Meanwhile, the slight statistical differences found in
K stsep between DI and SDI in 2019 and 2020 (i.e. 0.02)
could be omitted taking into account the criteria used to tab-
ulate K, and K, values for fruit orchards (Allen and Pereira
2009; Pereira et al. 2023; Lopez-Urrea et al. 2024; Pare-
des et al. 2024b), where changes in K /K every 0.05 were
established assuming that change as the error derived using
this approach, similarly to the + 10% considered by Rallo
et al. (2021) on the indicative standard values of K  and K.
In this sense, and in accordance with the f, evolution and the
SWP measured over both seasons (Figs. 3a,b,i,j), it is rea-
sonable to think that the average K, of both irrigation sys-
tems, obtained for those two years, can be indicative values
for young almond trees (f, < 0.30 and h <3.0 m) or with low
degree of ground cover (0.20 <f;<0.40 and 2.0 <h<4.0 m)
(Lopez-Urrea et al. 2024).

Determinations of K using the A&P approach were car-
ried out in this work considering both f, .4, as stipulated
by the authors that developed this approach, and f,, since
it represents field data unaffected by the solar elevation
angle and much easier to measure at any time of the day
(Figs. 4a—d) (Pereira et al. 2023). During the mid-season
stage, daily f_ .4 and f, values were close, computing Ky x¢p
values slightly higher than those reported by Espadafor et al.
(2015) (K, miq of 0.13 and 0.60 in the second and the fifth
crop-greening, respectively), or by Sanchez et al. (2021),
Ramos et al. (2023) and Rallo et al. (2021) under different
cropping conditions and almond varieties. Moreover, the
standard K, in this study (Table 4) comprises similar results
to those reported for a mature almond orchard (6-9 years
after transplanting) by Lopez-Lopez et al. (2018), who pro-
posed a K, between 0.9 and 1.05 with a f, of 0.75. During
the 2022 mid-season, K, estimated by STSEB was around
0.60, similar to findings obtained by Espadafor et al. (2015)
or by Lopez-Lopez et al. (2018) with a f_ between 0.55 and
0.59, but notably different to the results under the A&P
approach (between 0.95 and 1.03; Table 4). Ky s¢p Values,
unlike K grsgp, do not identify water stress conditions. It
was the main reason of the former differences found in that
year, where a moderate water deficit was triggered (Fig. 3-1)
because of almost null kernel yield. In this sense, had the
almond tree been managed under well-watered conditions,
as for the three previous growing seasons (Figs. 3i—k), a bet-
ter fit between the two approaches would have been obtained
in terms of K, ;4 derived. In any event, K, 4 ¢p results for
initial, mid- and end- seasons, using f, .+ and the same values

of the M and F, variables tabulated by Lopez-Urrea et al.
(2024), were in the range of those observed as well as close
to the values proposed by the same authors. A comparison
among the results obtained in this study and those reported
by several authors is shown in Table 5.

In contrast, from the onset of autumn, f_ . was mark-
edly higher than f_ (Figs. 3a—d) causing large K, A¢p val-
ues (Figs. 4a—d) for the same tabulated M; and F, values
(Table 4). Lopez-Urrea et al. (2024) tabulated M; and F,
variables using f, instead of f, .4 to derivate K, and K, for
almond trees. Pereira et al. (2020b) also carried out the pre-
diction of crop coefficients using f_ in vineyards and olive
trees. This procedure can be justified when Ky, xgp mig 1S
computed, since f_ .4 and f, are reasonably similar at solar
noon, as is shown by the results of this research (Figs. 4a—d).
In the case of K., qgp ini @1d K¢y agp engs 1ts differences
between being calculated through f_ 4 or f, vary somewhat
compared to those obtained for Ky A ¢p mig» With better fits
to those K, .,q Values estimated through STSEB when f_ is
used in the A&P approach than f_ . (Figs. 4a—d and Fig. 5).

The lack of significant differences between irrigation
systems for K, in 2019 and 2022 for STSEB and SWB,
respectively, can be explained by the different degree of f,
attained by the crop and the soil temperature measured by
the thermoradiometers. In the first case, a very low f_ gener-
ated to a short shaded area by the tree, as well as the low
amount of water applied in each irrigation event (Montoya
et al. 2022), led the thermoradiometers to monitor similar
values of soil temperature in both irrigation systems; in the
second case, the large f, values attained by the tree (around
0.55) did not generate differences in the shaded and irrigated
area under the tree, calculating similar soil evaporation using
the SWB model (Allen et al. 2005). Despite the STSEB and
SWB models are conceptually different (STSEB based on
the surface energy balance whereas SWB is a soil water
balance), and SWB shows somehow more simplicity than
STSEB since it does not need to be fed with continuous
measurements of soil surface temperature, statistical indica-
tors comparing both models have shown errors acceptable
deviations, with similar tendencies of K, values along the
intra- and inter- annual estimates. In addition, the uncer-
tainty associated to both models is very similar in both stud-
ied irrigation systems, with every rainfall or irrigation event
affecting the same.

Although studies comparing soil evaporation, or K, val-
ues, between two or more models/approaches in field and
horticultural crops are scarce in the literature, some refer-
ences were identified comparing crop evapotranspiration
using energy balance models, both between them as with
regard field measurements. For instance, Singh and Senay
(2015) compared different energy balance models, reporting
that the spatial and temporal variation of crop ET was rea-
sonably well captured with an R?>0.81 and errors around

@ Springer
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0.9 mm day~". Similar coefficient of determination and esti-
mated errors of around 25% between modelled and observed
monthly ET data for orchards were recently determined by
Volk et al. (2024) using the OpenET System. Furthermore,
Garcia-Santos et al. (2022) identified in a review about the
TSEB model that the uncertainties obtained between this
model and field measurements ranged from 0.6 to 2.4 mm
d~!. Thus, these indicators are in agreement to those
obtained for the K, (Table 4).

As shown in both Table 4 and Fig. 4, the crop coefficients
increase in line with canopy cover due to its direct relation-
ship with the Ky 5 ¢p representing plant transpiration. How-
ever, the evaporative component (K,) is mainly determined
by the frequency and depth of rainfall or irrigation events,
and the energy available at soil surface for water evaporation.
This is why average K, gwc values were much higher dur-
ing the initial and late stages than the mid-season (Table 4),
and similar K ,¢p.swc Values were thus obtained regard-
less of the irrigation system for initial and end-season stages
(differences between 0.02 and 0.07; Table 4), excepting in
the autumn season of 2022 when rainfall events were much
lower than the other seasons. In contrast, K_ s ¢ p,swc mia Was
between 0.05 and 0.13 higher for DI than SDI, thus con-
tributing to improving the water consumptive use (less soil
water evaporation) given by the subsurface drip irrigation.

Finally, the standard K ,¢p,swc values obtained in this
research (Table 4) are consistent with the range K values
from 0.4 to 1.1 reported by Garcia-Tejero et al. (2015) for
4-year-old almond trees in a lysimeter study, or the ranges
of K, from 0.3 to 1.2 observed by Drechsler et al. (2022)
before harvest for a 4 year-old almond orchard. The former
authors obtained a relationship between K ;4 and the age
of the almond tree, and those values, ranging from 0.40 to
1.0 for 1-year-old to 4-year-old, are very close to the values
obtained for the mid-season in the present research, using
a similar plant density (384 vs. 333 plants per hectare)
although a different irrigation system (microsprinkler vs.
drip).

Conclusions

This novel research has contributed to the literature by
characterizing K evolution across four growing seasons
for a young drip-irrigated (surface and subsurface) almond
orchard using the A&P approach, and evaluating its per-
formance with regard to a simplified energy balance model
(STSEB) upon weather data being corrected with respect to
those conditions of a reference site. The following conclu-
sions were obtained:

— The ET, after correction of weather data by aridity condi-
tions was reduced around 6% for the four studied seasons.

@ Springer

— The irrigation system did not generate differences in tree
growth (in terms of f_ .t and h) over the different years
studied, with a single standard Ky, » ¢ p for every growth
stage and age tree being proposed, ranging between 0.15
at the initial stage of the second crop-greening to 0.97
in mid-season of the fifth crop-greening. Thus, over this
study period, almond orchard architecture changed from
a very low to a high degree of ground cover, identifying
the inter- and intra-annual almond tree water require-
ments.

— Soil evaporation estimates were significantly different
between the two irrigation systems, leading to the differ-
ences in K, being around 16% higher for DI than SDI.

— Asfor K, the K, values increased as f_ . did, estimating
from 0.30 in 2019 up to 1.01 computed under standard
conditions, obtaining similar K_ values for the three K,
stages (i.e. K. i K. nig and K. .,q) because of the high
K, values obtained during the initial and late stages over
the four growing seasons.

— In general terms, K, and K, obtained using the A&P
approach and the soil water balance (SWB) method,
respectively, showed a good performance with respect
to the STSEB estimates, reporting low errors of estima-
tions and high goodness of fit.

— The A&P approach is especially interesting for estimat-
ing K, values in almond fruit trees, being useful for
refining K for conditions of plant spacing, size and den-
sity differing from standard values, where the M; and F,
tabulated by L6pez-Urrea et al. (2024) generated suitable
results.
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